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Preface 

This volume contains the proceedings of the international meeting entitled “The 
Hy-Redshijl Universe: Galaxy Formation and Evolution. at Eigh Redshifi”, which 
was held at the International House of the University of California, Berkeley, 
from June 21-24, 1999. The purpose was to celebrate the research interests of 
Hyron Spinrad for his 65th birthday. The meeting was attended by more than 
120 participants, including most of Hy’s collaborators and former students, as 
well as colleagues from all over the world. 

In their introduction, Ivan King, Jim Liebert & Imke de Pater give a histor- 
ical account of Hy’s diverse scientific career which has encompassed the entire 
Universe, ranging from the local solar system through our own Galaxy to the 
furthest objects yet found. However, this meeting has specifically focussed on 
Hy’s most recent passion - the study of high-redshift galaxies. 

There were 43 invited review talks, 41 of which are included in this proceed- 
ings, giving a comprehensive snapshot of this field as of June 1999. In addition 
to these reviews, there were 46 contributed poster papers, which also appear in 
this volume. 

This meeting was made possible by the hard work of the local organiz- 
ing committee, chaired by Ivan King (U.C. Berkeley) and consisting of Daniel 
Stern, Andrew Bunker & Maureen Barnato (U.C. Berkeley), Adam Stanford & 
Wil van Breugel (LLNL). Joyce Wong helped with the financial administration, 
and Curt Manning oversaw the organization of the poster sessions. We grate- 
fully acknowledge financial support from NASA, the University of California 
at Berkeley, and from the California Space Institute. The conference program 
was put together by the scientific organizing committee, under the chairman- 
ship of George Djorgovski. The work by Wil van Breugel at IGPP/LLNL is 
performed under the auspices of the US Department of Energy under contract 
W-7405-ENG-48. 

Andrew Bunker & Wil van Breugel 
California, October 1999 

Cover Illustration: The artwork on the front cover is a pastel sketch of Hyron 
Spinrad by his wife, Bette Spinrad, entitled “The Great Observer”, circa 1965. 
Used with the kind permission of the artist. 

Scientific Organizing Committee: Arjun Dey (NOAO), Mark Dickinson 
(JHU), George Dj g or ovski (Caltech, chair), David Koo (UCSC), Simon Lilly 
(Toronto), Patrick McCarthy (OCIW), John P eacock (Edinburgh), Joseph Silk 
(UCB). 

Local Organizing Committee: Maureen Barnato (UCB), Wil van Breugel 
(LLNL), Andrew Bunker (UCB), Ivan King (UCB, chair), Adam Stanford (LLNL, 
and UCD) and Daniel Stern (UCB). 
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Abstract. Hyron Spinrad’s career has spanned several decades, and 
has stretched from our neighboring planets to the remotest gala-ties in 
the Universe, pausing in between to “enrich” our knowledge of the com- 
positions of stars. 

1. The observer observed (by I.R.K.) 

Hyron Spinrad joined the Berkeley Astronomy Department in the Spring of 1964. 
Since I arrived just one semester later, I can claim to have followed his entire 
career a.t Berkeley. 

-4ctually my first. observation of Hy was a few years earlier, at a,ri inter- 
nat,ional symposium in Santa Barbara. He had just finished his Ph.D. thesis, 
which included the observation that some of the metal lines in galaxy spectra 
were stronger than anyone then thought they ought to be. In one of the discus- 
sion periods he presented these results (Spinrad 1962a), and they were received 
wit.h doubt and distrust. In fact, this youn g man standing up in front of the 
pundits of the world and stating heretical ideas reminded me of the old carniva.1 
sideshow in which a man sticks his head through a hole in a canvas and you get 
a prize if you can hit him with a baseball before he gets out of the wa,y. 

Although Hy didn’t yet have the interpretation quite right: this was the 
beginning of his work on super-metallicity, which eventually showed that the 
chemical abundance picture in galaxies (and in the solar neighborhood) was 

.more complicated than it ha.d been thought to be. 

1.1. Collaborations 

I wa.s very much interested in this work; and actually participated in it at one 
stage (Spinra,d et al. 1970). I co-a.uthored three other papers with Hy (Spinrad 
et al. 1971; one that wa.s only an i14S presentation; Iiron, Spinrad, & King 
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197i). Interestingly, every one of them turned out to ha.ve something wrong 
with it. In the first. pa.per me attributed too high a metallicity to the old open 
clusters M6i and KGC 158, because a distinguished colleague had lent us some 
standard-star spectra that were out. of focus. The second paper wa.s indeed a 
notable discovery (ident,ifyin, u Maffei 1 as a nearby elliptical galaxy): but we 
went too far by su ggesting that it. might be a member of the Local Group. The 
third paper (no reference) never got beyond the stage of a presentation at an 
-4-4s meeting; in it we identified the IR source IRC -20 385 as a rich stellar 
system. Our error was to incline toward the hypothesis that it was a nearby 
elliptical galaxy rather than a globular cluster in the Galactic bulge. It is now 
catalogued a.s ‘Terzan 5; except for heavy foreground obscuration, it might, be 
the most specta,cular globular cluster in the Galaxy. (-4s of this year, I t.hink 
I understand the problem; it, n-as not knows at that time that bulge globulars 
have such an under-luminous red giant branch.) In the fourth paper we judged a 
spectral break in the green t,o be X2640, when it was really X4000: thus suggesting 
t,oo high a redshift. The spirit was milling, but the da.ta. were weak. We were 
young and enthusiastic; and as Hy, a long-time fan of the Los Angeles Dodgers, 
would be the first to recognize, you can’t win ‘em all. 

In any case, I have refrained from collaboration with Hy in the years since. 
and I think that without my interference he has done pretty well. 

I did actually give Hy some real assistance during the early days, though. 
Like nearly all astronomers of that time, Hy took photographs without the 
tedious added effort of putting standard intensity spots on the plate. From 
time to time he would walk into my office and hand me a plate-usually a very 
interesting one that had resulted from his particular skill in hypersensitizing 
infrared-sensitive plates-and ask me to derive intensity values for objects on 
it. As an expert in scientific photogra.phy, I was sometimes able to do this. 
Annoying, but an interesting game. 

Life with Hy has been interestin g and often challenging-and never dull. 

1.2. Redshifts: opening up the Universe 

But Hy’s career work eventually settled on the discovery and the study of galax- 
ies with large redshifts. 

The ea.rly decades of redshift exploration ha.d been relatively quiet, with 
Humason’s decades-old z = 0.2 topping the list (Humason, Ma,yall, si Sandage 
1956) for a 1011, w time. This early era. ended with a dramatic event: in his last 
Palomar observing run before retirement, Rudolf Minkowski found a redshift 
of 0.46 for the radio source 3C295. For nearly two decades this was the most 
distant galaxy known. 

(rlfter a post-retirement year at Wisconsin, Minkowski moved to a niche 
that Harold Weaver created for him at the Berkeley Radio Astronomy Labora- 
tory. He was a friend and a source of inspiration for both Hy and me until his 
death in 1976.) 

The most distant galaxy did not remain the frontier of the Universe-for ,*,,--- 

very long. Quasars had-been discovered in 1960 (reported at an -4-4s meeting i :,-;i ..:, * 

in December of that year; published as Sandage & Matthews 1963), and after ” .: 

their spectra were deciphered as redshifts (Greenstein & Schmidt 1964), quasar 1’ .,;’ 

redshift.s soon began a dizzyin, u climb: to levels even beyond 2 = 1. 
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For a long period the distant Universe was for astronomers the Universe of 
qua.sars. Their known redshifts soared t.o 2 a,nd even beyond 3: while galaxies 
lagged far behind, limited to Minkowski’s diminutive 0.46. Yet: spectacular as 
the luminosities of the quasars ma,y be. it. is the galaxies that, are the fundamental 
building blocks of the Universe, and it is the study of their evolution that will 
ultima.tely reveal their origins. This aim beca.me pa.rticularly frustrating when 
studies of the cluster around Minkowski’s 3C295 showed that some evolution 
appeared to have taken place even in the relatively brief time that tha.t light 
had ta.ken to reach us (Butcher & Oemler 1978), while the most distant quasars, 
whose nature and role in the scheme of things were mysterious: were showing 
us flickers of the Universe as it was when it was a fraction of its present age. If 
only we could study galaxies at such fabulous dist,ances . . . . 

During this period Hy ha,d begun to reason in just this way. Pursuing his 
interest in the stellar mixtures that make up galaxies: he was wondering whether 
he could get a new insight into these populations by studying them as they were 
when light left them at some past era. As early as 1972 he was calcula.ting what 
a local galaxy would have looked like a,t at the time when today’s light left 3C295 
(Spinrad 1972). (Studies of this sort led to Gustav0 Bruzual’s thesis, and the 
whole industry tha.t Gustav0 and others have created.) This is how Hy got into 
the high-redshift business, whose payoffs have been so rich that it has been his 
main interest ever since. 

The high redshifts began slowly: the first new one (Spinrad et ad. 1975) 
topped Minkowski by less than 0.01. But Hy then broke out of the past with 
a redshift of 0.75 (Spinra.d & Smith 1976), and the new era was launched. -4 
landmark, several years la,ter, was the passing of the psychological barrier .Z = 1 
(Spinrad 1982a). 

In the course of this work Hy realized that radio ca.talogs would prove to be 
a good source of high-redshift galaxies: and he set out to make identifications 
and find redshifts for a.ll the galaxies of the 3C catalog (described elega.ntly by 
Longair, elsewhere in this volume). In this he succeeded well, filling in identifi- 
cations for all 3C objects with lb1 > lo', and measuring redshifts for all but one 
of them. 

I do not mean that the use of radio galaxies to find high redshifts is a.n 
exclusive idea of Hy’s. Others also thought of it at a.n early time (Blumenthal 
& Miley 1979), and others use it today (e.g., van Breugel et al. 1999). But Hy’s 
identification of so many 3C sources remains an outsta.nding contribution. 

For more than 30 years quasars were the most distant objects known-until 
galasies finally surpassed them in recent years (Frans et al. 1997). At present the 
highest solidly established redshifts come from two collaborations of Hy’s (Dey 
et al. 1998, Weymann et al. 199S), although in this volume Ku and Lanzetta 
each discuss objects t,hat ma; soon be shown to have higher redshifts. It’s a 
very competitive game, and we all look forward to what Hy and his friendly 
competitors are going to produce in the future. 

2. Stellar abundances (by J.W.L.) 

My association with Hyron goes back thirty years to when I was a student: a.nd 
both of us were young. Observing runs with Hyron featured radio galasies as the 
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main program, while my thesis was essentially done as a backup program. I got 
to observe in twilight. when standard sta’rs had to be observed and one might fit 
in an additional ten-minute spectrum, or when the moon x-as too bright: or the 
weather too punk but the telescope could remain open. Mine wasn’t the only 
side project. Nearly always, he would carry finding charts to ta,ke a spectrum or 
two for a postdoc or colleague. Or it might be to observe a flaring BL Lac for 
Margaret Burbidge, because her nest Lick run was months later. There might, 
be a spectrum taken of a supernova in response to a phone call or IAU circular. 
We might have to get the 120-inch (now the Shane 3-m) t,o track the nucleus of 
a comet. ‘To sum up, observin, w with Hyron can be chara.cterized by such words 
as diversity, flexibility, spontaneity, and of course enthusiasm. 

The mid-70s were heady days for the Lick 120-inch. At tl1a.t time the tele- 
scope was the fifth la,rgest in the world. I think; after the Soviet 6-m, the Palo- 
mar 5-m, and KPNO and CT10 4-meters. Thanks to Joe M’ampler and Lloyd 
R.obinson of U.C. Santa Cruz, however: the 3-m spectrograph had the best dig- 
ital detector in the world-the Image ‘Iube (or Dissector) Scanner (ITS/IDS). 
Thus, my spectra of white dwarfs would reveal weaker features: especially at red- 
der wavelengths, than were possible with intensified (image-tube) photographic- 
plate detectors. In my first thesis pa,per, for example, I showed that the sub-class 
of white dwarf called DM by Greenstein didn’t exist (The Demise of the Degen- 
erate h/r Stars). Thanks t,o Joe Sampler and Lloyd Robinson! Likewise; Spinrad 
slowly cranked out ever-higher 3CR redshifts. In an acerbic moment, Spinrad 
would refer to a distinguished Caltech astronomer: “If you can’t beat xxx xxx, 
you’d better get out of the game!” I-lnd I finished an effective thesis using 
“backup time” in Spinra.d’s program. 

2.1. The dwarf carbon star and other oddities 

Besides carving out an observational thesis largely from white dwarfs which were 
spectrophotometric standard stars, I naturally fell into the Spinrad practice of 
chasing down “odd-ball” objects. One day fellow student Richard Kron came 
to us with such a case from the U.S. Naval Observa.tory a.t Fla.gstaff, where his 
father was Site Director. il young scientist named Conard Dahn had an object 
from his trig parallax program whose colors were “peculia.? compared to main 
sequence stars of similar absolute magnitude. Could Hyron and I get a spectrum 
to see what kind of nearby star this was? 

We did get that spectrum, and it astonished us, because the bands sloped 
the wrong way. It turned out, of course, that they were not the familiar TiO, but 
CZ. This object, G 77-61, turned out to be the first dwarf ca,rbon star (Dahn et 
al. 1977). This is nom a class of binary star where the now-unseen or white dwarf 
companion transferred carbon-rich mat,erial to an originally normal, low-mass 
main sequence companion, durin g its carbon AGB phase. The now-visible main 
sequence star has a carbon-dominated spectrum. There are now a.bout ten of 
these known (see Green St Margon 1994). Accordin g to M;5’allerst,ein and Knapp 
(1998), dwarf carbon stars may be more numerous than the gia.nts in a given, 
volume. of space. -4ft,er the initial discovery, Dahn and I have collaborated for . . ~ 
decades on the luminosity functions of nearby stars. ., :,. 

My interest in M dwarf stars and in searching for the terminus of the main j 
sequence began also with Hy and Rich Kron. In the past few years, of course, 
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brown dwarfs have been discovered in abundance. -4s of this writing, our Two 
Micron All Sky Survey (2MASS) team has found several dozen of these “brown- 
ies,‘; as Hyron calls this new population of dim solar neighbors. 

Perha.ps the high point of my thesis, a,nd my favorite object, is the white 
dwarf Feige 7 (L 795-T). This was classified DC (featureless) by Greenstein, yet 
was too blue in photometric colors for the dominant hydrogen or helium not to 
show broad and strong lines. I reasoned that the object either had an unusual 
composition, or some other surprise a.waited. 

Feige i turned out to have both hydrogen and helium, but it u-as a rotating, 
highly magnetic object. The individual lines of each transition were split a,nd 
sprea.d b;v the range of magnetic field present on the st,ellar disk into hundreds 
of individual, weak components. The sensitivity of t,he ITS allowed many of 
these to be individually measured. With the help of Roger Angel at Steward 
Observatory, who also detected tell-tale circular polariza.tion from the star: we 
figured out the interpretation (Liebert et al. 19'i7). Feige 7 became the central 
point of ilngel’s Pierce Prize lecture at a 1976 -4-4s meeting. Oh, and Feige 7 
got me a. job at the University of Arizona, where I have been ever since! 

2.2. Super-metal-rich stars: now come full circle 

Ivan has mentioned the high metallicity incorrectly a,ttributed to the old open 
clusters M67 and NGC 188, due to the out-of-focus standard-star spectra they 
were lent. Another Galactic disk cluster Hyron and Ben Taylor worked on 
before my arrival in Berkeley is NGC 6791: for which t,hey inferred from Lick 
single-channel scanner measurements an abundance several times the solar value 
(Spinrad and Taylor 1971). When I arrived at Berkeley, I remember having the 
impression that the work on “super-metal-rich” stars was controversial. Hyron 
and Ben had published metallicities much greater than solar for field stars like 
the red giant p Leonis; others argued that this star was close to solar. Crit,ics 
were skeptical that any stars existed in the Galactic disk-especially old sta.rs, 
well away from the Gala.ctic bulge region-that were appreciably more metal- 
rich than the Sun. Although I was interested in stars and stellar evolution, my 
inclination was not to get involved with this. 

Thirty years later, I have gotten myself involved, and the situation has 
changed. NGC Gi’91 is the richest, and among the oldest clusters of the Galactic 
disk. It is located at nearly the solar Gala.ctocentric distance, more than one 
kiloparsec above the plane. The abundance estimates in the literature range 
from solar to three times solar. The problem of extrapolating from well-studied 
st,ars near and below the solar metallicity has been with us all along. However, 
the techniques are much improved. I got, involved with Eliza.beth Green and Rex 
Saffer (Liebert; Saffer & Green 1994) in the study of unusually hot horizontal 
branch stars found in t,his cluster. (A met,al-rich cluster was the last place one 
would have expected this kind of HB star, but that’s a different story). ,4n- 
other. roughly SOOOK HB cluster member was found, and Peterson & Green 
(1998) realized that this might be the ideal object from which to determink the 
heavy-element a.bundance of the cluster (in preference to the very cool, hea.v- I.” ,- 
ily line-blanketed giants). Their study usin g high-resolution KPNO 4-m spectra ‘I : . . 
suggested [M/H] = +O.3 to fO.5, with the higher values for some alpha elements;’ : ‘! 
and t,he lower value for Fe. Chaboyer: Green & Liebert (1999) tested and pro- 
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vided a.dditional support for this determination by fitting model isochrones to 
both B - 1’ and 17 - I color-magnitude diagrams a.vailable in the lit,erature. 

Despite its age (me got S Gyr) and loca’tion in the Galaxy, XGC 6791 is 
most definit.ely super-metal-rich. -4s for p Leo? Ruth Peterson points out t,hat its 
spectrum is virtually identical to those of the “red clump” giants in SGC 6791, 
so it should have similar abundances (although not all workers in the field are in 
complete a.greement). Following the trail of Spinrad and ‘Taylor: we have thus 
helped muddy again the waters of a clean chemical-enrichment picture for the 
Galactic disk. 

3. Solar System work (by I. de P.) 

Before he joined the Berkeley faculty, Hy had a. postdoc at JPL. It was there 
that his career in planetary sciences got a start. In 1962 he announced the 
discovery of a new CO2 band on Venus in a true letter (10 sentences long) to 
the ApJ (Spinrad 1962b); he had identified this line on a spectrogram taken at 
Mt. Wilson Observatory in 1943! He concludes his letter with the statement: 
“the optical depth in this band is probably quite large.” 

In 1963 Hy discovered wa.ter va.por in the Martian atmosphere (Spinrad, 
Miinch, St Kaplan 1963), a topic which is still very much alive today. At tha,t 
time it was believed that the Martian polar ice-caps consisted of water-ice; the 
seasonal variations in the ice-caps implied a net tra.nsport of wat.er between the 
poles. So Hy set out to observe this effect. He u-as the first to detect water 
vapor in the Martian atmosphere, though it was completely unrelat,ed to a pole- 
to-pole transport of water. (The temperature at the Martian poles is always well 
below freezing.) Their derived water column of 14 f 7 microns of precipitable 
water is consistent with more recent measurements such as those by Viking, and 
the Very Large Array. In subsequent yea,rs, using McDonald (in collaboration 
with Ron Schorn) and Lick observatories, they noticed that the amount of water 
varied substantially over time and location on the disk, a finding which is also 
supported by more recent observations. 

From these same Martian spectra, Hy and collaborators derived the CO2 
abundance in Mars’ atmosphere (Kaplan, Miinch, & Spinrad 1964), and from it 
derived the amazing result of a surface pressure as low as 25 f 15 mbar! This 
was the first hint that Mars’s atmosphere was very tenuous, an observation that 
was later confirmed by an occultation experiment with the Mariner V spacecraft. 
Based upon their early results, Hy and collaborators further pointed out the even 
more startling conclusion that the aatmosphere must be dominated by carbon 
die,xide gas, rather than nitrogen, a,s seen in the Earth’s atmosphere. So they 
end their papers with the quest,ion: where is the nitrogen? Did it, perhaps, 
escape the gravitational attraction of the planet? 

Hy’s contributions to cometary research started in 1955 with a short paper 
(Forbes, Spinrad, & Wood 1958) detailing their results on improving the orbit of 
Comet 1952e Harrington based upon their observations. His continuous interest 
in comets, however, was not through stimulating words from his collea.gues, as ~ 
Hy’s concluding sentence in a paper (Spinrad. 19S2b) on observations of the red 
aurora1 oxygen lines in nine comets testifies:, “Finally, I want to tha,nk my wife 
Bette for her insistence I try something else besides faint galasies.” 
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Hy’s cometary research was particularly .‘famoust’ and “feared” among his 
students. where each of them had to stru ggle through ma.sses of comet spectra. 
Many of these efforts did result in papers, with often novel idea.s and results. A 
dozen yea.rs ago Hy wrote a review on “Comets a,nd Their Composition” (Spinrad 
195’7). In this paper he starts out summarizin, (* current ideas about the origin 
and place of formation of comets, in particular whether comets in the Oort cloud 
originat,ed in the outer solar system or in the interst,ellar medium. Although the 
likelihood of the latter is deemed very low. recent results 011: e.g., D/H ra,tios in 
comets Halley 1956, Hale-Bopp 1997, and Hyakutake 1996 strongly suggest tha,t 
at least a fraction of the molecules contained in t,he icy grains from which the 
comets formed had their origin in cold interstellar clouds, and were incorporated 
as such into the forming comets. 

Hy ends his paper with a specula.tion on t.he detection of distant comets, 
and based upon current detector technologies concludes that only giant comets 
might be detected at distances of say a. few hundred AU. -4 giant comet in his 
terminology is one with a nucleus over 100 km! At the time of Hy’s review 
paper, the commonly accepted size for a comet nucleus rvas only a few km. 
The discovery (by the Giotto spacecraft) that comet Halley was very dark (4% 
albedo for an icy object!) and oddly shaped with a size 8 x 16 km shocked the 
communit.y, so having comets several hundred km in diameter was unthinkable. 
Only 5 years later the first Iiuiper-belt object was detected (Jewitt, Luu, 8~ 
Marsden 1992), a giant comet. indeed. We now are familiar with the idea of giant 
comets, but the question of the origin of comets, and in particular cometesimals, 
is still largely unresolved; neither do we know how much stuff is really out there 
in the Iiuiper belt or Oort clouds. 

‘There is indeed much left for Hy and the rest of us to do on comets! 

Acknowledgments. We are grateful to Mike Brown, Andy Bunker, and 
Dan Stern for assistance with background information (and to Hy himself for 
insisting that we give full credit to the radio-galaxy competition). 
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Abstract. A brief history of the 3CR sample of bright radio sources is 
presented, as well as a summary of its remarkble properties. Two new 
results are discussed. First, for a. number of the smaller double radio 
sources (5 120 kpc) a,t z N 1 which display the alignment effect, the 
optical line emission is excited by shocks rather than by photo escita- 
tion, consistent with the greater full-width half maxima and equivalent 
widths of their emission lines: as compared with the larger sources. The 
second concerns the kinematics of the double radio sources, as derived 
from their structural asymmetries. An asymmetric relativistic model is 
described which takes account of relativistic, intrinsic and environmental 
asymmetries. It is shown that the model can account for the structural 
properties of the sources in the 3CRR sample and can reconcile their 
kinematic a.nd synchrotron ages. 

1. Introduction 

It is a great pleasure to pay homage to Hy Spinrad on the occasion of his Gth 
birthday. Hy has pla.yed a central role in the story I have to tell. The nice 
thing about such occasions is that it is not only the work of the celebratee t,ha.t 
is being recognised, but also the work of his collaborators, his colleagues and, 
most important of al& the generations of research students Hy has inspired - 
this only adds to the pleasure. 

I will discuss a topic very close t,o my heart - the 3CR radio sources. After 
a brief anecdot,al history and a description of the rema.rkable properties of the 
sample, I will describe some new results 011 the properties of the 3CR sources: 
specifically, new optical spectroscopic studies of the z N 1 radio gala,xies; work 
done in collaboration with Philip Best and Huub Riittgering, aad a new study of 
the kinematics of the 3CR radio sources carried out in collaboration with T&ran 
-4rshakian. ./ I. 

The amazing thing about this story is the incredible good luck which has 
&tended studies of this sample of sources all the way through. It really is a 
remarkable sample. 

11 
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2. -4 Brief Anecdotal History 

My own involvement with the sample began in the summer of 1963 Tvhen I 
joined the Radio ilstronomp Group at Cambridge as a graduate student. I 
vividly recall Martin Ryle’s remark to me, ‘If you are going to solve the problems 
of radio sources and cosmology, start by doing something useful.’ This meant 
attempting t,o identify the radio sources in the 3CR. catalogue, the brightest radio 
sources in the northern sky selected at the low radio frequency of 178 MHz. -4fter 
the problems of the 2C ca.talogue, which contadned far too many faint confused 
sources, the more conserva.tive 3C catalogue was published by Edge et al. (1959); 
but there still remained problems of source confusion. Andrew Bennett (1962) 
published a revised version of the catalogue from observations made with the 
long cylindrical paraboloid of the 4-C aperture synthesis telescope. This had 
the great advantage of providing excellent angular resolution in right a,scension 
and so resolved many of the confused sources still present in the 3C cat.alogue. 
Bennett’s 3CR catalogue contained the brightest 328 radio sources north of 
S = -5’ at a frequency of 1’78 MHz. Virtually all the sources a.t lb1 2 10’ a.re 
extragala.ctic objects. 

Some of the brightest sources in the catalogue had been securely identified 
with bright giant elliptical galaxies/CD galasies and then, in the period 1960-62, 
the sources 3C48, 196 and 286 were identified with wha,t Matthews and Sandage 
(1963) termed quasi-stellar objects, soon to be abbreviated to quasar. Following 
Hazard’s a,ccurate position and radio structure for the source 3C273 in 1962, it 
was identified with a 13th magnitude quasar, still the brightest in the sky, and 
in the same year, Maarten Schmidt measured its redshift, z = 0.17. ,4ll this had 
just happened when I began working with Martin Ryle and Peter Scheuer. 

In 1963, radio source positions were known at best to a few arcmin ac- 
curacy, but the situation was gradually improving thanks to interferometry at 
Cambridge and Cal’rech. By then it was known tha.t the radio sources observed 
at low frequencies are generally extended, often possessing a double structure; 
and this complicated the identification procedure. Nonetheless, I had consider- 
able success in finding new ra.dio source identifications using the prints of the 
Palomar Sky Survey (Longair 1965)) includin g the next four radio quasars (Ryle 
and Sandage 1964). I was particularly pleased with the identification of the 
quasar 3C9, since in 1965 Maarten Schmidt found it to ha,ve the largest redshift 
in the 3CR catalogue, z = 2.016 and it remained the largest redshift object for 
many years. 

The real breakthrough came; however, with the development of the One- 
Mile and 5-km aperture synthesis radio telescopes at Cambridge, which enabled 
detailed source structures to be determined and the error circles which should be 
searched to be reduced ultimately to a. few arcsec. The nest bit of luck was that, 
during a sabbatical term at CalTech in 1972, I collaborated with Jim Gunn in 
using the Palomar 200-inch telescope to find identifications in conjunction wit,h 

” _i . ‘. our accurate radio positions. -4t that time, the best we could Id,o %as. to use-an 
ima.ge tube a,t the prime focus of the telescope and this pushed the identifications 

-, 
to about 21st magnitude (Longair and Gun11 1975, Laing et ‘~1.~ 1975). The 

_’ real breakthrough came in 1979, however, with our use of the-prot,otype CCD 
camera PHUEI (reputedly standing for Palomar-Hale Universal Extragalactic 



The 3CR Sample 1962-99 13 

Instrument) which enabled us to identify virtually all the remaining sources in 
the 3CR catalogue with very faint galasies (Gun11 et al. 19SO). 

Again, by grea.t good fortune: it turned out that the optical spectra of these 
very faint. ra.dio galasies cont.ained strong narrow emission lines and Hy Spinrad 
and his colleagues had quite remarkable success in measuring the spectra and 
redshifts of many of these galaxies by the early 1980s (for example, Smith and 
Spinrad 1980). To my consternation, the lines were often so bright that H> 
could point his spectrograph at the centroid of the radio emission and measure 
a redshift. even if the source had not been identified! Hy needed his bit of luck 
too. ‘The strength of the emission lines was found to be strongly correlated 
with radio luminosity (McCarthy 1993) and so, in the flux density-limited 3CR 
sample; he had extraordinary success in measurin, m even the largest redshift radio 
galaxies. 

3. The Properties of the Sources in the 3CRR sample 

By the early 198Os, Julia Riley, Robert Laing and I realised that. with all the 
data then available on the radio spectra and structures of the radio sources in 
the sample, we could do a better job in definin g a complete flus density-limited 
sample of sources. This revised 3CR sample became known as the 3CRR sample 
(Laing, Riley and Longair 1953) - it. has been the basis of all our subsequent 
statistical work. To obtain a sample of sources with complete redshift informa- 
tion: we restricted attention to sources away from the galactic plane, lb1 2 10’ 
and with 6 2 10’. In this area of sky there are 173 3CRR radio sources. The 
properties of the sources in the sample are quite remarkable. 

a The sample spa.ns a huge range of redshift, from the nearby Virgo cluster 
to the quasar 3C9 at redshift z = 2.016. This is partly due to the fact 
tha.t the luminosity function of the ra.dio sources, n(P) dP cx P-” dP, 
has slope close to the critical value of x = 2.5, at which sources at all 
distances a.ppear in a flux density-limited sample with equal numbers in 
equal loga.rithmic intervals of luminosity. In addition, the radio galaxies 
and quasa,rs span the same redshift range at redshifts z 2 0.1 (Fig. l(a)). 

a The sample contains within it the effects of strong cosmological esrolution. 
The distributions of V/Vma, for the radio galaxies and quasars in the sam- 
ple are shown in Fig. l(b), the radio sources of both cla.sses being located 
preferentially towards the limits of their observable volumes. This is no 
more than a reflection of the steep slope of the radio source counts. Re- 
markably, the effects of cosmological evolut,ion are present in the sample of 
the brightest 173 radio sources in the northern sky. The cosmological evo- 
lution also contribut.es to the fact that sources in the sample are observed 
in significant numbers at redshifts J > 1. 

o The quasars and radio galaxies in the sample are in excellent agreement 
with orientation-based unification schemes. Following Barthel’s insight 
(1989), every test of orientation-based unifica.tion schemes for the radio 
galaxies and quasars in the 3CRR sample we have ma.de has been consistent 
with this picture. This means that, if you want to study the parent objects 
of 3CRR quasars, you need only study the 3CRR ra.dio galaxies! 
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Figure 1. (a,) The redshift distribution for 3CRR ra.dio galaxies and 
quasars. (b) V/l&, distributions for 3CRR radio galaxies and quasars. 

a The most luminous objects in the sample are producing energy in jets at 
a rate close to the Eddington limit for lOgMa black holes (Rawlings and 
Saunders 1990). 

I find it remarkable that by studying the brightest 173 sources in any waveba.nd, 
such astrophysical and cosmological riches are to be found. It is a property 
unique to the radio waveband. 

In the late 1970s and early 198Os, Simon Lilly and I began a systema.tic 
study of the radio galasies in the 3CRR sample in the infrared J, H and I< 
wavebands with the UK Infrared Telescope. This had the great benefit that 
we were studyin g the underlying st,ellar populations of these gala-ties. To our 
delight, we found a remarkably well-defined K magnitude-redshift relation which 
extended to redshifts z zz 1.8 (Lilly and Longair 19%). The relation indicat,ed 
tha.t the radio galaties at large redshifts were about a magnitude brighter thaa 
those at small redshifts and this could be attributed to the pa.ssive evolution of 
the stella,r populations of the galasies. This success encouraged us to plan major 
campaigns to pin down more precisely what was going on astrophysically and 
we were able to extend the K magnitude-redshift relation to redshifts z N 2. A 
major spanner was, however, thrown in the works by the discovery of McCarthy 
et al. (1987) and Chambers et al. (1987) that the optical images of the radio 1 

./I, ., galaxies are aligned with their radio structures. Thus, ,the radio source activity 
-..:. _ must certainly influence the optical images of the galaxies and possibly their 

infrared properties too. 
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Fortunately. the means for tackling the problem of the alignment effect 
were a.t hand. In 19X, my proposal t.o join the Space Telescope programme xvas 
successful and the title of my project was Optic& Identijkutions and Studies of 
the Ph,ysicul Properties of Extragalactic Radio Sources to the Faintest Optical 
Magnitudes using the Space Telescope. The proposal also stated, ‘At present, I 
have not identified my team of co-investiga.tors’. Seventeen years la.ter. in the 
summer of 1994: the first of the observations with the refurbished HST were 
received and a complete sample of 25 3CRR radio galaxies at redshifts z N 1 
was the subject of Philip Best’s PhD dissertation. -4s he has not,ed: he was aged 
only four at the time the HST proposal had been submitted. Huub Rijttgering 
also joined the programme durin, u his post-doctoral fellowship at Cambridge. 

‘The HST images of the 3CRR radio galaxies at z w 1 are quite spect~acular. 
‘They displa,y clearly the origin of the alignment, effect. ‘There is a. remarkable 
correlat,ion between the nature of the alignment effect and the size of the double 
radio sources (Fig. 2). In the small radio sources, I’ 2 120 kpc, the alignment 
effect takes the form of a string of luminous knots aligned along the radio jet,s: 
which are presumed to supply energy to the double radio source components; in 
the larger sources: the knotty appearance disappears and the emission is ra.ther 
more diffuse and more closely a.ssociated with the galaxy (Best et al. 1996). 

To cut a long and complex story short, we were able to show that the 
alignment effect does not ha,ve a significant effect upon the redshift-I< magnitude 
relation for the 3CRR radio galaxies and that there is still evidence for the 
passive evolution of the stellar populations of these galaxies (Best et ul. 19%). 
Equally remarkably, the stellar masses of the galasies can be determined, taking 
account of the evolution of their stellar populations, a.nd it turns out that the! 
are remarkably independent of redshift. The typical stellar masses of the host 
galaxies of the 3CRR radio sources in the redshift interval 0.5 < J < l.S lie in 
the range 3 x 1O1l to 1Ol2 Ma. Thus, despite the fact that they are observed at, 
a n-ide range of look-ba,ck times: the selection of galaxies as 3CRR. ra.dio sources 
seems t,o select among the most massive galaxies which exist at these epochs. 

4. Ionisation, Shocks and Aligned Structures in the 3CRR Radio 
Galaxies 

To disentangle exactly what is going on in the aligned optical structures, Philip 
l3est: Huub Rijttgering and I have obtained Z-dimensional spectroscopic obser- 
vations using the William Herschel Telescope of 14 of the J N 1 3CRR radio 
galaxies which exhibit the alignment effect. More details of this programme are 
given in the paper contributed by Philip Best at this meeting (Best 1999, Best et 
(~1. 1999). Intriguing new results have come from the study of lines in the spec- 
tra which enable shock and photo-excitation t.o be distinguished. Specifically, 
the line ratios CIII]1999/CII]232G and [~eIII]3969/[WeV]3426 are sensitive to 
the excitation mechanism, as illustrated in Fig. 3. The photoionisation models 
are derived from the analyses of Allen et al. (1998) and those involving shock 
escita.tion from the work of Dopita and Sutherland (1996). There is a clear -I 
separation between the regions of the diagnostic diagram in which the different 
excitation mechanisms are.likely to be important. Two different shock models 
are shown. In the lower region of the diagram, the shaded area shows the region 
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. . 
Figure 2. HST and UKIRT images of he radio galasies 3C 266, 
365, 324, 250 and 65 with the VL-4 radio contours superi,mposed. ‘. 
The images are drawn on the same physical scalk~ (Best, Longair and 
Ri;ttgering 1996). 
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Figure 3. A11 emission line diagnostic diagram for 3CR radio galaxies 
a,t z z 1: compared with theoretical predictions. The upper shaded 
regions correspond to simple photoionisation models. The lower shaded 
region indicates the values expected for simple shock models; the upper 
unsha.ded region is the corresponding region for shock models which 
include photoexcitation by the radiation produced by the shock (Best 
et al. 1999). 

occupied by shock models which do not take account of pre-ionisation of the 
ga.s upstream of the shock by the emission produced by the shock, but this is 
included in the models which occupy the unshaded region above it. 

It ca11 be seen that four of the sources lie in the region in which the excitation 
mechanism is likely to be due to shocks, whereas five of the sources are more 
likely to be photoionised. It can be seen that the CIII]1909/CII]2326 line ratio 
is a particularly r good discriminator for shock escitation models. What is most 
intriguing about these results is that the four galaxies in which shock excitation 
is the fa.voured process, 3C21T, 324, 352 and 365, are among the smaller radio 
sources in the sample, all of them having physical size less than 120 kpc. These 
are also those in which the alignment effect is associated with a compa.ct string 
of knots of emission closely associat,ed with the radio jets. To summarise the 
conclusions of this st,udy, 

o Small ra.dio sources exhibit a, lower degree of excitation as compared,with 
large sources. Sources with linear sizes less than 120 kpc are shock ionised. 

Q The optical emission regions in the sma,ll radio sources have very dis- 
t.orted velocity profiles, large velocity widths, enhanced nebular emission 
and greater spatial extent than the larger radio sources. 
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l The large radio sources have much smoother velocity profiles and are con- 
sistent with photoionisation bein, m the dominant escita,tion mechanism. 

e ‘There are simila.rities in the evolution of the continuum and line properties 
in the sense that the small sources have knotty structures which a.re shock 
excited, whereas the large sources have small, more diffuse continuum 
emission regions which are photoionised. 

5. An Asymmetric Relativistic Model for Double 3CRR Radio Sources 

-4nother favorite game to p1a.y xith the 3CRR sample is to attempt to determine 
the kinematics of the radio source structures from their observed a,symmetries. 
The basic idea is to attribute differences in the lobe lengths (or the location 
of the hot-spots) to time-delay effects between the source of emission and the 
observer (Ryle and Longair 1967, Longair and Riley 19'ijj. In the simplest 
symmetric picture, the source components are a.ssumed to be ejected from the 
nucleus in opposite directions at the sa.me significantly relativistic speed u. and 
then; if the source components are eject.ed at an angle B to the line of sight. 
the lobe ejected towards the observer should be observed to be longer than that 
moving a,way from the observer. -4 useful parameter to describe the differences 
in lobe lengths is the fructional separation difference (Banhatti 19SO), defined 
as ~1 = (rj - rcj)/(rj t rd), w h ere the subscripts j and cj refer to the jet and 
counterjet direction. The reason for this is Dhat, in many cases, a jet is observed 
extending from the nucleus of the radio source in the direction of one of the 
source components and it is natural to assume that it. is the component moving 
towards the observer, the one-sidedness of the jet being attributed to relativistic 
aberration effects. In the symmetric model: z = V/C cos8. 

There are, however, three major problems with this symmetric rela.tivistic 
model. 

e A number of sources are nom known in which the lobe a.dvancing t,owards 
the observer, as inferred from the presence of a ra.dio jet; is shorter than 
the receding lobe (Saikia 1981, 1984; Scheuer 1995). 

o The velocities inferred from the rela.tivistic symmetric model are greater 
than those derived from synchrotron ageing arguments. 

l McCarthy ef. nl. (1991) discovered that the intensity of diffuse [011] emis- 
sion is inversely correlated with the length of the ra,dio lobe. 

The implication of these results is tha.t t.here must be a contribution from 
intrinsic/environmental effects as well as relativistic time-delay effects. Accord- 
ing to some analyses, the rela.tivistic effects might be negligible. To quantify the 
relative importance of these effects: Tigran Arshakian and I ha.ve re-analysed 
the fractional sepa.ra.tion differences xl fo?.sources in the 3CRR sample, but now 
using the definition given above, which can be nega.tive if the approaching lobe is 
shorter than the receding lobe: The sources we have analysed are, by definition, 
FRII sources and so we call the sources SFRII if q is positive and -FRII if ml 
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Figure 4. The distribution of the fractional separation difference q 
for 103 FRII 3CR ra.dio sources according to the asymmetric (full) and 
symmetric (dot-dashed) models. (12rshakian a.nd Longair 1999). 

is negative. We have also introduced an asymmetry parameter E defined as 

E = 1 _ p(-w 
-A (+FRII) (1) 
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If E z 1, the rela.tivistic effect is dominant; if E z -1, intrinsic/environmental 
effects are dominant, since there should be as many +FRII as -FRII sources in 
this case. 

Of 132 FRII radio sources in the 3CRR sample, jet-sides could be identified 
for 103 sources and the distribution of values of “1 is shown in Fig. 4. The 
dot-dashed line shows the distribution for the symmetric model, in other words, 
neglecting the sign of q, and the solid line the results taking the sign of 21 into 
account. It. can be seen that there are significant numbers of -FRII sources in 
the sample, but there are significantly more +FRII than -FRII sources. The 
mean values of 21 and E for the complete sample and for radio galasies and 
quasars separately are show;n in Table 1. 

Table 1. AJean values of 21 and E for the sample of 103 FRII 3CRR 
sources 

al E 
All sc~urces 0.070 i 0.018 -0.07 f 0.22 

QLI~S~IX 0.102 i 0.028 0.33 i 0.36 - Radio Galaxies O.IX6 f 0.022 -0.30 i 0.32 , 

It can be seen tha.t, for the 3CRR sample: both relativistic and intrinsic/envir- 
onmental asymmetries must play a. role. The figures suggest that relativistic 
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sky plone of the observrr observe: 

Figure 5. The asymmetric relativistic model for FRII radio sources 
(Arshakian and Longair 1999). 

effects a.re more important for the quasars than they are for the radio galasies 
and this is qualitatively consistent with the expectations of orientation-based 
unification schemes. 

In order to quantify what this means physically, we have developed an 
asymmetric relativistic model for FRII sources. The model is illustrated in Fig. 3. 
The model is similar to the symmetric model, but now we allow the mean speed 
of the lobes in the jet and counterjet directions, nj and U,--, to be different. The 
result is that the relation between the fractional separation difference, Vj and ocj 
becomes somewhat more complex than in the symmetric model: 

(2) 

TVe can write Cj = ~0 + Wjd and Ccj = 2)e f U,jd-and then introduce Sj = 1 + ?;jd/‘UO 
and 6cj = 1 f~,jd/~ Then, 0. if Sj - 6cj 2 1, z > 0 for all values of 8. If Sj -S, < 1, 
two cases are possible: x > 0 for 0 < tin and 2 < 0 for 0 > 0, where 

(3) 

The value of On depends upon the value of ‘1; 0: but it can be seen that in general 
the intrinsic/environmental effects are expected to be greater for those sources 
whose ases lie closer to the plane of the sky, consistent with the observa.tion 
that the latter sources are expected to be radio galaxies according to unification . : 
schemes. 7,L ‘ 

In order to model-the effect, me have introduced a simple Gaussian model. It 
is a,ssumed that the velocity distribution of ~0 is a Gaussian with mean speed :. I*, r- 

and standard deviation cvO. The distribution of the random ‘disturbed’ speeds 
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Figure 6. The predicted distributions of ~1 for 3CR radio galaxies 
and quasars, compared with the observed distributions. The best- 
fitting va.lues of the parameters are given in the text, (Arshakian and 
Longair 1999). 

Ud is also assumed to be a Ga.ussian with the same standard devktion ~7~~ for 
both sides. Then, the probability distribution of ZQ is 

where c7:, = 02, + f&. 1O;OOO random values of these velocities were selected 
from the joint Gaussian distributions for each source component and the values 
of cos 0 were selected at random from a’ uniform distribution from 0 to 1. The 
results are shown in Fig. 6 for t.he best-fitting values of the parameters, the angle 
of separation between t,he quasars and ra,dio galaxies being 45’, as recommended 
by Barthel (1959). The best fitting values are ic = O.llc, cVO = 0.032 and 
oVd = 0.023. It can be seen that model can account. in quantitative detail for 
the observed distributions of q for both the radio galaxies a.nd quasars in the 
3CRR sample. We conclude that: 

.S The asymmetric relativistic model can account, for the statistical properties 
of the structures of the FRII sources in the 3CRR sample. 

B Kinematic and intrinsic/environmental asymmetries are of compara.ble im- 
portance. 

e The mean speed of t,he lobes of 3CRR sources~ are Tijl z (0.11 f 0.013)~ .’ 
with c’,) = 0.04~. These speeds are consistent with synchrotron a,geing 
arguments. 



22 Longair 

e The intrinsic speeds of the lobes and the intrinsic/environmental asym- 
metries increase with increasin g luminosity. The intrinsic/environmental 
asymmetries are more important on small physical scales. 
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Abstract. I review the subject of radio galaxies at intermedia.te and 
large redshift with an emphasis on complete samples. 

1. Introduction 

I introduce the subject of radio galaxies at large and intermediate redshift from 
the point of view of complete samples. Others in this volume (e.g. Dey, van 
Breugel) will review in detail some of the many subtopics of that I will only 
touch on. I will attempt to frame my discussion in the context of complete 
samples of radio gal&ties, particularly since this is an area in which the work 
of Hyron Spinrad has been of landmark importance. I mill also include some 
new results concerning the properties of the host galaxies from recent NICMOS 
observa.tions. 

By the 1960s and 70s the assembly of complete samples of radio sources 
had become a successful enterprise, particularly once the impact of confusion 
was apprecia,ted. Surveys of interest for active galaxy work need not reach very 
faint flux densities, 100 mJy at 1400 h/IHz is sufficiently deep for most studies. 
The precise and accurate positions available from ra.dio interferometers makes 
optical/near-IR identification of the sources straight forward, although they re- 
main telescope time intensive. The 3CR (and its more rigorously defined variant 
the 3CRR) is the most widely observed complete radio source sample and nearly 
40 years of effort were expended in assembling complete optical identifications 
and redshift determinations. (see Smith, Smith, & Spinrad 1976; Spinrad et al. 
1985, Djorgovski et al.1988; Rawlings et al. 1996; Longair this volume). 

2. Complete Samples of Radio Galaxies and Quasars 

Strong source samples carry significant biases with them and the 3CRR has a 
particularly bad case. In Figure 1 I plot the run of 408MHz radio luminosit,y with 
redshift for several samples, includin g the 3CRR. The strong and artificial cor- 
rela.tion between power and redshift seen in each of these samples simply reflects 
the broad and steep radio luminosity function a,nd the bright flux density limit 
of the sample. The rather drama’tic changes in many of the of properties of the 
3CRR sources with redshift (e.g. ra.dio lobe separation, clustering environment, ‘. 
emission-line strexrgth; optical morphology) clea,rly called for significant effort 
t,o extend the range of flus densities over which large samples were selected. 
Several such efforts were undertaken in the 19SOs and ea.rly 90s and while these 
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succeeded in breaking the ra.dio power-redshift degeneracy, their impact on our 
understanding of the differences between the high and low redshift objects has 
been less tha,n one might have hoped. This is due in part to the enormous effort 
required in assemblin g the large samples of high SSR. high resolution multi- 
wavelength observations needed for such work (e.g. Eales et al. 199T) and to 
the exciting results arising from the application of new techniques to the 3CRR 
and other samples (e.g. radio spectral index selection, polarimetryY sub-mm, 
HST etc.). 

In Figure 1 I include data from the 3CRR (Laing Riley, Ss Longair 1983) 
and the MRC/lJy sample (McCarthy et al. 1996; Iiapahi et al. 1998). The 
solid and da.shed lines show the locus of points corresponding to the survey 
depths of the MG sample ( Stern et al. 1999) and the 6C and SC surveys being 
carried out by the Oxford group (Eales et al. 199i). ‘These surveys go a long 
way towards filling in the P-Z plane. ‘The 1400XHz mJy and ,uJ~ samples (e.g. 
LBDS; Windhorst this volume) estend the range of powers a,t high redshift by a. 
further order of magnitude or more, but I do not. include them as these samples 
contain a mix of radio loud AGE (both FRI and FRII): radio quiet -1GN, a.nd 
star forming objects. Most radio galaxy samples a.re select,ed at low frequencies, 
some with a view towards minimizing orientation and beaming effects, others 
were chosen to sample the same rest-frame wavelengths as the z = 1 3CR sample. 
Spinrad’s work on the hUT/Greenbank sample is the exception as it is selected 
at SGHz, although with a steep spectrum selection criterion. 

One of the classical motivations for the identification of complete samples 
of radio sources was the angular-size redshift test for cosmological world models. 
Even the earliest work in this area revealed the substantial impact of evolution 
and most subsequent efforts on the kpc scale were devoted towards quantifying 
the effects of the evolution in source sizes. There has been a considerable range in 
the magnitude of both the reported evolution with redshift and the dependence 
on source power. Parameterized as power-laws in l+z and Pdes,i~~~, the reported 
exponents range from 1.5 to 2.5 for the redshift dependence and -0.2 to 0.3 for the 
power dependence. In Figure 2 I plot the lobe separations for radio galaxies from 
the 3CRR and MRC/lJy samples along with the expected median size for the 
best-fitting power-law dependencies for a flat cosmology wit.11 zero -A. Our best 
fitting parameters: (1+ z)~.‘; Pi&, are similar to those derived by Kapahi (1989) 
and Oort et al. (1987) for the 3CRR and LBDS samples, and significantly steeper 
than those inferred by Neeser et al. (1995). The higher selection frequency of 
the MRC sample may introduce a disproportionate contribution from smaller 
sources at high redshifts when compared to the 178MHz a,nd 151MHz samples. 

The recent work by Blundell a,nd collaborators (Blundell 6t Rawlings 1999; 
and this volume) has substantially reoriented our thinking about source sizes 
and reformulated the redshift-size relation as a probe of source a.ging rather than 
evolution of the population as a whole. This is an important shift in viewpoint 
and changes the focus of the debate regardin g source sizes from cosmology to 
radio source physics. 

2.1. Emission-line and bptical/UV morphologies 

Radio galaxies with powers at or a.bove the break in the radio luminosity function 
have rich emission-line spectra. This fact and the noisy but significant correla- 
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Figure 1. The run of 40SMHz power with redshift for the 3CRR (tri- 
angles), MRC/lJY (open circles), MG (solid line) and GC/SC samples 
(dashed lines). The curves for the MG and Cambridge samples are ap- 
prosimations based on their flux density limits amd a typical spectral 
index of -1. 
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Figure 2. The angular sizes of 3CRR (filed squares) and MRC/lJy 
radio gala-ties (open circles). The median values in several redshift bin 
are shown as the la.rge filled symbols. The curves are the expected 
a.ngular sizes for the 3CRR and MRC/lJy flus density limits and a 
source whose sizes varies with redshift and power as (I f z_,)-~?P&~ for 
qo = 0.5. 



Complete Samples of Ra.dio Sources 27 

tion bet,meen radio poxer and emission-line luminosity is 1vha.t made the stud>- 
of radio galaxies a.t z > 1 possible nearly two deca.des before similar work be- 
came feasible for ordinary field galaxies. There are both broad and narrowlined 
ra.dio galaxies: but nearly all have the strong forbidden lines of [OII]. [0111] and 
resonance lines of CIJ,- and H Lycr that made redshift determinations possible 
event a.t faint levels. The narrow emission-line spectra of most, z > 0.3 radio 
galaxies have high ionization states and forbidden line ra.tios tha,t are similar to 
t,hose of the narrow lines in quasars, with the exception that transitions with 
low critical densities are more prominent in the radio galaxies. 

St,ern et al. (1999) have assembled a composite spectrum for the MIT- 
Greenbank sample and find evidence for a correlation between radio luminosit> 
and ionization state, with the lower power MG sources ha,ving: on average, 
stronger emission from lower ionization stages of C when compared with the 
3CR. This is an interesting result, but perhaps more interesting is the remarkable 
uniformity of the spectra. among the different samples, when one considers t.1la.t 
they have been select,ed over a wide range of frequencies: source sizes: core 
fractions etc. 

The narrow line regions are spatially resolved in most cases and while some 
spect,acular objects span more than 300 kpc, the typical extent is roughly 30 
- 50 kpc. The earliest long-slit spectra revealed substantial velocity structures 
in the estended emission-lines and several examples of very large amplitude 
(- 1000 - 2000 km s-l) mere identified (e.g. Spinrad & Djorgovski 19%). 
Baum, Spinrad, and I (McCarthy, Baum, and Spinrad 1996) have compiled the 
extra-nuclear velocity fields for a large fraction of the 3CRR sample and we find 
a typical amplitude a,t z = 1 of 800 km s- ‘. ilt low redshifts Ba.um et al. (1992) 
find a correlation between the shape of the velocity field and the character of the 
emission-line spectra. Tadhunter et al. (19S9) find simple symmetric velocit! 
fields with amplitudes of N 200 - 400 km-‘, similar to the results for the high 
ionization objects observed by Baum et al. Baum and I (Baum & McCarthy 
1999) ha.ve looked at the systematics of the velocity fields for 0.3 < z < 3 and find 
no clear trend wit,h spectral properties. We see strong increases in both the line 
widths and amplitude of the resolved velocity fields with increasing redshift (and 
radio power; see section 2.0). We find a modest correlation between radio source 
size and the FWHM of the estra-nuclear emission (see Longair this volume). We 
note that the run of velocity amplitude with redshift shows a significant rise at 
3 = 0.6, with the median increasing from N 300 km s-r: a value that is plausible 
for ma.ssive galaxy halos, to SO0 km s-l, a value more a.ppropriate for cluster 
potentials. The change in clustering environments a.t this redshift reported for 
both qua.sars and ra,dio galaxies (e.g. Yates et al. 1991; Ellingson et al. 1991) 
support the idea of a. change in the origin of the resolved velocity fields. 

Perhaps the most drama.tic change in the properties of radio galasies be- 
tween redshifts of N 1 and the present occurs in the observed-frame visible mor- 
phologies. The nature of the extended continuum and the continuum a.lignment. 
effect is covered elsewhere in this volume (see e.g. Dey, Best). 

2.2. Near-IR Luminosities, Colors and Morphologies 

In contrast to the dramatic a.pparent evolution in the rest-frame UV and emission-, 
line luminosities and morphologies, the near-IR is a. doma.in of passive evolution 



and homogeneity. Our view of the rather sedate near-IR properties, however. 
may owe as much to the necessarily crude na.ture of the data as to reality itself. 
Out to redshifts of 1 - 1.5 the near-IR colors and luminosities of the 3CRR 
galaxies evolve slowly and most of the apparent change in simply K-correction 
(e.g. Dunlop et al. 1989). As empha.sized most clearly by Lilly (Lilly & Longair 
1985; Lilly msj the Ii-z relation for the 3CRR sample show a nearly constant 
dispersion with redshift and a degree of evolution (approxima.tely 1 magnitude 
per unit redshift) consistent with simple expectations for passive evolution and a 
high forma.tion redshift. Several I-band imaging surveys from the ground have 
provided morphological and structural evidence for a smooth evolutionary path 
between distant radio galaxy hosts and present da,y ellipticals; the work of Best 
and collaborators providing the most thorough analysis (e.g. Best, Longair si 
Rijttgering 1995). 

In Figure 3 I plot the K-band Hubble diagram for the 3CRR, MRC/lJy, and 
6C samples along with an incomplete sample of high redshift radio gala.xies from 
van Breugel et al. (1997). I ha,ve removed a. low order polynomial from the da,ta 
to compress the vertical scale (this polynomial has 110 physical significance). The 
heavy open circles are the 3CRR, the light circles are the MRC/lJy data, the 
triangles the 6C, squares are the van Breugel/NIRC sample. ‘The filled circles 
and triangles are median values for the 3CRR and 6C samples, the diamonds 
are the MRC medians in various redshift bins, the error ba,rs are flcr. The first 
point to note is the good agreement between the 3CRR and MRC/lJy samples. 
The difference between the 3CRR and MRC samples is in the range 0 - 0.2 
magnitudes and is less than 1~ in each bin. The difference does appear to be 
systema,tic, with the MRC being fainter on average. The 6C sample shows the 
large, and increasing, departure from the 3CRR reported by Eales & Rawlings 
(1996). At z > 1 the 6C is 0.8 - 1.0 magnitudes fainter than the 3CRR. The 
apparent discrepancy between the 6C and MRC samples is puzzling, and I can 
see no obvious reason why it should occur. At redshifts of roughly 1.2 - 1.6 
the MRC sa,mple is significantly incomplete. Spectroscopic redshifts with CCDs 
is challenging in this redshift range, and it could well be that the faintest and 
reddest galaxies in this range have been preferentially lost from our sample of 
spectroscopic redshifts. At redshifts below one, I believe that the MRC is highly 
complete, and at z N 0.5 I am confident that we are nearly 100% complete. In 
this redshift range the MRC, GC, and 3CRR are all consistent to within 1~. The 
small offset between the 3CRR and MRC could easily arise from the differences in 
detectors and t.echniques used for each, compounded with the increased fraction 
of extended continuum in the 3CRR compared to weaker samples. 

‘The solid line in Figure 3 is a~ minimal passive evolution Bruzual and Charlot 
(1993) model, the dotted line is the no-evolution Ii-correction. The 6C points 
follow the no-evolution line while the MRC and 3CRR samples are consistent 
with passive evolution and constant stellar mass. 

NICMOS offered the first opportunity for near-IR imaging with the reso- 
lution required to make definitive sta.tements concerning the morphologies and 
structural pa.rameters for the hosts at J N 1 and beyond. Zirm et al. (this vol- 
ume) have imaged a sample of 3CR galasies at redshifts near unity with camera .._ ~ 
2 on KICMOS in the FlfiOW, F165M, or FllOW filters. These ima.ges reveal ‘. ‘* ” 
vastly simpler morphologies than those seen in the WFPC2 images that sam- 
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Figure 3. The K-band Hubble diagram for radio gala,>xies from the 
3CRR, MRC/l-Jy surveys and a number of ,z > 3 radio galaxies taken 
from the literature. The dotted line is a no-evolution model with Ho = 
50 and qe = 0.1; the solid line is a BC96 passive evolution model with 
zf = 20. A low order polynomial has be subtracted from both the data 
and the models to compress the scale. The heavy circles are the MRC, 
light circles 3CRR; triangles 6C and squares are the van Breugel et al. 
NRC sample. Tl ie 1 arge symbols are the medians. 



ple the continua at, X < 4000~&. The azimuthally averaged profiles are smooth 
and a.re well represented by the r I/’ lax with minor contributions from nuclear 
point sources. The scale lengths are smaller than those of present-da>- central 
cluster galaxies? and are more representative of L’ ellipticals (see Zirm et al., 
this volume, for details j. 

Pent,ericci and I (Pentericci et al. 1999) have imaged a sample of galasies 
drawn from the MRC/lJy and ES0 ultra-steep spectrum (USS) samples with 
KICMOS. These sources have 1.7 < J < 3.1 and cover the same range of ra.dio 
powers a.s the 3CR sources imaged by Zirm et al. For the lower redshift end of 
our sample (3 < 2.5) we are able to derive accurate surface brightness profiles 
and find good esamples of T r/d laws for several objects. In figure 4 I show five 
examples. The scale lengths for four of these objects are quite small and they 
would be difficult to determine with significant accuracy without the spatial 
resolution offered by WICMOS on HST. 

There are a few clear differences between the s N 2 MRC/USS and the z N 1 
3CR NICMOS samples. The MRC/lJy and USS sources have a higher incidence 
of strong nuclear point sources (- 10% are completely unresolved). The z > 
2.5 objects ha.ve complex and asymmetric morphologies and clearly exhibit the 
alignment effect. The z N 2 NICMOS sample suffers from substantially more 
contamination from emission-lines than is the case for the 3CR sample. Even 
objects with negligible emission-line contribut.ions, however, show the alignment 
effect (e.g. MRC 0913242). The short,er rest-frame wavelengths clearly p1a.y 
a role in the changing morphologies, but there does appear to be a significant 
redshift-related chaage in the relative contribution of the aligned component. 
McCarthy (1999) shows that in the ca.se of MRC 0943-242 (z = 2.93) the aligned 
component contributes 8070 of the flux in the FlCOW band and an estimated a 
i’s% contribution at Ii. This large aligned contribution a.t I< suggests that some 
of these objects should have significant levels of near-IR linear polarktion, and 
this has been demonstra.ted by Iinopp & Chambers (1997) in a. small sample of 
objects. 

The strong nuclear point sources seen in the YICMOS images of the MRC 
and USS sources suggest a increasing contribution from non-stellar light in 
the K-z relation at large redshifts. What is unclear from the NIC%IOS im- 
a.ges alone is the relative contribution from t.he classic narrow-lined region (via 
[0111]5007:4959) and true nuclear continuum to these point sources. Spec- 
troscopy offers a mea.ns of qua,ntifying the va.rious contribut,ions to the near-IR 
luminosity. Recent observations with ISAAC, the near-IR spectrometer on the 
JILT by di Serego-Alighieri et al. reveal broa,d H a emission in a sample of three 
z N 2.5 radio galaxies. Two of these are in the Pentericci et. al. NICMOS sample 
and these have strong point sources. At this meeting Larkin et al. also report 
the detection of broad HQ in one of the these sources (MRC 2025-215) based 
on early observa.tions with NIRSPEC on the Keck 1Om telescope. The spectra. 
of all three objects observed with ISAAC show strong narrow [0111]5007,4959 
emission-lines in the H-band with line ratios that are similar to those compiled 
by McCarthy (1994) for the composit,e 3CR radio galaxy spectrum. I suspect 
that the point sources seen in the NICMOS images arise from direct views of the 1 
nuclea,r continuum in sources with modest obscuration along the line of sight. 
Spect.roscopy of large samples with the new-generation of near-IR spectrometers 
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Figure 4. Surface brightness profiles for five MRC and USS gala-ties 
with z N 2. These hosts have simple near-IR morphologies and their 
azimuthally averaged profiles are well represented by an r1j4 law with 
a range of scale lengths. Details can be found in Pentericci et al. 19%. 



offers us the opportunity to examine the near-IR lines and continua of radio 
with the level of scrutin;v previously restricted to the optical and rest-frame UT-. 
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The Early Evolution of Radio Galaxy Hosts 
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Tucson. AZ 85719 

Abstract. High-redshift radio galaxies provide laboratories for study- 
ing the forma.tion of massive galasies. I briefly review recent observations 
which are beginning to unveil the complex processes at work during the 
early evolutionary stages of these systems. 

1. Introduction 

Until recently, the host galaxies of powerful radio sources reigned supreme in 
the study of distant gala,xies: due to their large IX a,nd optical continuum and 
emission line luminosities: these sources were rela.tkely easy to detect and stud> 
at high redshift.l Although we are now able to directly study more ‘normal’ 
galasies (i.e.: systxms with continuum a.nd line luminosities not dominated by 
active nuclei) at high redshift: ra.dio galaxies remain of fundamental importa.nce 
to studies of galaxy formation and evolution. This is primarily because radio 
galaxy hosts are the best candidates for the progenitors of present-day massive 
galaxies and represent strongly biased peaks in the mat,ter distribution, an hy- 
pothesis supported at low redshift by the association of powerful radio sources 
with gE and CD galaxies (Matthews et al. 1964), at intermediate and high red- 
shifts by the tendency for these sources to reside in moderately rich cluster 
environments (e.g., Hill & Lilly 1991; Dickinson 1997), and by a few direct kine- 
matic measurements of the masses of high-redshift, powerful radio galaxies (e.g., 
3C3265: Dev & Spinrad 1996). In this contribution, I will briefly review t,he 
state of the observational data on high-redshift powerful radio galaxies (here- 
aft,er HzRGs) and their relevance to our underst,anding of the evolution of these 
systems. 

2. J N 1 Radio Galaxy Hosts as Elliptical Galaxies 

The I<-z Hubble diagram of powerful radio galaxy hosts shows a remarkably 
uniform sequence which is well modelled by the gradual aging of a. simple stellar 

. - 

‘One must not interpret this t.o mean that the pioneering optical spect,roscopic obser<ations 
of dist.ant radio galaxies were trivial: although the host. galaxies are brighter than their less 
active peers at a given redshift, their spectroscopy still tested the limits of 1970’s telescope, 
instrument and detector technology. It is almost eritireiy due to the infectious persistence 
(sometimes seemingly in the face of all reason!) ‘of Hyron (“Bulldog”) Spinrad that. we now 
have redshifts for all but one of the 3CR sources. 

34 
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Figure 1. Some z N 1 radio galaxy hosts resemble dynamically re- 
laxed elliptical galaxies when viewed at near-infrared wavelengths, as 
exemplified in the left panel by a HST KICMOS F16OTV image of the 
z = 0.811 HzRG 3C 265. ‘The right panel shows the ra.dial surface 
brightness profile of the galaxy (Zirm et al. 2000). 

population formed at high redshift (e.g., Lilly & Longair 1984, McCarthy 1993 
and references therein; van Breugel et al. 1998). This has long been taken as 
evidence that the host galaxies are similar to elliptical galaxies. Indeed, recent 
1.6pm images (which sample the rest-frame red optical light in the z N 1 HzRGs) 
obtained using NICMOS on HSTreveal elliptical morphologies and photometric 
properties more or less similar to those expected for massive ellipticals (see 
figure 1 and Zirm et al. 2000, in these proceedings; see also Best, Longair & 
Rottgering 1998, Rigler et al. 1992 who came to similar conclusions based on 
ground-based K-band observations). 

Since the near-infrared emission is generally argued to be dominated by 
starlight with a negligible contribution from AGX related processes; the sym- 
metric H and li band morphologies observed in the z N 1 HzRGs are interpreted 
as evidence that the stellar components in these systems are dynamically relaxed 
and possibly spectrally old. There is little direct spectroscopic evidence to sup- 
port these speculations in the most radio loud HzRGs (i.e., the z 2 1 3CRs), 
since near-infrared spectroscopy has been difficult and optical spectroscopy has 
largely revealed that the rest-frame UV continuum emission in t,he J N 1 3CRs 
is dominated by AGK related processes which veil the underlying stellar popu- 
la.tion. 

Nevertheless, stellar features have been detected in a few sources (e.g., Dey .\ ‘.. .’ s. 
1995,. Dey & -Spinr,ad 1996, Stockton et al. 1995). Although these features are Ii ‘.. “, (ix 
often representative of few-Gyr-old populations, the veiling of the stellar con-“’ * c -.--’ ’ 
t’inuum by the -4GN light makes it extremely difficult, to estimate ages for the 
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Figure 2. Spectra of LBDS 53WO91 and LBDS 53W069 overplotted 
with the IUE spectra of la.te F-type main sequence stars. Since the 
UV light in simple stellar populations is dominated by the turn-off 
population, direct spectral typing suggests that these galaxies have 
minimum ages of around 3 Gyr (Dunlop et al. 1995, Spinrad et al. 
1996, Dey et al. 2000). 

z w 1 3CRs. However, lower power radio sources at these redshifts can have 
much smaller fracti0na.l contributions of -4GN light to the UV continuum: by 
observing two of the reddest galaxies in a sample of weak radio sources (from the 
Leiden-Berkeley Deep Survey), Spinrad and collaborators have demonstrated 
tha.t the host galaxies of LBDS 53WO69 a’nd LBDS 5313091 (z N 1.5) have 
UV spectra. similar to tl1a.t of late-type F stars (Dunlop et al. 1996, Spinra.d et 
al. 1997, Dey et al. 2000; see figure 2). Since the UV continuum emission in 
intermediate age simple stellar populations is dominated by the turn-off popula- 
tion, these spectra. suggest that these gala.xies have ages of at least 3 Gyr. More 
detailed spectral synthesis age estimates, albeit more model dependent, confirm 
large ages for these syst.ems (see Dunlop’s contribution in these proceedings). 

‘The upshot of the near-infrared morphologies, K-s Hubble diagram a.nd 
spectral synthesis a.ges of ,z 2 1 radio galaxies is that these systems are both 
dynamically and spectrally old. Given tha,t these are massive galasies, these 
observations appear to be consistent with the simple hypothesis that the host 
valasies and their stellar populations a.re formed in a single monolithic collapse 0 
at high redshift and consequently evolve passively. This is a speculation that 
bears scrutiny: the dynamical sta.te of t.he galaxy reflects its merger / assembly 
history, which ma.y be different from the tale told by the spectral aging of its 
stellar populat,ion (e.g., Kauffmann & Charlof 1998). The a.dvent of efficient ‘. 
near-infrared spectrographs on large aperture telescopes will allow direct mea- 
surements of the velocity dispersion and mean a.ge of the stellar component in 



HzRGs. even in the more luminous systems. ‘These observations should allow us 
in principle to sepa,rate the dynamic and st,ar-formation histories of HzRGs. 

3. The Aligned UV Continuum Emission in z 2 1 Radio Galaxies 

‘Their near-IR morphologies notwithstanding, most optical images of the 2 > 
1 HzRGs, instead of revealing elliptical hosts, show spectacular morphologies 
that are spa.tially extended over several tens of kiloparsecs and roughly aligned 
with the ma.jor a.xis of the non-thermal radio emission (McCarthy et al. 1987, 
Chambers et. al. 1987). These unusual alignments elicited much debate during 
the last deca.de: their esistence argued for an intimate connection betlveen the 
AGK and the rest-frame US: emission. and submerged the hapless radio galaxy 
proponents in an embarrassing morass of inexplicability. 5’5’e now know that a. 
significant fraction of t,he observed optical (rest-frame UV) emission from 2P.J 
1 - 2 ra.dio galaxies is non-stellar, and dominated by scattered and reprocessed 
light from the active nucleus. Several ima,ging- and spectra-pola.rimetric studies 
(Tadhunter et al. 1988; di Serego Alighieri et al. 1989, Jannuzi si Elston 1991, 
Jannuzi et al. 1995, Dey et al. 1996, Cima.tti et al. 1996, 1997, Tran et al. 1998: 
Vernet et al. 2000) have now convincingly demonstrated that the extended; 
aSlgned UV continuum emission in most z N 1 - 2 HzRGs is strongly polarized, 
with the electric vector oriented perpendicular to the major axis of the UV 
emission. These observations provide strong evidence that much of the UV light 
is anisotropically radiated emission from the AGK scattered into our line of sight 
by dust a,nd electrons in the ambient medium. 

Not every J N 1 radio galaxy is strongly polarized. -4lthough our observa- 
tions of 3C356 (shown in the right panel of figure 3; Cima.tti et al. 1997) are 
fairly representative of the bulk of the z N 1 - 2 radio galaxies: t.he aligned radio 
galaxy 3C368 t a z = 1.132 remains a notable exception (left panel of figure 3 & 
table 1). However, even in the latter case, the extended UV continuum emission 
(at rest wavelengths X2000-3500-&) is largely accounted for by optically thin 
Balmer continuum emission from the line-emitting gas (Stockton et al. 1996) 
powered by the AGN. 

There still appears to be some debate about the nature of t,he hidden IIU- 

clear source that is responsible (at least partially) for the UV continuum and 
the ionization of the gas. The acolytes of the AGN Unification Church would 
predict that the unseen source is a ‘normal’ quasar nucleus, with a spectrum 
similar to that observed directly in stee-spectrum, radio-loud quasars. In a few 
HzRGs (e.g., 3C265 - Dey & Spinrad 1996, Tran et al. 1998; 3C324 - Cimatti 
et al. 1996; 3C441 - Dey 1999; 3C277.1 - Tran et al. 1998; MRC2025-218 - 
Larkin et al. 1999) there is some evidence that the hidden nuclear source has 
qua.sar-like broad emission lines. Nevertheless, the total number of z 2 1 ra,dio 
galaxies for which high quality data exist is small and hence concluding that 
nil powerful radio galaxies contain quasars hidden from direct view is prema.- 
ture. Near-infrared spectroscopy with the new generation of large telescopes dill 
undoubtedly provide better constraints on the spectrum of the nuclear source. ~ 

At higher redshifts (.z > 3): the data are even more sparse: polarimetry exist 
for only two z > 3 powerful radio galaxies as of this writing, and’both of these 
are unpola.rized (see table). Inst,ea.d, the spectra of these galasies show strong 
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Figure 3. Most, but not. all, powerful ra.dio galaxies at z N 1 have 
strongly polarized UV continuum emission. 3C36S at z = 1.132 (left 
panel) is a. notable exception (P < 3%). The majority of sources, 
however, are more similar to 3C356 at 2 = 1.079 (right panel; Cimatti 
et al. 1997), which exhibits large fractional polarization (P 2 1070) 
and a flat polarized flus spectrum (P x 3’). Kate the CaII I< stellar 
absorption and t.he polarization of the MgIIX2300 emission line. 

resonance absorption features typically observed in nearby starburst galaxies 
(5 3). At least in the case of 4C41.17 (Z = 3.8; Chambers et al. 1990), the 
lack of polarization, the absorption lines, and the inadequacy of alternative 
emission processes (e.g., Balmer continuum emission) to account for the observed 
estended UV continuum emission together imply that starlight dominates the 
T;V light from t,his system (Dey et al. 199s). The case of 6Cl909+722 is not 
a.s clear cut: although continuum polarization has not yet been detected, the 
spectrum shows strong, broad UV resonance absorption lines similar to that 
observed in B_4L QSOs (Dey 1997). 

‘Table 1 summarizes the current state of HzRG polarization observations. 
There are a few more polarization measurements of z N 2.5 radio galaxies re- 
ported by Vernet et al. in these proceedings . Although it is far too premature to 
dram strong conclusions from the tabulated results, there seems to be a possible 
decrease in the fractional polarization at redshifts z 2 3. There are only two 
sources measured at these redshifts, and we clearly need more observations. 

4. Observing khe Formation of Radio Galaxies . ’ !‘.~,‘ / :, .-! ; i,. i, 
-3 ) .I 

~. 

The advent of large aperture telescopes has rendered it feasible to study very 
high redshift radio galaxies in remarkable detail. The Iieck Telescopes have 

<.? : :.: 1, 
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Name 

3c441 

Redshift Rest % References 
Wavelength Polzn 

0.706 2430-2770 A S’A 6 
3c343.1 
3c277.2 
3C265 
3C226 
3C35Ga. 
3C36S 
3c324 
3c13 
3C256 
TS0211-122 
x00.54 
4C23.5Ga 
TS0830+191 
tx1909+722 
4c41.17 

0.750 
O.iGG 
O.Sll 
0.815 
1.079 
1.132 
1.206 
1.351 
1.519 
2.33s 
2.37 

2.419 
2.572 
3.534 
3.500 

2557-4343 A 
23252893 K 
2200-2500 A 
2000-2700 A. 
1930-2310 A 
1350-2350 -4 
1915-2120 A 
1701-2300 A& 
1420-1540 A 
1950-2650 A 
1250-1530 A 
1250-1520 ,;i 
1550-2140 _& 
1270-1520 A 
1220-1540 K 

<2.2% 13 
29Yo 7, 13 
14% 10: 13 
13% 8 
14% 2 

<I% 6 
12% 1 

i% 2 
10% 4: 11 
15% .9 
12% 3 
13% 3 
13% 12 

<5% 6 
<2.4% 5 

Key t,o references: [l] C imatti et al. (1996); [2] C’ imatti et al. (1997); [3] Cimatti et 
al. (1998); [4] Dey et. al. (1996); [s] D ey et al. (1997); [6] Dey et al. (1998); [‘i] di 
Serego Alighieri et al. (1989); [S] di Serego Alighieri (1997); [9] Fosbury et al. (1999) 
[lo] Jannuzi S: El&on (1991); [ll] J annuzi et al. (1995); [12] Knapp & Chambers (1997); 
1131 Tran et al. (1998) 

alrea,dy provided us with direct det.ections of starlight in these systems, as well 
as the first glimpse of the processes that may accompany the formation of these 
luminous systems. 

There is now much circumstantial evidence that suggests that, the 2 N 4 
radio galaxy hosts are young. Spectral features typically seen in the spectra of 
hot, young stars have been observed in at least one z N 4 HzRG (4C 41.17; Dey 
et al. 1997). In a.ddit,ion, several HzRGs show large, spatially extended Lycr 
haloes that extend over several tens of kpc (van Ojik et al. 1997, Dey 1997). 
In the case of X41.17 at z = 3.5: the halo was det,ected over the entire spatial 
extent of a 22” spectroscopic. slit, implying a total extent larger than 200 hii kpc 
(figure 4)! The origin a,nd excitation of these large gaseous haloes is unknown, 
but it is possible that these reflect the large gas reservoirs from which these 
massive galaxies form. It is of great interest that Steidel et al. (1999) have 
recently discovered similar haloes (officially labelled ‘Blobs’ by Steidel et al.) 
apparently not associa.ted with AGN, but instead loosely a.ssociated with more 
normal star forming galasies at 3 X 3 in the SS,422 field: this is a phenomenon 
not restricted t,o the formation of SGN, but perhaps of massive galaxies in 
general. ,. _ /., 

l-et another manifestation of:the:gouthfulness of z 2 3 ra.dio galaxies is the ._ 
presence of outflows. Outflow phenomena have now been observed in nearly all %. 
J > 2 ra,dio galasies for which.high-resolution, high signal-to-noise ratio da.ta 
exist. 3C25G at z = 1.8 shows an absorption feature in its spectrum, most likely 





Tile E&J, El-olution of Radio Galaxy Hosts 41 

5. An Evolutionary Tale 

Although sparse: the current results a.re consistent with a straw-man model 
in which radio galaxies form the bulk of their stars at high redshift and evolve 
passively thereafter. -4 speculative scenario for the evolution of the host galasies 
of powerful radio sources may read something like this: At. redshifts z > 5: the 
a.ccumulation of ma,terial in a deep pot,ential well results in the formation of 
the first stars and the active nucleus. As the collapse progresses: the expanding 
over-pressured cocoon powered by the jets from the AGN trigger star forma.tion 
in a clumpy medium alon g an asis roughly consistent with the jet asis. By 
redshifts of around “4, the C1- continuum luminosity of the system is dominated 
by the hot ?-oung stars, and the line emission is likely due to a combination of 
photoionization by- the active nucleus and the hot stars as well as shock ionizat,ion 
due bo the expanding radio lobes. This rapid sta,r-forming phase is accompanied 
by rapid dust production. presumably in the ejecta of the SKe II, and large 
galasian scale outflows driven by- stellar winds and SNe. Almost all the star- 
formation is complete by z N 3. and the galaxy’s stellar population begins to age 
‘passively’. By redshifts of z k 1: the stellar component is now a dynamically 
relaxed, fewGyr old population. The stellar contribution to the UV continuum 
is therefore minimal: the turn-off population at these ages has little UV flux, and 
in powerful AGE, the UV starlight is completely swamped by the scattered light 
from the AGN shining off the debris from the galaxy formation process. Finally, 
by the modern era, the galasian continuum luminosity is almost completely 
dominated by the a.ged stellar population. 

Although speculative? this tale is roughly consistent with the observations. 
The rapid st,ar-formation phase at early times would result in the UV continuum 
emission in high redshift (J > 3) radio galaxies being dominated by the (unpo- 
larized) light from young stars. swampin g any scattered light from the AGS. 
-4s the stellar population ages. it reddens ra.pidly and the stellar contribution to 
the rest frame UV emission drops precipitously, allowing the scattered light to 
become the dominant contributor to the UV continuum emission. The a.ttra.c- 
tion of this hypothesis, at least for me, is that it explains the (possible) change 
in the fractional polariza.tion with redshift and is consistent wit,11 the observed 
uniformity of the K-Z Hubble diagram and the general morphological evolution 
between the z 2 3 and z N 1 radio galaxies. In addition, it may also explain 
the recent sub-mm continuum detections of thermal emission from warm dust in 
HzRGs (e.g.: Hughes et al. 1998: Ivison et al. 1998). Nevertheless, in order for 
it to be much more than a tale, it requires the scrupulous introduction of fact. 
Dedicated spectroscopic and spectropolarimetric studies of HzRGs: coupled with 
deep high-spatial resolution imaging investigations will hopefully begin to a.dd 
to our understanding and not simply confuse us further. Near-infrared spectro- 
scopic a.nd polarimetric observations will be crucial in this regard, since they 
provide us with the only direct method of studying the bulk of the stellar mass 
a.nd deconstructing the .4GN contribution in these systems. Given the pop+- 
tion explosion in 8-m class telescopes, we will undoubtedly have much to discuss. ‘. 
when sve!get:-together to celebrate Hy’s 70th! .- “,~~,y.!’ :._ 

. . 
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Abstract. Radio sources have traditionally provided convenient bea.- 
cons for probing the early Universe. Hy Spinrad was among the first of 
the tenacious breed of observers who would attempt to obtain optical 
identifications and spectra of the faintest possible ‘radio galaxies’ to in- 
vestigate the formation and evolution of galaxies at hy redshift. Modern 
telescopes and instruments have ma.de these tasks much simpler, although 
not easy, and here we summarize the current status of our hunts for hy 
redshift radio galaxies (HyZR.Gs) usin g radio spectral and near-IR selec- 
t,ion. 

1. Hy Z Radio Galaxies: Why? 

The first optical identifications of (bright) radio sources with (faint) ga,laxies were 
made when Hy Spinrad was still a teenager (Windhorst 1999; these proceedings). 
-4fter that it was soon realized tha,t the ‘invisible’ universe of radio sources 
provided convenient beacons to locat,e very distant gala.ties and thus might be 
used to study their forma.tion and evolution. -4s so eloquently described by 
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several of Hy’s colleagues, collaborators and ex-students in these proceedings. 
he became an ea.rlp key pla,yer in these distant. galaxy hunts. 

For most radio astronomers in those days the Universe stopped at the POSS 
limit,s. Surely: many radio sources could not be identified, but so what? It 
just confirmed that the Universe was bigger than the biggest optical telescope, 
but . . . not bigger than the biggest radio telescope! Occasionally Hy would 
write letters to Leiden Observatory radio astronomers with requests of radio 
ma.ps a.nd accura.te positions. When provided he would spend many hours using 
one of the world’s then finest t,elescopes at Lick Observatory, to obtain optical 
identifications and spectra of these HyZRG candidates (presumably squeezed in 
bekveen observa.tions of standard stars for Jim Liebert; these proceedings). How 
foolish this seemed, to some of US (WVB). 

Since then extraordinary progress in the development, of optical and near- 
IR detectors, larger telescopes, and better selection techniques have resulted in 
discoveries of radio galaxies at increa.singly hyer redshifts. Paradoxically this 
ta,sk was eased by the discovery, first by Hy and his collaborators, that the Lya 
emission line was very strong in radio galaxies a.nd could easily be detected in 
< 1 hr integra.tions with 3m-class telescopes (Spinrad et al. 1985), provided 
that the redshifts would be hy enough (z > 1.6) so that. Lya would enter the 
observable optical window. 

It has now become clear that HyZRGs are both a boon and a curse for 
students of galaxy evolution. A boon because the near-IR Hubble li - 2 relation 
for radio sources appears well represented by the predicted ‘passive’ evolution 
of massive (5 - 10 L,) galaxies with hy formation redshifts (Lilly & Longair 
1984; Eales et al. 1997; Best et al. 1998; van Breugel et al. 1999), despite the 
effects of k-correction and morphological evolution (van Breugel et al. 1998). 
No matter the reason for this relationship, it suggests that radio sources might A 
be used to find massive galaxies and their likely progenitors out to very hy 
redshift. This method was first successfully used by Lilly (19SS) to identify 
the HyZRG B2 0902f34 at z = 3.395. Deep spectroscopic observations of a 
few relatively weak radio sources (but still of the powerful double FRII class 
!), where t,he AGN do not affect the rest-frame UV as much (see below), have 
shown directly examples of ra,dio galasies at z N 1.5 with old (2 3.5 - 4.5 Gvr) 
stellar populations with implied formation redshifts zf > 10 (e.g., Spinrad-et 
al. 1997). 

For galaxy formation studies HyZRGs are also cursed beca.use their struc- 
tures are aligned with their associated radio sources, suggesting tha.t the col- 
limat.ed outflow and ionizing radiation from their AGN profoundly affect their 
parent galaxy host appearances at UV, blue and green wavelengths (McCarthy 
1999, and Dey 1999; these proceedings). HyZRGs are very well suited for study- 
ing the effects of powerful AGN on a.mbient dense gas, including induced sta.r 
formation (e.g.? Bicknell et al. 1999), and may even be used as searchlights to in- 
vestigate the properties of proto-galactic material in the early Universe (Cimatti 
et al. 1997: Villar-Martin et al. 1997). 

R.ecent cosmological theories a,re providing additional incentives to use radio :,< 
galasies a.s.probes to study the early Universe. Within standard Cold Dar&r < .. 
Mat,ter scenarios the formation of galasies is a hierarchical and biased process’.,. “’ ‘. - . 
Large galakies are thought to grow through the merging of smaller systems;’ &. 
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Figure 1. The Hubble 1< - z diagra,m for HyZRGs. Filled triangles 
are Iieck measurements of HzRGs from van Breugel et al. (1998): the 
large triangle is TN JO924-2201 a.t 3 = 5.19; and all other photometry 
is from Eales et al. (1997). Two st,ellar evolution models from Bruzual 
k Charlot (1999); normalized at J < 0.1, are plotted, assuming pa,ram- 
eters as shown. 

and the most massive objects form in over-dense regions, which will eventually 
evolve into the clusters of galaxies seen today (e.g., White 1997). It has also 
been suggested that the first massive black holes ma.y grow in similar hierarchical 
fashion together with their parent galaxies (e.g., Kauffmann and Haehnelt 1999) 
or, because of time scale constraints, may precede galaxy formation and be 
primordial (e.g., Loeb 1993). T o confront these theories it is therefore of great 
interest to find the progenitors of the most massive galaxies and their AGS 
(active ma.ssive bla.ck holes) at the hyest possible redshifts a,nd to study their 
properties and cosmological evolution. 

While optical, ‘color-dropout’ techniques have been successfully used to find 
la.rge numbers of ‘normal’ young galaxies (without dominant -4GS) at redshifts 
even surpassing those of quasars and radio galasies (Weymann et al. 1998; Hu 
et al. 1999), the radio and near-infrared selection technique has the a.clditional 
advantage that it is unbiased with respect to the amount of dust extinction. 
HyZR,Gs are therefore also important laboratories for skIdying the large amounts 
of dust (e.g.: Ivison et al. 1998) a.nd molecular ga.s (Papadopoulos et al. 1999). 
which are observed to accompany the formation of the first forming massive” * 
galaxies. Indeed, a significant part of the scientific rationale for building future ‘. .: _‘. 
la.rge mm-arrays is based on the expecta.tion tl1a.t to understand galaxy forma.tion ’ 
will ultinmtely require understanding of their cold gas and dusty environments. 



Table 1. Radio Surveys 

Frequency (MHz) 325 365 408 
Sky region 6 > $29” -327 < r; < +7105 -8j0< 6 < ;lsPs 
# of sources 229;576 Gi,551 12,141 
Resolution 54”~ 54”cosec6 10” 2!62 x 7186 sec(l: - 35”s) 
Position uncertainty 11’5 @‘j-l” g” 
(strong sources) 
RMS noise -4 mJ> 20 mJy i0 mJy 
Flux densit,y limit 18 rnJy 1.50 mJ> 670 mJ!; 

mss FIRST* PMN 

Freyuency (MHz) 
Sky region 
# of sources 
Resolut,ion 
Position uncertainty 
(strong sources) 
RMS noise 
Flus density limit 

1400 1400 
6 > -40” h > 45 

1,814,748 550~000 
45”X 45” 5”x 5” 

1” o!’ 1 

0.5 mJy 0.15 mJy 
2.5 mJy 1 mJy 

4850 
-87’5 < 6 < -+lO” 

50.814 
412 

-4 j” 

-8 mJy 
20 mJy 

“Still in progress. 

Finally, it has been claimed that t.he (co-moving) spa,ce densities of the 
most powerful radio galaxies and quasars were much hyer near z w 2, but that 
they drop off precipitously at even hyer redshifts (Dunlop and Peacock 1990; 
Shaver et al. 19%). However, using recently completed studies of moderately 
faint radio gala.xies Jarvis et al. (1999; these proceedings) have argued that here 
is no such evidence for a redshift cut-off and that these previous results have 
been biased due to unknown radio k-correction (radio spectral index) trends 
and associa,ted selection effects. 

For all these reasons HyZRGs have become very useful probes of the early 
Universe. Unfortunately in complete, flux-limited samples the vast majority of 
the sources will be relatively nearby, or a,t only modest hy redshifts. However, 
by employing the well-known ‘red radio color’ selection technique and choosing 
sources with ultra-steep radio spectra one can bypass most of the ‘local’ radio 
source population and efficiently identify radio galasies at extremely 11~ redshift. 

2. The Ultimate Ultra-Steep Spectrum Source Sample 
_ 

M’ith the advent of several new, large radio surveys (Table 1). such as’ih: . 
,325 MHz WENSS (Rengelink et al. 1997), the 365 MHz TEXAS (Dodglas ~ 

., . et al. 1996), the 1.4 GHz NVSS (Condon et al. 1998), the 1.4 GHz FIRST 
(Becker et al. 1995), MRC 405 MHz (Large et al. 1951) and the 4.55 GHz PMN 
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Spectrcl index 

Figure 2. Logarithmic spec- 
tral index distribu- 
tion for IVENSS-KJ’SS (full 
line), Texas-NVSS (dot-dash 
line) and MRC-PI/IX (dotted 
line j. The vertical line indi- 
cat,es the -1.3 cutoff used in 
our spectral index selection. 

i 

Figure 3. Identification frac- 
tion on the POSS as a function 
of spectra.1 index for the corn-- 

bined WN and ‘IX sample. 

(Griffith et al. 1993) surveys it is now possible for the first time to define a large 
sample of USS sources with extremely steep radio continuum spectra (a 5 -1.3, 
Fig. 2): and using 10 -- 100 times lower flux density limits t,han has been possible 
before (Chambers et al. 1996; Riittgering et al. 1994; Blundell et al. 1998). 

Using these surveys we constructed 3 sub-samples, covering different regions 
of the radio sky using the deepest low and high frequency surveys availa.ble in 
each area (Table 2). Our largest, and most complete sample is based on the 
WEISS survev at 5 > 29”, together with the NVSS and FIRST surveys. In the Y 
remaining area covered by the northern hemisphere radio telescopes, we used 
the Texas survey at low frequencies, which produces a similar sample but at a 
higher flux density and is less complete. We also used two southern surveys t.o 
construct, the first USS sample in the deep southern sky. More details about the 
samples are given in De Breuck et al. (ZOOOn). 

During the course of our optical and near-In imaging and optical spec- 
troscopy programs we have fine-tuned our selection technique. Previously it 
had been found that the identification fraction of radio galaxies decreases w+th 
spectral index (Tielens et al. 1979; R.iittgering et al. 1995): which provided the 
rationale for using the USS source selection technique. With our ‘hyper-steep’ 
ra,dio spectrum selection (0 5 -1.3) most sources remain unidentified. at least 
on the POSS (n 2 20). Only N 15% of the sources can be identified, u&~lly 
with bright galaxy clusters, as indicated by the frequent overdensity of galaxies ” 
around them: and by X-ray detections (De Breuck et al. 3000~). This identifi& 
cation fraction appea,rs to be independent of spectral index (Fig. 3), in support 
of the idea that these are mostly foreground objects. 
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This also esplained why our initial optical imaging campaign on 3m-4n- 
cla.ss telescopes (R 5 24) was not very successful in finding R-band identifica- 
tions. Furthermore7 for the typically expected R - I{ N 4 values of HyZRGs: it 
would even be a challenge to detect most HyZRGs in the near-IR a,t Lick Obser- 
vat,ory. We therefore decided t,o entirely skip the optical identifica.tion program 
and go straight to near-IR imaging a.t the Keck I telescope. This has produced, 
t,o da.te, a 100% identifica.tion rate with good photometric magnitudes to select 
HyZRG candidat.es using the Hubble l< - z diagram (Fig. 1). 

We have now spectroscopically observed 30 faint USS HyZRG ca.ndidates 
with the following results. Only 5 of the sources have z < 2, 7 have 2 < 3 < 3, 
7 ha.ve 3 < z < 4 and 2 sources ha.ve z > 4, including one at z > 5. -4t 
least 3 sources failed to yield redshifts, and were not detected in the continuum: 
despite N 1 hr integrations with LRIS; and may be at record hy redshifts, or are 
extremely obscured. We also found 6 sources with only a continuum detection 
and no emission-lines. These were all extremely compact USS sources, and 
may be moderately hy redshift (1 < s < 3) BL La,c objects, ‘emission-line free 
quasars’ (c.f., Fan et al. 1999), or even pulsars (which typically have o,,diO w 
-1.6, &plan et al. 1998, and are faint optically; Ma,rtin et al. 1998). 

Table 2. USS samples 
Sample Density Spectral Index Flux Linlit # of Sources 

ST-l mJy 

WIT 1.51 a;;;” 5 -1.30 s1400 > 10 343 
TN 48” 0;;;” 5 -1.30 s1400 > 10 268 
MP 26 clgg” < -1.20 S408 > 700; S48jO > 35 58 

“Due to the characteristics of the Texas survey, the TN sample is only N 30% complete. 

3. The Highest Redshift Radio Galaxies 

3.1. TN 51338-1942 at z = 4.11 

The first z > 4 USS ra.dio galasy discovered by us was TN .J1333-1942. The 
initial identification was made with the ES0 3.6m a.t R-band, and subsequent 
spectroscopy with that same telescope showed that the radio galaxy has a red- 
shift of z = 4.11& 0.02, based on a strong detection of Lycrj and weak confirming 
C IV X 1549 and He II X 1640 (De Breuck et a,l. 1999a). 

Subsequently we obtained a deep Ii-band image (rest-frame B-band) at 
Iieck, shown in Figure 4 overlaid with a VLA radio image (De Breuck et 
al. 1999b). The radio source is an asymmetric double, with a. very bright NW 
hotspot (5’4.7~~~ = 22 mJy; ~$5 g& N -1.6) coincident with the peak of the 
Ii-band emission. This hotspot has a very faint radio companion with a flatter 
spectrum (s4.7~~~ : -0.3 mJy; ,oi:$ g& N -1.0) at 1!‘4 to the SE which we iden- . : . 
tify as the probable nucleus. Thus the AGX and rest-frame optical (continuum ‘% 
and Lyctj emission m’ay’.not be co-cent,ered. This resembles the .z = 3.500 radio 
galaxy 3C41.17 [van Breugel et al. 1999). ,4 possible reason for this might be 



Figure 4. 4.85 GHz VLA 
radio contours overlaid on 
a Keck Ii-band image of 
TN J1338-1942. 
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Figure 5. VLT spectrum of 
‘TS J1338-1942at z = 4.11. 

tha,t the central region is obscured by dust. Such asymmetric ra.dio sources are 
not uncommon. even in the local Universe, and a.re usually thought to be due to 
strong interaction of one of its radio lobes with very dense gas (e.g.: McCarth> 
et al. 1991; Feinstein et al. 1999). 

A high signal-to-noise spectrum was a,lso obtained with the VLT Antu 
telescope (De Breuck et al. 1999b). Tl le spectrum is domina.ted by the bright. 
Lya line (WC.: = 210,&) which shows deep and broad (N 1400 km s-‘) blue- 
ward absorptibn. The latter is probably due to resonant scattering by cold HI gas 
in a turbulent halo surrounding the radio galaxy and has also been seen several 
other HyZRGs (van Ojik et al. 1996; Dey 1999). The continuum is relatively 
bright (FlaoO N 3pJy) and if all due to young O-B st,ars this would imply a 
total SFR of several hundred &/yr: resembling 4C41.17, and suggesting that 
TN J1338-1942 may be another HyZRG in which induced star formation might 
occur (c.f., Bicknell et al. 1999). 

In Ta.ble 3 we have listed the Lya properties of the known 7 most distant 
radio galaxies for which high quality optical slit spectroscopy data taken with 
Iieck or the VLT are available. We have assumed Ho = 65 km sWIMpcP1: 
qo=0.15, and A = 0. The Lya fluxes are as measured i.e., uncorrected for blue- 
ward absorption. TN J1338-1942 is the most luminous Lya galaxy and, a,fter 
4C41.17, also the brightest (in similar apertures). In all ca.ses the brightest Lya 
emission occurs on scale sizes of 1” - 2”: comparable to those of the brightest 
radio structures. 4C41.17 is known to have a very extended halo (Chambers et 
al. 1990) and the total size quoted is a lower limit, based on the deep (9 hrs) 
Keck spectropolarimetry data from Dey et al. (1997). 

3.2. TN JO92412201 at z = 5.19 .:I.;,,: :.:i 

TN 50924-2201 is one of the steepest spectrum sources in our USS sample ’ 
(Q&L& xz -1.63)‘and therefore was one of our primary targets for near-In ’ I 
identification. -4 deep Ii-band image at Iieck showed indeed a very faint (li = 
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TN JO9267731. z=5.19 

Figure 6. Keck/WIRC K- 
band image of 
TlX JO924-2201, lvith radio 
contours superposed. 

Figure 7. Kecli spectra of 
TX J0924-2201at 3 = 5.19 on 
two different nights. 

21.3 * 0.3), multi-component object at the position of the small (l!“) radio 
source (Fig. 6). The expected redshift on the basis of the K - z diagram was 
2 > 5, and spectroscopic observations at Iieck showed tha,t this was indeed the 
case, based on a single emission line at X N 7530 A&. which we identified as Lyoc 
at s = 5.19 (van Breugel et al. 1999; none of the J > 5 galaxies ha,ve more than 
one line detection). 

Among all radio selected HyZRGs TN JO924-2201 is fairly typical in ra- 
dio luminosity, equivalent width and velocity width (Table 2). It does have the 
st,eepest radio spectrum, consistent with the cy - z rela,tionship for powerful ra- 
dio galaxies (e.g., Rottgering et al. 199i): and also has the smallest linear size. 
The latter may be evidence of its ‘inevitable youthfulness’ or a dense confin- 
ing environment, neither of which would be surprising beca.use of its extreme 
redshift (Rlundell & Rawlings 1999; van Ojik et al. 1997). Among the radio se- 
lected HyZRGs TN 50924-2201 appears underluminous in Lycr, together with 
SC 1435+63, which might be caused by absorption in an exceptionally dense 
cold and dusty medium. Evidence for cold gas a,nd dust in several of the most 
distant HyZRGs has been found from sub-mm continuum and CO-line obser- 
vations (e.g., Ivison et al. 1995; Papa,dopoulos et al. 1999). 

The second hyest redshift radio galaxy currently known listed in Table 3 
is VL.4 J123642+621331 at 2 = 4.42 (Waddington et al. 1999). This source 
was not USS selected and therefore provides an interesting alternate view on 
the possible selection effects of our method of finding HyZR.Gs. The source is 

_. an a.symmetric double and although its radio luminosity .is about a,factor 1000, 
“’ times lower than that of its much more luminous brothers at similar redshifts, it 

” still qualifies as a FRII-type, though with a radio luminosity closesto the FRI / 
FRII break at 405 MHz (2’40s N 3.2 x 102”W Hz-r). Its’radio spectrum is steep 
(cY#g N -1.0, using the flux densities given by Waddington et al. ), but not 



as steep a.s our USS selected HyZRGs, and the Lya luminosity is a factor 5 - 10 
times less. Apart from the luminosity these properties are not hugely different 
from expected on the basis of radio selection and indica.te that less extreme steep 
spectrum selected samples (a < -1.0) a.t much laxer flus densities (2 ln~.Ty) 
might be used to find many more (hundreds, thousands ?) HyZRGs a,t, ver;v 
hy redshifts (though with much lower efficiency, we suspect, than USS selected 
samples). 

‘Table 3. Physical Paramet,ers of the Hyest HyZRGs 

?Came z LLyoa L365’ 4& 
00 yey 

LJO ~~~~~ Size” Ref.* 
TX JO924-2201 5.19 1.3 7.5 -1.63 >115 1500 8 VVvB99 

i-LX J1236+6213 4.42 0.2 0.0035 -0.96 >50 440 Wad99 
6C 0140+326 4.41 16 1.3 -1.15 700 1400 19 DeBOO 
SC 1435+63 4.25 3.2 11 -1.31 670: 1800 2s Spin95 

TN J1338-1942 4.11 25 2.3 -1.31 200 1000 37 DeBQQ 
4C 41.17 3.798 12 3.3 -1.25 100 1400 99 DeyQT 
4C 60.07 3.79 16 4.1 -1.48 150 2900: 65 Rijt97 

“In units of 10~~ erg s-l (LLya), 103E erg s-l Hz-’ (LIES), restframe km s-l, kpc respectively) 

bklost recent references quoted only: WvB99 = van Breugel et al. (1999); Wad99 = IVaddington 
et al. (1999); DeBOO = De Breuck et. al. (2OOOb); Spin95 = Spinrad et al. 1995; DeB99 = De 
Breuck et al. (1999a, b); Dey9’i = Dey et al. (1995); Rijt.97 = Riittgering et al. (1997). 

Our observations of TN JO924-2201 extend the Hubble Ii - z diagram 
for powerful radio galaxies to J = 5.19, as shown in Figure 1. Simple stellar 
evolution models are shown for comparison. Despite the enormous k-correction 
effect (from ljrest at z = 5.19 to Icrest at z = 0) and strong morphological 
evolution (from radio-aligned to elliptical structures), the K-z diagram remains 
a powerful phenomenological tool for findin g radio galaxies at extremely hy 
redshifts. Deviat,ions from the Ii - .z relationship may elrist (Eales et al. 1997: 
but see McCarthy 1999), and scatter in the I< - z values appears to increase with 
redshift, but this may in part be caused by limited signal-to-noise or emission- 
Line contamination. ’ 

The clumpy lIrjrest morphology resembles that of other HyZRGs (van Breugel 
et al. 1998; Pentericci et al. 1998) and if it is dominated by star light, we derive 
a. SFR of -200 IQ9 yr-‘, without any correction for extinction; which may be 
a factor of several. TN JO924-2201 may be a massive; active galaxy in its 
formative sta,ge, in which the SFR is boosted by jet-induced sta,r formation 
(Dey et al. 1997; van Breugel et al. 1999; Bicknell et al. 1999). For comparison 
other, ‘normal’ star forming gala.sies at z > 5 have 10 - 30 times lower S.FR 
(- 6 - 20MEyr-1; Dey et al. 1998; Weymann et al. 1995; Spinrad et al. 1998). 

-4t J = 5.19 TK JO92462201 is currently the most distant .4GIi known, 
surpassing even quasars for the first, time since t,heir discovery 36 years ago. 
The presence of -4GN a.t such ea.rly epochs in the Universe (<l Gyr in most 
cosmogonies) poses interestin, u challenges to common theoretical wisdom~ which 
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assumes that they are massive (billion solar mass): xtive black holes. The 
question how these can form so shortly after the putative Big Bang may prove 
even more challenging then that of the formation of galasies (e.g., Loeb 1993; 
Silk & Rees 199s). 
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Abstract. IVe present a review of faint radio source populations. First: 
we briefly review the life of Hy Spinrad and the history of radio source 
populations over the last 65 years, and note some remarkable correspon- 
dences. Next. lve discuss constraints from the radio source counts over 7 
dex in flux density and -1 dex in frequency. as well as from the angular- 
size and spectral-index vs. flux-density relations. We present possible 
extrapolations of the pJy source counts to nanoJy levels as they may be 
observed with the Square Kilometer Array (SIcA4). We review clues to the 
nat,ure and evolution of faint radio sources from deep optical identifica- 
tion and spectroscopy programs, as well as from HST imaging. The faint 
radio source population consists of a mixture of starburst, post-starburst 
and elliptical galaxies. The microwave ra,dio emission at /IJY -mJy levels 
is caused by a combination of (nuclear) starbursts and weak AGN a.ctiv- 
ity. Each of these populations have probably evolved strongly as radio 
sources with cosmic epoch - possibly driven by the (strongly) epoch de- 
pendent galaxy merger rate. Finally, we present one example of a faint 
high-redshift pJy radio source that is possibly obscured by dust. 

1. Introduction 

In a. review of faint radio sources at a Conference that celebrates the 6jth birth- 
da.y of Hy Spinrad, it is appropriate to compare the major events in his life with 
those in the history ofradio ast.ronomy; as well as those in the history of baseball. 
The la,tter two have been important and shapin g aspects of the career and the 
life of Hy Spinrad. Table 1 attempts to give such a review. We call a.ttention to 
some remarka,ble correspondences between these three histories - undoubt,edlJ 
no coincidence if one considers the very productive scientific life of Hy Spinra.d. 
The steady progression of finding higher and higher galaxy redshifts 1la.s b.een 
to no small extent due to the persistent and heroic efforts of Hy Spinrad, who 
with his collegues has measured ever larger and often record-breaking redshifts. ~ 
hiIa.ny of these were for samples of increasingly fainter radio sources (Fig. la), 
as several talks a.t this Conference showed, including a record set during the 
Conference for the z=5.19 ultra-st,eep ra,dio galaxy (van Breugel et al. 1999). 



Table 1. Brief History’l of Radio Astronomy, Hy Spinrad, and Baseball 

Year Radio .I\stronomy Age Hyrorl Spi~lrad (- HS) Baseball (EBB) 

1931 
1933 
1934 
1937 
1939 
1944 
1946 
1948 
1951 

Jansky discovers static 
Jauky: Not 0 but Sidereal 

Jansky: =MW Mh+lO”! 
'Reber: hl\V-plane 910 MHz 
Reber: WV-plane 160 MHz 
wu&Hlllst predicts HI-1420 

Hey: Cyg-A 64 MHz 
Bolton. Ryle: CygA pos<S’ 

Baade: Cyg-A Opt.ID 
Ewen; Purcell discover HI 
Ryle: Half Mile Telescope 

Ryle: source counts >l Jy 
Minkowski: a(3C295)=0.461 

Schmidt: ;,,,(3Cl47)=0.545 
Pew&s 6: Wison: CBR 

Cam, GB. Parkes -100 mJy 
C~~~:NRAO;WSRT-~O mJy 
Cambridge: WSRT -1 mJy 

LBDS -0.2 rnJy starts 
VLA,WSRT,Cam -0.1 mJy 

VLA -30 ~JY 
l’L.4. ATCA -10 fiJy 

VLA. ATCA 8 GHz-3pJy 

-1 
00 
03 
05 
10 
12 
14 
17 

1958 
1959 
1960 
1963 
1965 
1969 
1974 
1979 
19so 
1984 
1989 
1994 
1999 

24 
25 

31 
35 
40 
45 

50 
55 
60 
65 

2004b VLA-upgrade -0.3pJy 70 
2009 SK.4 12-h -30 rlJy 75 
2014 SKA 1200-hr -2 riJy 80 

Bor11 irl Brooklyn, SY 
wears first glasses 
Uses first BB bat 

looks thru 1st telescope 
HS moves to California 

Learns about redshift 
Learns about low s,N 

Starts astronomy study 
Engaged, Married 

Pb. D. 
1960: 3 Michael Spinrad 
1963: 3 Robert Spinrad 

Moves to UCB 
1969: 3 Tracy Spinrad 

Took kids to Lick 
trains many in audience 

Finds .zmur(gxy)=l.Ol 
Finds :mor(gxy)=l.8 

Fi,~~~~~~~~g~~;~~~:~ 
finds ima=(gxy)=5.3.5.6 

HYFEST (1999) 
Finds zmar(gxy)=10 
Finds .znrnz(gxy)=15 
Fi;$;F;G~p~d~ 

End of BB Dark Ages 
411 Star BB introduced 

BB player salaryzUG todav 
Giaxlts fell in 5 games 

Yankees swept Cubs 
Yankees sagged 

Postwar BB Recovery 
Robinson <batting> = 0.311 

Dodgers chase Pbillies 
Dodgers-Giants Armageddon 

Minimum Ballpark rule of 
325 ft (home plate-fence) 
Dodgers also move to CA 
Dodgers win Tl’orld Series 

‘“~~~;;~~~;;,~~t~~; ~zJ 

Dodger Pitcher=Messersnlitli 
$iDodeersi = 0.5 Keck-I 

<batting> x ,a,‘< &m($X:Y)! 
Lasorda hiehest uaid BB mgr 

I  .  ~1 

Dodger attendance t 3x lO”/yr 
Dodgers-Braves. Short season 

Dodgers beat Giants 
on Friday, June 25: 1999 

$(Dodgers) > \‘LT 
$(Dodgers)rr ZT;F;(HST) 

$(Dodgers) > NASA 
Dodgers beat Mars 

“Disclaimer: The quoted numbers for .4D<1999.47 are historical facts, or theoretical models 
post-dictions. Like everywhere else in science, all nunlbers in columns l-4 have t,he usual error 
bars attached, which xe of course not specifically quoted here; like almost everywhere else in 
astronomy. Ml data in column ,!I are of course error-free (see http://www.totaldodgers.com/); 
so error-bass are not quoted here either. The rest of the paper is also error-free: hence no errors 
are quoted throughout. 

bDisclainxer-2: The quoted numbers past .4D=1999.47 are t,heoretical model predictions. Like 
everywhere else in astronomy. these are all subject to grave errors; which are therefore not 
quoted. However, we note that the PREdiction made hy the first author on June 21 publicly 
during this Conference about the Dodger victory on Friday June 25 was in fact correct. 
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In general. faint ra.dio-selected estragalactic objects are good probes of more 
ordinary galaxies at large distances for the following reasons: (1) unlike qua.sars 
and the powerful radio galaxies: weak radio galasies do not generally cont,ain 
significant, non-thermal light in their optical spectra, neither do they have strong 
emission lines (e.g.. Iiron et al. 1985); (2) the current ‘i-L-4 deep survey limits of 
-1 ,uJ~ can tra.ce giant elliptical radio gala_sies and quasars with radio posvers in 
excess of the brea.k (P’ ) in the RLF out to z>>lO, and luminous spiral, Seyfert, 
and actively star-forming galaxies to ~~2-5; (3) radio sources are spnchrotron 
sources which do not suffer from a.bsorption by dust at high redshifts. 

Radio galasies played an important role in the st,udy of galaxy evolution? 
since for a long time these were the only 7 galaxies that could be identified easily at 
high redshifts. Jet-induced star forma.tion or non-thermal radiation scattered in 
a reflection cone are the most probable radia.tion processes in the ultraluminous 
high redshift 3CR and 1 Jy radio galaxies (Chambers et al. 19S7, McCarthy et al. 
1987, - 1993). The role of these processes has been studied at higher resolution 
with HST (e.g., Best et al. 1997, Windhorst et al. 199s). Weaker radio galasies 
may be more representative of what ordinary young galasies would look like at 
those redshifts. Deep medium-band HST images showed a significant number of 
sub-galactic sized objects within 0.5 Mpc from the LBDS radio galaxy 53W002 
at z=2.39 (Pascarelle et al. 1996). These J _N 2.4 objects may play an important 
role in the subsequent evolution of 335;5’00’2 (Keel et al. 1999): it ma,y have 
formed as an r1j4-dominated galaxy during a relatively quick and sudden collapse 
that started at z 213 - possibly induced by star-formation along its radio jet 
(Wndhorst et al. 1998). Similarly, deep HST images of faint, field galaxies 
showed that E/SO and Sabc galaxies have evolved litt.le since z2 1: but tha.t the 
faint blue galaxy counts are dominated by a rapidly evolving population of late 
type ga.laxies at z > 0.5-l (Sd/Irr’s; Driver et al. 1995). The galaxy merger rate 
was likely higher in the past by (I-/- Z)m with nz 21.5-3 (e.g.: Burley et al. 1994): 
an important clue not only to understand the evolution of and formation of faint 
field galaxies in general (Driver et al. 199S), but also the strong cosmological 
evolution of (fa.int) radio sources in particular (Wa.ddington et al. 1999b). We 
use He =50 km, s-r Nlpc-r & yu =O.l throughout. 

2. Constraints from pJy and mJy surveys 

In the last decade, many deep radio surveys have been made at mJy and 1~Jy 
levels with e.g., the VL-4, Westerbork, the Australia Telescope and Cambridge, 
at 1.4, 4.9 and/or 8.4 GHz. Details of the more recent surveys are given by, 
e.g.? Becker et al. (1995), Ciliegi et al. (1999), Condon et al. (199S), Fomalont 
et al. (1991, 1993, 1997), Gruppioni et al. (1999b), Hopkins et al. (199S, 1999a,), 
Richards et al. (199S), Richards (1999), White et al. (1997), Si’indhorst et a.1. 
(1955, 1993, 1995). Fig. la shows the normalized differential source counts 
at 1.4, 4.9, and 5.4 GHz for the flux range 1 pJy <S, < 100 Jy, as reviewed 
by Hopkins et a.1. (199S), Richards (1999), and Windhorst et al. (1993). The 
available source count dat,a now cover about 1 des in frequency and 7 dex in 
flux density. The boxes indicate statistical analyses of noise-fluctuat,ions for 
5’8.44 2 2 /LJ~ (Condon 19S9; Fomalont et al. 1993; Partridge et al. 199’7). The 
S.4 GHz pJy source counts from recent 160-hr VLA images in the 13h+43” 
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Fig. la. Diflerential source counts at 1.41, 4.86 and 8.44 GHz, normalized to a 
Euclidean count of cxSV -2.5 (Windhorst et al. 1993). The counts at all three 
frequencies cover a factor lo7 in S, and show an upturn between 25 S, 5 3000 
,LL Jy with a similar non-converging slope y -2.2f0.2. They must forever con- 
verge for S, _ < 100 nanoJy (*0.5 dex):), or they would exceed the AT constraints. 

field (Windhorst et al. 1995) a.nd in the HDF (Fomalont et al. 1997; Richards 
et al. 1998) are indicated by the heavy dotted line. The light dotted lines 
in Fig. la. are power-law best fits for all counts at S, 52 mJy. All three 
frequencies show the initial steep rise between S, -10 Jy and 1 Jy, the masimum 
excess with respect to Euclidean between S, ~1.0 Jy and 0.1 Jy, and continuous 
convergence between S, ~100 mJy and 3 mJy. ilt 1.41 and 4.56 GHz, the 
slope clearly changes below S, % 3 mJy, but as yet we lack data for 32 Ss,44 
5 30 mJy. Between S,,, -3 /LJY and 3000 pJy , there is no significant change in 
slope at all three frequencies (y II 2.25f0.2, including the fluctuation boxes), 
suggesting that the pJy population covers a wide range in 11. The fact tha.t 
the /LJY counts sustain a nearly Euclidean slope over amlost 1.0 dex in v and 3 
dex in S, (Fig. la) suggests tha.t the weak radio source population likely has 
undergone cosmological evolution similar to gE radio galaxies and quasars. 

The differential counts must converge at all frequencies for S, < 100 nanoJy 
with slope y 12.0, because the integrated radio sky-brightness would otherwise: 
(1) diverge; (2) distort the low frequency CBR spectrum (Fomalont et al. 1993) 
[if the 8.44 GHz counts continue below 2 pJy with y = 2.25, the cm-X CBR ~ 
temperature errors would be exceeded for Ss.+r 5 30 nanoJy]; and (3) exceed the ‘, 
surface density of availa.ble field galasies with BJ 5 27 mag (,> 3 x 10’ degp2 
. Tyso11 1955) for ss.+l _ <300 nJv (Windhorst et al. 1993): as indicated by the I 
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-1.5 -1 -. 5 0 .5 1 1.5 2 

log S,.,, MJY) 

Fig. lb. Enlargement of the differential 1.41 GHz source counts from Fig. 
la. Models are (Hopkins et al. 1999b): steep-spectrum AGN (gE’s; dot&short- 
dashed); flat spectrum AGN (QSR’ s; lower dotted line); IRAS-type starbursts 
(dashed); Sum of all populations (solid). The chunqe in slope starts around 5-9 
mJyI but starburst galaxies do not dominate until below < 1 mJy. 

long dashed line in Fig. la. Somewhat stronger constraints are obtained from 
the measured DIRBE background (Haarsma & Partridge 1998): which similarly 
cannot be exceeded by star-forming galaxies and/or radio sources, implying tha.t 
the faint radio source counts must permanent,ly turn over for S, 5 100 nanoJy 
(see also Fig. lc and below). 

Fig. lb shows an enlargement of Fig. la, but for the 1.41 GHz counts only, 

which ha,ve the best statistics. All published 1.4-1.5 GHz counts were converted 
to 1.41 GHz (cf. Fig. 2b), norma.lized in the same manner; and the best possi- 
ble resolution correction was applied following Windhorst et al. (1990, 1993), as 
confirmed by the FIRST survey (White et al. 1997). Following 1Yindhorst et al. 
(1955, 1993), all counts from all 1.4 GHz surveys mere plotted, except: (a,) in 
bins where a. survey had insufficient st,atistics (5 lo-20 objects/bin); (b) when 
not enough informa.tion was available t,o retrace and confirm the resolution cor- 
rection; or (c) when not enough information was given to determine the counts 
a.s yet (e.g., for the KVSSj. The 1.41 GHz counts are non: very well determined 
with statistics of > ljO,OOO sources from about three dozen surveys. The typical 
sta.tistical precision per point is lo-20’%,; and the global precision of the normal- 
ized differential amplitude is known to within l-3%! at most, flux levels. There 
are no known systematics left in the 1.4 GHz source counts a.t levels > 3%:.. 

Models for t,he counts from AGlS (evolving giant ellipticals-tquasars) and 
starburst+normal galasies, and variants thereof, are plotted in Fig. lb-lc, as 
described by e.g., Condon (19S9, 1992), Hopkins et al. (199S, 1999), Jackson 
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Fig. lc. The differential I.41 GHz source counts from Fig. la. Models are as 
in Fig. lb. The maximum possible contribution is shown for the normal galaxy 
population (dot-long-dash). Filled circles betw’een 100 nJy--IO/L Jy indicate a 
12-hr simulation with the Square Kilometer Array. The straight dotted lines 
represents the upper limit to the nJy source counts from CBR constmints. 
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0 LBDS-VLA 
* VLA 4.9 GHz pJy survey 
* VLA 8.4 GHz pry survey 

* Vu 1.4 GHz HDF survey 
* VWMefi~n 1.4 Gtiz HDF 

-.-..--.--.-. vmed ('I) = 2.0 (S, z / mJy)03' 

-2 -1 0 1 2 3 4 5 

log s , &I GHL CmJy) 

Fig. 2a. Median angular size vs. 1.41 GHz flux for low-frequency surveys! und 
for the deepest VLA surveys at 8.4, 4.86 und 1.4 GHz (Richards 1999). All flux 
scales were transformed to I.41 GHz following the ~‘~~~1 vs S, relation of Fig. 
2b. The dotted straight line is the best jit for 0.15 S1.4 < 3000 nzJy. 
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Fig. Zb.-Upper panel Median spectral index - low frequency (0.61 GHz) flux, 
where a,& was measured between 0.41 (or 1.4) GHz und 4.86 (or 5.0) GHz. 
Lower panel Median spectral index - high frequency (4.86 GHz) flux, where 
orned was measured between 1.41 (or 1.5) GHz and 4.86 GHz. All flux scules 
were converted to 0.61 or 4.86 GHz using these same two relations. Note the 
similarity with the normalized diferentiul source counts from Fig. la & Ic. 
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5_ Wall (1999). Wall &Z Jackson (1997). and Windhorst et al. (1985). It is 
clear that the evolving giant ellipticals+quasars (“monsters”) dominate for 5’r+, 
> 0.5-l mJy, while starburst+normal galasies dominate for 51.4 < 0.3 mJy. The 
likely evolving popula.tion of starburst and normal galaties cause the remarkable 
upturn in the normalized differential counts below Sr.4 -1 mJy, although this 
change in slope already starts at 5-9 mJy. Fig. lc shows the estrapolation of 
these two evolving radio source populations to nanoJy levels. following Hopkins 
etal. (1999b). This is relevant for e.g.: the design and construction of the 
Square Kilometer Array that is currently bein g considered by an international 
Consortium. Hopkins et al. (1999b) 1 a so use the median angular size-l.4 GHz 
flux density rela.tion (Fig. 2a) to pJy levels: plus the estra.polation of this relation 
to nanoJy levels as expected from the sizes of HS’T disks: to predict the nanoJy 
source confusion limit and the nanoJy source counts. They conclude that if the 
sizes of faint field galasies continues to decline at fainter optical fluxes (Odewahn 
et al. 1996, Cohen et al. 1999), nanoJansky surveys with SK-4 will likely not be 
confusion Limited a,s long a.s it has baselines>>100 km. The nJy counts expected 
from a 12-hr SK4 simulation are also shovc~~ in Fig. lc. -4 lOOO-hr HDF-like 
effort with SK4 ma.y reach a few nJy. 

Other clues to the nature of the pJy -mJy populations are obtained from 
the radio source sizes (Fig. 2a; Windhorst et al. 1993) and radio spectra (Fig. 
21~; Fomalont et,al. 1991). The dotted lines in Fig. 2a-2b are weighted least- 
squares fits t.o the logarithmic data. High frequency ,xJ;v samples have -4O’% 
extended steep spect.rum sources, presumably synchrotron disks in intermediate 
redshift gal&es - with sometimes high frequency spectral steepening due to 
synchrotron losses. About lo-20% are variable, and have low frequency turn- 
overs. indicating self-absorbed compact radio cores (Oort et al. 198i). -4bout 
60% have flat spectra : 25% of which have inverted high frequency components 
(for LJ > 4.86 GHz; Windhorst et al. 1993 j. The median high frequency spectral 
indes at @Jy levels is (Y,,& N 0.35&0.15. The measured value of Orned ~1-2” 
at sub-mJy levels corresponds to ~10-20 kpc at ~~0.552~ which is bigger than 
expected for nuclear starbursts or ,4GW alone. Many flat-spectrum sources are 
extended (0 < 5”), and may be thermal bremsstrahlung from large-scale star- 
formation in distant galactic disks. The median angular size of sub-mJy and 
,LIJY sources is comparable to the scale-lengths of faint HST galaties (i < 1” , 
Odewahn et al. 1996), which is why the deepest radio (and optical!) surveys are 
not yet confusion limited. 

3. Nature and evolution of faint radio sources 

Through deep ground-ba,sed CCD-imaging (Fomalont et al. 1991; Neuschaefer 
& Windhorst 1995; TYa.ddington 1999; - et al. 1999b) about 400 faint radio 
sources were optically identified to g7.j < 26-27 mag in eight fields (Fig. 3). For 
most of these, accurate VLA positions were measured < O!‘l (Fomalont et al. 
1991; Oort et al. 1987). Several fields have systematic spectroscopy (Benn et al. 
1993, Hammer et al. 1995), and similar fields were done in the South by Geor- *- ‘. 
gakakis et al. (1999) and Gruppioni et al. (1999). Four fields also ha,ve deep HST . ’ 
images that allow one to tra.ce the morphological nature of these objects (Foma- ., 
lont et al. 1997, Flores et al. 1999, Richards et al. 1999: Windhorst et al. 1998); 



in particular the HDF and 53WOO2 fields. The HST morphology of mJy radio 
o-alaxies indicates primarily early-type b ualaxies dominated by rr/“-bulges with 
Ettle or no color gradients, except at high redshifts (Windhorst et al. 1994). 

The majority of the p.Jy popula.tion appears to have small inner r’/’ bulges 
plus dominant exponential disks, and oft.en dist,orted morphologies, indicating 
intera.ctions or mergers? presuma.bly due to the same dynamical events tha,t 
also triggered their radio emission (Fomalont et al. 1997, Richards et al. 1998; 
Windhorst et al. 1995), suggestin, v that a significant fraction of the pJy sources 
is caused by (disk) synchrotron emission: enhanced by merger driven st.arbursts 
a.nd their subsequent supernova rate (Windhorst et al. 1993). Spectroscopic 
studies similarly suggest. tha.t the ksJp -sub-mJy population is a mixture of star- 
burst and post.-starburst galaxies (Benn et al. 1993, Georgakakis et al. 1999), 
and some fra.ction of elhpticals and post starburst galaxies (Hammer et al. 1995; 
Gruppioni et al. 1999). 

Fig. 3 shows the R-ma, 0 distribution of the optical IDS for eight complete 
samples of mJy and pJy sources, in total 397 sources. The ID fraction at mJy 
and sub-mJy levels is typically 90-97% for RZ 26-27 mag (Fig. 3), with the 
relkbility and completeness of the ID sample generally exceeding 95-97%. But 
at /l,Jy levels, up to N2~% of all radio sources remains unidentified a.t R< 27 mag 
(Richards et al. 1999). Th is suggests that the fra.ct,ion of radio sources obscured 
by dust at very large redshifts is relatively small. but could be of order lo-20% 
for the faintest radio sources. Fig. 3 shows that in these combined samples 
a.t least 17 sources remain unidentified down to the detection limits, which are 
R< 26-27 mag for the ground-based (Fig. 3) and R<,29 mag for the HDF. This 
includes one - and possibly another - source in the HDF it,self with R>, 29 msg. 
,4ll R-ma.g distributions rise strongly for 17,<R<,21 mag, indicating the strong 
cosmological evolution of the mJy and pJy radio sources ($2), and gradually 
decline for 215 R < 27 mag, perhaps indicating a cutoff in their redshift and/or 
their luminosity distributions (Waddington 1999, - et al. 1999b). This is in 
stark contrast with the field galaxy counts that continue to rise to B-28 mag 
(Driver et al. 1995, Odewahn et al. 1996: Tyson 1988, Williams et al. 1996). 

Fig. 4 shows the redshift distribution for mJy, sub-mJy and p.Jy sam- 
ples (data from Benn et al. 1993, Hammer et al. 1995, Richards et al. 1998, 
Waddington 1999, - et al. 1999b; Windhorst et a.1. 1994, 1995). Dotted lines 
show sources with measured spectroscopic redshifts, or upper limits to z from 
inconclusive spectra. Full-drawn lines show the complete ra.dio sample, with 
phot,ometric redshift estimates for those sources without a spectroscopic red- 
shift. The mJy and pJy samples are > 70% complete, but the sub-mJy sample 
is not complete for B > 23 or z > 0.4 (arrow in Fig. 4b). Bearing this in mind, the 
redshift, distribution does not change much from mJy to ,~lJy flus levels, similar 
to the behavior seen in the a,ppa,rent magnitude distributions in Fig. 3. Both are 
essentially independent of redshift for >2 dex in radio flux. Together with the 
stea.dy and non-convergin, 0 slope of the ,LLJ~ source counts over >3 des in radio 
flus (Fig. la), the fact that the redshift distribution hardly changes over .>2 
des in flux implies that the ra.dio source popula,tion at flux levels 1 pJy < S, < 3 
mJy must consist of a.t least one fairly strongly evolving populat,ion. Given the 
heterogeneous optical identifications at ,UJY .-mJy levels (see above): and given 
the known strongly evolving popula.tion of giant ellipticals (and quasars) which 
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Fig. 3 [Left]. R-magnitude distribution for 397 faint radio sources from eight 
samples at pJy -mJy levels with good VLA positions. Completeness limits are 
indicated. The 17 sources that remain unidentified with R> 26-29 mag (‘> ‘) are 
candidates with x> 4-6 (Fig. 5-6). 
Fig. 4 [Right]. The redshift distribution for mJy, sub-mJy and ,LLJ~ samples, as 
discussed in the text. 



Fig. 5 [Left]. (5u.-Top)): I-nzag vs. 

-15 -1 
log ,&“, 

0 s I 

for field galaxy redshift surveys; und 
(5b. -Bottom) f or mJy and pJy samples. Circles indicate elliptical radio galax- 
ies, triangles blue star-forming galaxies, and pentagons LINERS, Seyferts, or 
quasars. Filled symbols indicate extended (larger) radio sources. The symbol 
size increases with log S1.d . The box in the upper right corner of Fig. 5b in- 
dicates that - given the distribution of the brighter radio galaxies - the 17 
unidentified radio sources with R> 27-28 may (Fig. 3) are likely at .z2 3-5. 
Fig. 6 [Right]. (6a.-Top): (I-K) and (6b.-bottom) (BJ -I) color vs. redshift for 
the same mJy and p,Jy samples as in Fig. 5b. Th,e spectral evolution model grids 
are discussed in the text. The upper envelope of the oldest high redshift (radio) 
ellipticals occurs at r ~13-14 Gyr. 

dominate the counts for S, > 3 mJy (Fig. lb QL lc; I&on et al. 1955, Windhorst 
et al. 1955), there are most likely at least two strongly evolving galaxy pop- 
u&ions that contribute to the radio source counts at pJy -mJy levels. This, 
amongst others: causes the remarkable upturn in the counts below a few mJy in 
Fig. la si lb. 

Fig. 5b shows the I-mag versus redshift relation for mJy, sub-mJy and pcJy 
samples with a.vailable redshifts (as in Fig. 4). Fig. 5a shows the same for 
about 500+ faint field galaxies from recent redshift surveys (CFRS: Lilly et al. 
1995; a.nd Keck-HDF: Cohen et al. 1996, Steidel et al. 1996). Fig. 6a & Gb show 
the (B-I) and (I-K) 1 . co 01s versus redshift diagrams, respectively, for the same 
radio source samples as in Fig. Sb. Optical classifications were either done with 
HST or from the spectra. Several model predictions have been plotted in Fig. 
5-6 from the spectral evolution models of Bruzual & Charlot (1993) for various 
“formation epochs” : JJ,,, , and assuming a best fit, MI =-23.65 mag at 2~0. 
Fig. 5b shows tha,t radio gala-ties are fairly luminous with a small dispersion 
in a.bsolute magnitude, not only,at the 3CR level, but also at the mJy and the 1 
/tJy level (< MIT >E-22.41-0.5 mag). Fig. 6a St Gb shows tha,t the (B-I) a,nd .’ 
(I-K) colors of the reddestra.dio galaxies at z> 1.0 a.re consistent with pa.ssively 
or mildly evolving giant ellipticals (circles). In order to yield colors as red as 
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observed for most elliptical ra.dio galaxies. their initial star formation should 
have occurred early on, about 13314 Gyr ago. or at z F 3-4 (Iiron et al. 1985). 

A possible scenario is that starburst (radio) galasies gradually transform 
into early type (radio) galasies through repeated (hierarchical) merging. Ellip- 
ticals would transform most of their ISM into stars after repeated mergers so 
tha,t their radio source can escape the galaxy: and so become larger, and thus 
seen as an estended source. This merging process takes place over the redshift 
range z=O.2-3 (3-14 Gyr ago) with a peak at z-0.5-1, presumably driven by 
the strongly epoch dependent, ra.te of (minor) mergers (e.g., Burkey et al. 1994). 
We note that the cosmological evolution of the radio source population follows a, 
similar strong redshift dependence (Benn et al. 1993, ST:a.ddington 1999: - et al. 
1999b), and su,, cvest that the cause of the cosmological evolution be sought in 
the (strongly) epoch dependent galaxy merger rate, which may have both fueled 
the higher -AGS activity in the pa.st, as well as caused stronger starburst and 
post-starburst activity a,nd enhanced microwa.ve disk emission. 

4. Searching for dusty radio galaxies at J 22-4. 

How can 1v-e use deep radio surveys to find possible candidates for young and 
possibly dusty star-forming objects at .z >2-4? If most galaxies indeed formed 
through the gradual merging of sub-galactic sized fragments at s ~2-4 - with 
typical sizes 5 0.5-l kpc (Odewa.hn et al. 1996, Pascarehe et al. 1996) - then 
any objects at 2 2 5 mill appear quite small in most cosmologies. The big 
question is then: what is the nature and redshift of the faint radio galaxies 
that remain unidentified for R>27-29 mag? Apart from intergalactic or heavy 
internal reddening, it is most plausible that in the areas surveyed - several deg2 
- at least a dozen objects are indeed at z >, 5-6, so that the Lyman discontinuit,y 
blanks out the UBV(I?) filters. Important clues may be obtained from Fig. 5b & 
3. For I<, 22-23 mag, the Hubble relation for mJy and even 1.1Jy sources is rather 
well defined, and has a relabively small dispersion, especially for mJy sources. 
A family of plausible (‘V to ~=0.4) models that. describes the observed color 
range of mJy and pJy ellipticals quite well (Fig. 6a & Gb) is shown for various 
formation epochs in Fig. 5b. If these models may be extrapola,ted to higher 
redshifts, they suggest tha.t most unidentified m.Jy and 1Jy radio galasies with 
R> 26.5 (Fig. 3) are likely a.t z>3, and quite possibly at ~‘4-10. Given that 
nmssive early-type galaxies may have assembled very rapidly from the merging of 
many smaller subunits (Pascarelle et, al. 1996); these objects could have already 
csisted at z-4-10 (Dunlop et al. 1996, Spinrad et al. 1997). The next step 
will be to identify all these sources and to measure their redshifts, focusing on 
x t GOOO-7oooA. - 

Fig. ia shows the M??PCf! image of one radio source in the HDF flanking 
fields tha.t remained essentially unidentified at, I >, 25.5 mag. The object is barely 
seen with HST/NCMOS in the J-ba.nd (Fig. ib) with J~25 ma,g, but a 6-orbit 
CVZ image in the H-band (Fig. ic) clea.rly shows an object with H232.7 mag. It 
was was also seen in a deep ground-based K-band inmge (Fig. id) lvith K-21.1 1 
mag. Hence the object is very red with (I-Ii)>4.4: (J-K)? 3.3, (J-H)>, 1.7 a,nd 
(H-1()-1.6 mag. Its NC2 light-profile is much better fit with an exponential 
disk than an ?,ril profile, with TfLl =0!/17. -4 single emission-line redshift from 



Fig. 7a [Left]: WFPC2 I-band image of an essentially unidentified radio source 
in the HFF (I> 25.5 mag) with VLA 1.4 GHz contour superimposed. 
Fig. 7b [Middle-left]: 3-orbit CVZ NIC2 JF11OM,l-band image; 
Fig. 7c [Middle-right: G-orbit CVZ NIC2 H. rleoM:-band image, which shows a 
very red object at the radio position. The NIC2 H-band sky is 19.6 mag arcsecm2 
Fig. 7d [Right]: G round-based KPNO IRAM K-band image. 

two independent Keck exposures by Hy Spinrad and Dan Stern suggests Lya 
at z=4.42 (see Waddington et al. 1999a). This object is most likely a dusty 
starburst at z-4.4 with a disk that had just formed, and with a (ma.jor, first?) 
starburst that is still mostly obscured in the optical (xestframe UV; best fit 
-.I\, -1.i’ ma.g). This would then possibly suggest a. recent dissipational collapse. 
Several more such unidentified objects have been found in the HDF/VLA survey 
(Richards et al. 1999), and it would be of extreme interest to get deep high 
resolution near-IR images of these objects, as well as spectra in the fa,r-red 
or near-IR, and to see how large a fraction of the radio-selected SFR remains 
optically obscured by dust (Haarsma. et al. 1999; Partridge, 1999). 
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Abstract. From deep spectroscopic observations of a sample of pom- 
erful radio galaxies with redshifts z N 1, it is found that both the ioni- 
sation sta.te and the kinematics of the emission line gas evolve strongly 
with the size of the radio source. Radio sources with sma,ll linear sizes 
(2 150kpc) have emission line ratios in agreement with theoretical shock 
ionisation models whilst those of larger sources match phot.oionisation 
predictions. The emission line gas of small sources is also more luminous 
and ha.s broader line widths and more distorted velocity profiles than that 
of larger radio sources. The emission line properties of small ra.dio sources 
appear to be dominated by the shocks associa.ted with the radio source. 

1. Introduction 

Powerful radio galaces possess estremely luminous extended emission line re- 
gions, often aligned along the radio axis (McCarthy et al. 1996 and references 
therein). The source of ionisation of this gas has been a long standing question. 
Robinson et al. (1957) found that optical emission line spectra of most low red- 
shift (Z 6 0.1) radio galaxies are well explained using photoionisation models, 
and a similar result was found for a composite spectrum of radio galaxies with 
redshifts 0.1 < z < 3 (McCarthy 1993). On the other ha.nd, detailed studies of 
individual sources (e.g. 3Cl71; Clark et al. 199s) have revealed features such 
as enha.nced nebular line emission, large velocity widths and ionisa.tion st,ate 
minima coincident with the ra.dio hotspots, indicating that the morphology: 
kinematics and ionisation of the gas in some sources are dominat,ed by shocks. 

‘To investigate the importance of shocks in the ra,dio galaxy popula.tion as 
a whole, deep spectroscopic observations have been carried out. on a sample 
of 14 3CR ra.dio galaxies with redshifts 0.7 < z < 1.X3 previously studied 
in detail using the HST, the VLA and UKIRT (Best et al. 1997). Lo11g .slit 
spectra of the galaxies were taken, with total exposures of 1.5 to 2 hours per’ 
source,, using ISIS on the TSTHT ( see Best et al. 1999a,b for details). In this ‘j. ,. : ; ” 
contribution, the differences between different radio galaxies in the sample are’: 
investigated. Section 2 discusses the ionisakion -properties of t.he emission line; 
o-as a.nd Section 3 its kinematical properties. Conclusions are drawn in Section 4. 0 Li 
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SHOCKS 
-0.5 

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 
log,,([Nelll]3869/[NeV] 3426) 

Figure 1. Emission line ratios for the 3CR radio galaxies, compared 
with theoretical predictions of photoionisation (upper shaded regions), 
shock ionisation (lower sha.ded regions), and shock ionisation including 
a precursor region (unshaded line region). For the five galaxies at the 
edges of the plot, no data is available for one of their line ratios. 

2. Ionisation of the emission line gas 

The line ratios of CIII] 1909/ CII] 2326 and [Ye1111 3869 / [NeV] 3426 have been 
determined for these galaxies. These ratios are particularly useful for ionisation 
st,udies because: (i) the two lines in each ratio involve the same element, and so 
variations in metallicity are not important; (ii) the two lines are close in wave- 
length, so differential e&nction is minimised; (iii) the theoretical predictions of 
photoionisa.tion alld shock ionisation for these line ratios are very different. 

Theoretical predictions for these line ratios for photoionisation models ha,ve 
been taken from Allen et al. (1995), assuming illumination of a p1ana.r slab of 
gas by a power-law (a = -1.0 or cy = -1.4) spectrum for a range of ionisation 
parameters and two different gas densities (n, = 100 or 1000 cn1-3). Shock ioni- 
sation predictions have been derived from the models of Dopita and Sutherland 
(1996), varying the shock velocity and the ‘magnetic parameter’ B/&i (see Do- 
pit,a St Sutherland for details); and calcula.ting the ratios both with and without 
the contribution of emission from pre-cursor gas ionised in front of the shock. 

The observed line ratios are compared with t,he theoretica, predictions on 

Figure 1. Four galaxies (3C217,3C324,3C352,3C368) Lie in the region of the di- 
agram occupied by shock models, and five (3C22,3C265,3C280,3C340, 3C356) 
lie close to the phitoionisation predictions. Interestingly, t,he four sources in the I,.. 

shock region have radio sizes smaller than 115 kpc (Q = l? Ho = 30 km s-l Mpc-l ); :,I, i( .:.. 

a.nd the five ‘photoionised sources have larger radio sizes. This is clea.rer in Fig- 
I : 

ure 2; there is a strongcorrelation between the CIII] 1909 / CII] 2326 ratio and .“’ 
the radio size, with small sources having lower ionisation sta,tes. 
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3. Radio size evolution of the gas kinematics 

SIany kinematical properties of the emission line gas are also found to evolve 
strongly with the size of the radio source. Figure 3 shows a histogram of radio 
source sizes: split into those sources whose [011] 3727 velocity profile along the 
radio axis is smooth. possibly representing a. simple rotating halo: and those 
sources with distorted velocity profiles. The contra.st. between the small and large 
sources is pronounced. Figure il shows that the FT;S’HI\f of the [011] 372 emission 
also decrea,ses x-it11 increasing ra.dio size; the four ‘shockkdomina,ted’ sources 
in Figure 1 hase the highest F1VHM. Figure 5 shows the strong interrelation 
bet.ween the kinematical and ionisation properties of these sources. Figure 6 
shows that the emission lines of small ra,dio sources are typically more luminous 
that those of large radio sources; the distribution of equivalent widths is fairly 
flat, for sources larger than about 150 kpc, but small sources often ha.ve enhanced 
emission relative to this level. Figure 7 shows tha.t the physical extent of the 
emission line region is typically larger for small radio sources. 

All of these properties can be well esplained in terms of the shocks asso- 
cia.ted with the ra.dio source (for details see Best et al. 1999b). As the shocks 
advance through the int.erstellar medium, the emission line clouds are acceler- 
ated by entrainment in the shocked intercloud gas : giving rise to the distorted 
kinematics and large FTVHM observed in the small sources. The shocks compress 
the clouds lowering their ionisa.tion state; and; if the shock is radiative, then an 
extra source of ionising photons is also provided. This will boost the emission 
line luminosities of the small sources. The larger extent of the emission line 
regions in small sources arises since emission line clouds at radii 2 30kpc only 
become luminous during the time when the radio shocks are passing through 
them and providing a local source of ionising photons. 

4. Conclusions 

Both the kinematics and the ionisation state of the emission line gas of powerful 
; N 1 radio sources evolve strongly with radio size; the gas properties of small 
sources appear to be domina.ted by the radio source shocks. This strong radio 
size evolution mirrors that of the continuum alignment effect (e.g. Best et al. 
1996), suggesting that the later may also be associa.ted with radio source shocks. 
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Abstract. SVe discuss a unifying espla.nation for many %rends wit,11 
redshift’ of radio galasies which includes the relevance of their ages (t.ime 
since their jet triggering event), a.nd t,he marked dependence of their ages 
on redshift due to the selection effect of imposing a flux-limit. We briefly 
describe some important benefits which this ‘youth-redshift degeneracy’ 
brings. 

1. Trends in COSMIC EPOCH or trends in SOURCE AGE? 

TT-ith radio source ages of a.t most a few 10’ years; the huge decrease in co- 
moving space density of luminous radio-sources from redshift z = 2 to z = 0 
(Longair 1966: Dunlop & Pea.cock 1990) is not due to a decline in luminosity of 
individual objects. However: it does not follow tha,t one can ignore the luminosity 
evolution of the individual radio-sources and their ages in all studies of their 
‘cosmic evolution’. 

-4.pplication of a flux-limit in any model of radio-galaxy evolution in which 
the luminosity (P) decreases vvith t.ime means that all observa.ble high-redshift 
radio-galaxies must be seen when the lobes are young (< lo7 years old; see Figure 
1). This mechanism (for details see BlundeR & Rawlings 1999) is responsible for 
the highest-redshift members of any low-frequency survey of radio-sources (such 
as 3C) having significantly more powerful jets and being significantly younger 
than the more local members. This physical mechanism plays a crucial role 
in explaining ‘trends with redshift’, without invoking any intrinsic or strong 
environmental differences between the radio-galasies seen at low-z and high-z; 
we discuss five such trends below. 

(I) The Linear size evolution which is observed in low-frequency flux-limited 
sa.mples of cla.ssical double ra.dio-sources (Gpahi et al. 1987, Barthel & Miley 
1988, Blundell, Rawlings & Willott 1999) arises because the high-z sources are 
younger, hence tend t,o be shorter. Falle (1991) has shown that higher jet-powers 
(Q) increase the rate at which radio-source lengths (D) grow with time t. This 
positive dependence on jet-power of the rate at which the lobe-lengths grow 
contributes to the hnear size evolution being as mild as it is (Blundell, Rawlings 
22 Willott 1999). 

(2) Barthel and I&ey ‘(1988) had suggested tha.t higher redshift environ- ~ 
ments are denser and more.inhomogeneous than at low redshift since they found 
increa.sed distortion in the’structures of their high-z sample of steep-spectrum 
qua.sars compared with their low-2 sample. Young radio sources which have re- 

. 
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Figure 1. Overlaid on the iP-D’ plane for the 3C sample in a a.re 
model tracks tracing out the evolution of four example ra.dio sources 
in luminosity and linear size with, from t,op to bottom: Q = 5 x 103' 
JV at 2 = 2, Q = 1 x 103' shT at z = 0.8, Q = 2 x 103' TV at z = 0.5 
and Q = j x lO37 TV at 2 = 0.15. The dashed line indicates how 
the lower track luminosity reduces by < half an order of magnitude if 
the ambient density becomes an order of magnitude lower. In b the 
horizontal lines represent the luminosities at which the flus-limit of 12 
Jy takes its effect at the different redshifts indicated. A combination of 
the dramatically declining luminosity-with-age of the high-Q sources, 
their scarcity in the local Universe: together with the harsh reality of 
the flus-limit means tha.t very powerful sources with large linear sizes 
are rarely seen. 

cently undergone a jet-triggerin, v event [assumed to be a galaxy-galaxy merger 
(Sanders et al. 1988)] may have the passage of their jets considerably more 
disrupted where there is a higher density and greater inhomogeneity in the am- 
bient post-recent-merger environment. A general trend of denser inter-galactic 
environments a.t high-5 cannot be inferred from their result. 

(3) Where the alignment effect is caused by star-formation: it will be more 
ea.sily triggered close in to the host galaxy or within the product of a recent 
merger than at distances further out sampled by the head of an expanding 
radio-source later in its lifetime. Where the alignment effect is caused by dust- 
scattered quasar light, the certain youthfulness of distant radio-galaxies allevi- 
ates the near discrepancy (De Young 1998) bet,ween radio-source ages and the 
time-scale for which dust grains can survive in the presence of shocks caused 
by the a,dvancing radio-jets. The ‘youth-redshift (YZ) degeneracy’ is consis- 
tent with Best et al’s (1996) finding that the smallest sources-‘in- a sample of 
J N 1 ra,dio-galasies (all with very similar luminosities)-are those si-hich are most 
aligned with optical emission. Indeed Best et al. suggest this as.‘the explanation 
of their observa.tion. 
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(4) Gxrington & Conxvay (1991) ha.ve found a tendency for depolarisation 
to be higher in sources with higher 3. Objects with higher J which are younger 
will be in much more recently merged environments with the consequence that. 
inhomogeneities in density or magnetic field will more readily depola.rise the 
spnchrotron radia,tion from the lobes. Moreover. higher-z sources being younger 
and somewhat shorter will be closer in to the centre of the potential well. The 
higher density in this region will enhance the observed depolarisation. 

(5) Many of the highest-z radio-galasies have gas masses comparable to 
gas-rich spiral gala,ees (Dunlop et al 1994, Hughes et, al 1998) and inferred st,ar- 
forma.tion rates which, in the local Universe. are rivalled only by galaxy-galaxy 
mergers like Arp 220 (Genzel et al 1998). If high-s objects are being viewed 
during a similar merging of sub-components, the associated s&r formation could 
be responsible for a significant fraction of the stellar mass in the remnant galaxy. 
Since t.he high-z radio-galasies, those which have been detected by Hughes et a.l 
j19SS) using SCUBA, are necessarily young (< 10’ years, see Fig. l), and since 
the whole merger must t,ake a few dyna.mical crossing times, or lo’-” years, the 
implication is that. the event which triggered the jet-producing central engine 
is synchronised with massive star formation in a gas-rich system, perhaps as 
ma.terial streams towards the minimum of the gravitational potential well of the 
merging system. 

The YZ degeneracy may help explain why few lower-z radio-galaxies show 
similarly large (rest-frame) far-infrared luminosit,ies compared to the high-z pop- 
ulation: they are being observed significantly longer after the jet-triggering 
event. 

2. The elusiveness of cosmic parameters 

=1 variant on Fig. 1 also includes the location on the P-D plane of the most 
extreme redshift (3 > 3) radio galasies known. Such a figure may be found in 
our recent letter to Nutzlre (Blundeh & Rawlings 1999). When these are plotted 
for different cosmological models, significant though subtle differences emerge 
for the high-z sources which illustrat,e the difficulty of dist,inguishing between 
different underlyin, v cosmic geometries when more dramatic influences such as 
the YZ-degeneracy, a.nd variations in source environments, are at work. In rough 
order of importance to the distribution of sources on the P-D plane, we ha.ve: 

1. What is the finding frequency of the survey in the rest-frame of the source? 
(see Blundell, Rawlings & Willott [astro-ph/9907428]) 

2. What is the flux-limit? This excludes faint/old objects at high redshift. 

3. 15ha.t is Q the jet-power? 

4. Wha.t is the ambient density into which the radio-source is expanding? 

5. What density profile is the radio-source expanding into? 
: . 

6. ST-hat is the’cosmic geometry? ‘, j. 

The use of double radio sources as ‘standardizable’ rods (e.g. Daly 1994) is ! c.. .,. ,+ 

beyond reach. 
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3. The benefits of the YZ degeneracy 

Sillce extreme-z radio galaxies are youn,, v all with similar Q: they deliver the fine 
time-resolution required for the solution of problems which it ma.y be difficult to 
study with objects hke optically-select,ed quasars: n-hose ages are indeterminat,e: 
examination of the environments of distant radio galaxies provides a snapshot 
of the host galaxy evolutionary status just after the jet-triggering event. 

At redshift N 4 we observe radio galaxies N 1 Gyr after the Big Bang and in 
environments which saw a jet-triggerin, p event no earlier than lo7 years prior to 
that. ‘This time-step is over an order of magnitude smaller than the dynamical 
crossing time of a massive galaxy, and 2 orders of ma.gnitude smaller than the 
age of the TJniverse at the epochs probed, giving fine time-resolution essential 
to any study of triggering (and hence merging) rates at early cosmic epochs. 

The YZ-degeneracy is unavoidable, and implies a wide and increasingly ill- 
defined gulf between the ‘luminosity function’ and the ‘birth function’ of ra.dio- 
galasies. The luminosity function is a super-set of the radio-sources which make 
it, above the various flus-limits. The ‘birth function’ measures the trigger rates 
of radio galaxies. mie have carefully developed a. model for ra.dio-source evolution 
which for the first time in radio-source modelling incorporates the role played by 
the hotspots. This, together with a proper treatment for the int,erception of radio 
valaxies born at successively lower z with our light-cone, enables us to perform 
&onte-Carlo simulations to constrain the birth-function of radio galasies out to 
high-s (Blundell, Rawlings k Willott: in prep). 
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Abstract. Our results reveal a strong correla.t,ion between linear size 
a.nd age for both Compact, Steep-Spectrum (CSS) and non-CSS quasars 
from the Molonglo Quasar Sample (MQS). CSSs (< 1 kpc to 25 kpc) 
having ages ranging from lo3 years to 10’ and non-CSSs (30 kpc to 500 
kpc) having ages between lo5 years and lo7 years. 

1. Compact, Steep-Spectrum (CSS) quasars 

CSSs are radio sources with steep ra.dio spectra - we define steep as c+,dio > 
0.5 where S, 3: V-“. They are less than 25 kpc in extent (the approsimate 
size of the host galaxy) and make up about 25% of low-frequency radio-selected 
quasars. Complex and distorted jets and large rot,ation measures are common. 
Discussions in the literature suggest CSSs a.re frustrated, such that the radio jets 
are confined to galactic dimensions by unusually dense or clumpy ISM, or that 
they are simply young. 

2. CSS quasars from the Molonglo Quasar Sample (MQS) 

The 1IIQS, descibed by Kapahi et al. (1998) contains the largest well defined 
sa,mple of CSS quasars to da.te. -4s a subset of the Molonglo Reference Catalogue, 
the MQS is complete to 0.95 Jy a.t 40s MHZ. The 111 MQS quasars ha.ve redshifts 
spa.nning the range 0.1 < .Z < 3.0 and of these 24 are CSSs. We have complete 
optical identifications and follow-up data include high resolution VLA ima,ges 
at 5 GHz and MERLIN images for the CSSs at 1.6 GHz, optical and infrared i :; .,: ‘, . 7. . t 
ima.ges (-4.4AT! CT10 8 ESO):.infrared spectroscopy (CTIO), ROSAT fluxes : _i i 

and lk resolution optical spectroscopy. Examples of a MERLIN radio map and 
-4_4T optical spectrum are sl~own in Figure 1. 

i9 



Figure 1. Typical CSS radio image and optical spectrum 

3. Jet kinetic power versus emission line luminosity 

Rawlings & Saunders (1991) evaluated the equipartition energy E of a sample 
of extended double radio galaxies and quasars and determined the lobe a,ge T of 
the sources in the sample from, inter alia, the curvature of their radio spectra. 
From these they were able to calculate the jet kinetic power Q for each object 
in the sample using Q=E/T . By finding the total power radiated from the 
nucleus Ltot , which is mainly from UV & optical lines and continuum, for ea,ch 
source, and plotting the bulk jet kinetic power Q against this total narrom-line 
luminosity L tot: they found a proportionality across four orders of magnitude in 
Q. They further found that jet formation is remarkably efficient: Q N Ltot. 

4. A method for calculating ages 

We assume that Q 21 Ltot for CSSs as well as larger sources. Then T = E/Ltot. 
We estimate E by the usual equipartition method, taking the line-of-sight depth 
of a radio component as its projected width. XTe assume that there are no fast 
protons, the filling factor is unity and I/min = 100 MHz S_; I/,,, = 10 GHz; 
relasing these assumptions makes little difference. We measured [OII]X372.7 & 
[OIII]XX495.9, 500.7 from optical spectra to give the total narrow line luminosity 
as in Rawlings & Saunders (1991) and calculated L tot allowing for contributions 
from X-ray to FIR and continuum luminosities by assuming a covering factor 
of 1%. Finally we used T = E/Ltot to give the age of the lobes and hence the 
approximate age of the source. 

5. Radio luminosity-linear size plane: the P-D diagram ; . _/I ,,$ , 
>. 

Figure 2 is the P-D diagram of the MQS quasars and indicates those for which 
we have produced age estimates. The source sizes range from sub-kpc to Mpc. 
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Figure 2. P-D diagram for Molo~lglo CSS 8~ non-CSS quasars. 

6. Results: ages of CSSs & their relationship to non-CSSs 

Figure 3 shows a very tight correla.tion between source size and age. Clearly, 
CSSs are younger than the larger non-CSSs in t,he sample. In fact the best 
fit is D cx to.‘. There is a clear continuity between CSS 8~ non-CSS sources 
implying that both have the same central engines. Note that if we have, say, 
underestima.ted ages by underestimating E or overestimating Ltot: then this will 
have been done systematically and therefore change only the scaling of the plot 
but not affect its implications. 

7. Conclusions 

1. CSSs are young, the frustration scenario not being the dominant effect. 
This is consistent with the age found for 0710+439 by Owsianik et al. 
(199s) and th o er attempts to measure CSS spectral ages such as Murgia 
et al. (1999). 

2. CSSs evolve into larger sources as they get older. 

3. CSSs have the same central engines as larger sources. 

8. Notes 

Recent work by Best SL. Longair (see contribut.ion by Best in these proceed- 
ings) implies tl1a.t shock ionisation is dominant over photoionisation in compact 
sources. This is confirmed in the Molonglo sample, yet taking this into account 
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Figure 3. a.ge vs linear size plot 

makes little difference to the final values of the ages. Observations of the CSSs 
have just been ma.de with MERLIN at 5 GHz. With these we will have the spec- 
tral information necessary for estima,ting the contribution of beamed emission 
as in Baker (1997) and hence the orientation of the CSS quasars. 
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Abstract. The alignment of optical emission along t.he axis of ra.dio 
emission in high redshift radio galasies is now commonly observed. In 
many cases this aligned component can be shown to be significantly po- 
larized, a result that has led to models for the emission that employ scat- 
tering of light emitted from the AGK. However, it can be shown that a 
population of pre-existing dust grains tha.t can act as a sca.ttering medium 
is unlikely to survive t,he passage of the shock associated with the jet that 
forms th radio source. For most configurations the grains are destroyed as 
a sca.ttering population by sputtering processes in a time much less than 
the minimum radio source lifetime of N 10 million years. Thus polariza- 
tion due to scattering by an in-situ population is somewhat problematic. 
A promising path for providing the needed grain population is that due to 
grain production from massive stars whose formation is triggered by the 
passage of the shock associated with the radio jet. Using a Salpeter IMF 
and current estimates of the dust yield from supernova.e, it is shown that 
the requisite mass in dust as a scattering population can be produced in 
the time required. 

1. Introduction 

The ‘!a,lignment effect” occurs in high redshift radio galaxies wherein the emis- 
sion line a,nd optical continuum emission show an alignment along the axis of 
the radio source. It has been lalomn for some time that in many cases - but not 
all - the optical continuum is polarized (e.g., Cimatti et al. 1993). ,4 natural 
explanation of this is that some port.ion of the aligned continuum is UV light 
emitted by that AGN that is then scattered by an extended scatt,ering medium 
extending up to 100 kpc from the nucleus of the parent galaxy. Both electrons 
and dust grains have been proposed as a sca.ttering medium (see e.g., Dey et al. 
1997), a.nd both mechanisms have some problems associated with them. The 
most significant problems with hot electrons is that a significant mass in elec- 
trons is required to match the observed polarization - so much so that in many 
cases the limits on total electron mass from x-ray data are violated. Beca.use of 
this; the use of dust as a scattering medium has received a great deal of interest. 
Use of dust, in particular graphite and silicate grains, as a. scattering poprAtion .x 
requires tha.t several boundary conditions be met. Assuming an optically thin 
dust popula.tion with Mie sca.ttering, Cimatti et al. derive minimum total dust 
masses of - 10” solar masses for a spherical dust mass distribution extending 
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out to k 100 kpc. This implies w 1Oro - 101lild, in gas out to 100 kpc; not an 
unreasonable requirement. Depending upon the solid angle subtended by the 
radio source and the aligned optical emission? this then implies tl1a.t a minimum 
mass of 10” - 107Afi~,2 in dust grains as the actual scattering centers is required. 

2. Dust Survival 

The distribution of the optical emission implies that the scattering centers lie 
behind the tip of the jet associated with the radio “hot spots”. Hence the gruins 
rnzust survive the passage of the strong shock associated with the radio source: 
and this survival must last at least as long as the age of the radio source. Ra.dio 
jet propagation speeds, though usually inferred, can sometimes be mea,sured on 
kpc scales, and in general propagation speeds of 10’ - lOlo cm/s are implied 
by the dat,e (e.g.: Liang, 1996). Thus for the high redshift radio galaxies with 
minimum sizes of 100kpc or more, grains must survive at least for 10s - 10’ 
yr. The effects of shocks on grains in clouds have been investigated by many 
authors (e.g., Tielens et al. 1994 and references therein), although always in the 
context of weaker and multiple SNR shocks in the ISM. Because graphite grains 
are the most robust, only this species need be considered; if gra,phite grains are 
destroyed, then the silicates and delicate ices will not survive as well. Initial 
grain sizes from 100-4 to 2500A are most relevant; use of the NIRX distribution 
implies that almost all the grains are small. Thus grains of size N 500Aand 
smaller must survive for grains to a.ct as effective scattering centers. The effects 
of shocks with the above speeds on a grain population such as this has been 
considered in some detail by De Young (1998) under a wide variety of conditions. 
This calculation shows that grains survive as a scattering population only under 
very special conditions; only if they are protected in dense clouds and only if 
the clouds are struck by slow moving shocks. Only then is the post shock flow 
slow enough and cool enough: with subsequent rapid grain decelera.tion and gas 
cooling, to halt grain ablation in time. 

3. How to Make Post-Shock Grains 

If the use of a pre-esisting grain population to act as scattering centers seems 
unlikely, due either to the difficulty of placing 108M~ of grains out to N 100 kpc 
in the first place or to their subsequent destruction as described here, then the 
remaining options are to replenish the grain supply, to transport the grains out 
behind the radio source, or to produce them in situ. One ca.n easily show that 
“sweeping in” more clouds with grains into the volume behind the ra,dio source 
has serious problems both with grain survival and especially with the timescales 
- the replacement rate for clouds in virial equilibrium is too slow. Grains could 
in principle be transported out from dense and dusty regions inside the galaxy 
via. mass ent,rainment in the mising layer that must surround the outflowing 
jet. While the mass entrainment rate for such a process is a.dequate (De Young 
1956), the survival of grains in this environment has yet to be calcula.ted. Of key 
importance is the survival of a dense cloud with grains as it is accelerated in the 
mising layer with turbulent shear.:2n situ grain production could occur via a 
population of massive stars whose birth is triggered by the passage of the radio 
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jet. Dwek (1998) has recently shon-n t,hat about, 1 Mm of dust can be produced 
per supernova event. and thus dust production can begin about lo6 yr after 
the passage of the jet associa,ted with the radio source. M-it11 a Salpeter IMF 
and upper and loner bounds on the mass function of 100 and 0.1 solar masses: 
the required amount of dust mass ca.n be made by a total stellar population 
of - 10931~~. This number arises via using the conservative estimate that only 
those stars with ma.sses in excess of 15 so1a.r masses produce a supernova that 
gives rise to one solar mass of dust. This total mass in stars is consistent with 
models of jet induced star formation (e.g., R.ees 1939, Begelman & Cioffi 1989: 
De >-oung 1939) and also xvith the estimat,es of star formation in high redshift 
&ties derived from observations (e.g., Chambers et al. 1990). In addition, 
the observed dilution of the UV continuum that produces the lower polarization 
percentages could arise from the remnant population of young stars triggered 
by the pa.ssage of the radio jet. 
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Abstract. Using XICMOS on HST, we ha.ve imaged the emission-line 
nebulae and the line-free continuum in 4C 40.36, a ultra-steep spectrum 
FR II radio galaxy at z = 2.269. The line-free continuum was found 
to be extremely compact and symmetric while the emission-line nebulae 
seen in Ho+[E II] h s ow very clumpy structures spreading almost linearly 
over 16 kpc. However, this linear structure is clearly misaligned from the 
ra.dio asis. The SED of the line-free continuum is very flat (fy x .v-‘.~), 
suggesting that if the continuum emission is produced by a single source. 
it is likely to be a young bursting stellar population or scattered AGS 
light. However, because of the lack of a, line-free optical image with a 
comparable spatial resolution, me cannot exclude the possibility tha.t the 
observed SED is a composite of a young blue populat,ion and an old red 
population. 

1. Introduction 

The compact/symmetric morphology of high-a radio galasies seen in the near-In 
is often taken as the evidence that radio galasies contain an old, dynamically 
relaxed st,ellar population, whose slow passive evolution is supposed to maintain 
the tight 1< - z relation over a wide redshift range [Lilly & Longair 1984; Lilly 
1989; Rigler et al. 1992). -4 consequence of this picture is t~hat ra,dio galasies are 
old. and that the bulk of their mass must have been assembled a,t high redshifts. 

On the other ha>nd, near-IR spectroscopic studies of high-z radio galasies 
ha.ve shown that when the near-IR broad-band magnitudes are corrected for 
strong line emissions, t,he continuum color of some highz ra.dio galaxies becomes 
extremely blue, which prompted an interpreta.tion tha.t some of these galaxies 
might be extremely young protogalaxies (Eales & Rawlings 1993). . . 

Here. we present high-resolution HST/NICMOS images of 4C 40.36, an 
ultra-steep spectrum FR II radio galaxy at z = 2.269 (Chambers, Miley, & van 
Breugel 19SS). In addition, we also present a. lowresolution (R N SO) H/-I< 
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The h-arrrre of tile Kear-IR Continuum in 4C 40.36 

Observed h (pm) 
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 
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. 

0.45 0.5 0.55 0.6 0.65 
Rest h (pm) 

0.7 0.75 

Figure 1. A near-IR NRC low-resolution (R w 80) grism spectrum 
of 4C 40.36. The PA of the slit corresponds t,o that of the radio axis 
(83’ E of N, shown in Figure 2). The slit width is 0!‘6. The emission 
lines visible in the spectrum are [0 III], [0 I], H+[N II], and [S II] 
from left to right. 

ba.nd spectrum of 4C 40.36 taken with Keck/NIRC. By combining the imaging 
da,ta and spectrum, we are able to estimate the overall line contribution to the 
H- and K-ba,nd fluxes, and obtain the morphology of the emission-line gas and 
the continuum in 4C 40.36. 

2. The Strong Emission Lines and Continuum Color of 4C 40.36 

Since a. number of strong restframe-optical emission lines are redshifted’ into 
the near-In bands a.t this redshift, the flux contribution from these lines must \. 
be first evaluated. The Reck/NRC spectrum clearly shows- the strong [0 III], ‘. 
Hat[N II], and [S II] h ‘nes (Figure 1). From this spectrum, we estimate that the 
line contribution is 60 $% in the H band and ‘i0 %I in the K band, respectively. 
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4C40.36 Hex (F215Ni 

-6 -4 -2 0 2 4 6 
Aa (arcsec) 

4C40.36 Line-free continuum (F187W) 

-6 -4 -2 0 2 4 6 
Acr (arcsec) 

Figure 2. Upper: A narrow-band Ha image of 4C 40.36 taken with 
the KIC 2 camera and the F215Y narrow-band filter. The pixel scale 
is O.O75”/pixel. The crosses indica,te the positions of the radio lobes; - 
Lower: A line-free continuum image of 4C 40.36 taken wit.11 the KIC 2 
camera, and the FlS’7W wide-band filter. The core is unresolved (PSF 
F14-HM = 2.6 pis (0.2”) = 1.6 kpc measured for the t,mo stars nea,r the 
top), but there is a faint circularly symmetric halo around it. 



Tlte Kature of tile Kear-IlX Continuum in -1C 40.36 S9 

The dominant. emission line in the 1< band is Ho+[X II]: and the KICMOS 
narrow-band image of the Hof[l\T II]- emitting nebu1a.e is sl~ow~~ in Figure 2 (up- 
per panel). It is extended almost linearly over 2”(- 16 kpc; qe = 0.5. He = 50 
km s-i Mpc-r) with three bright knots. The east,ern region shows a signifi- 
cant extension going up to the north. We also note that this Ha+[K II] linear 
structure is misaligned from the radio axis, which indicates that it. is not the 
expanding jet that is ionizing the gas. 

The line-free continuum source was found to be extremely compact and 
symmetric (Figure 2, lower panel). It has an unresolved core (PSF FWHM = 
0!‘2 = l.G kpc), and an almost circularly symmetric halo extending out to at 
least a radius of rv 4 kpc. 

Based on t,he line-free continuum images at 1.45 Lsm (not shown here) and 
1.57 pm, we conclude that the continuum SED is flat (fy N const.) a.t N 10 bJy 
within this range. Even after the line-free near-In magnitudes are combined with 
the line-free V and R magnitudes derived by Chambers, Miley, & van Breugel 
(1955): the overall SED remains very flat (fV cx Y-“.s). 

3. Interpretation 

In the case of 4C i10.36, the extreme blue color of the continuum seems to 
suggest t1ia.t the source is a. youn g bursting stellar popula.tion possibly forming 
a. spheroid or scattered AGN light (e.g., Eales & Rawlings 1993; Iwamuro et 
al. 1996). On th e other hand, we cannot yet esclude the possibility that the 
optical continuum source and the near-IR continuum source are two completely 
separa.te components. In fact; a morphological study of z N 1 radio galasies 
suggests that ra.dio galaxies seem to have both a red old stellar component, 
which is compact, symmetric, and provides most of the mass, and a blue young 
stellar component, which is luminous and often aligned with the radio axis, but 
involves only a small amount of mass (Rigler 1992). If this is the case? the blue 
color of the integrated total flux does not necessarily mean tha.t 4C 40.36 is a 
young galaxy. To remove this ambiguity, it is necessary to obtain a line-free 
optical (i.e., restframe UV) image with a spatial resolution comparable to that 
of HST/NICMOS. 
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Abstract. We use three samples (3CRR, 6CE and 6C*) to investigate 
the radio luminosity function (RLF) for the ‘most powerful’ low-frequent) 
selected radio sources. We find that the data. are well fitted by a. model 
with a constant co-moving space density at high redshift as well as by one 
with a declining co-moving space density above some particular redshift. 
This behaviour is very similar to that inferred for steep-spectrum radio 
quasars by MYlott~ et al(1998) in line with the espectations of Unified 
Schemes. M’e conclude tha.t there is as yet no evidence for a ‘redshift cut- 
off’ in the co-moving space densities of powerful classical double ra.dio 
sources; and rule out a cut-off at J 5 2.5. 

1. Introduction 

It is well-knoxvn that the (co-moving) space densities of the rarest,, most powerful 
qua.sars a.nd radio galaxies were much higher a.t epochs corresponding to z N 2 
than they are now (Longair 1966). The behaviour of the space density beyond 
these redshifts is the subject of this paper. Dunlop 8-z Peacock (1990) found 
evidence for a ‘redshift cut-off’ (a decline in the co-moving space density) in 
the distribution of fla.t-spectrum radio sources over the redshift range 2 - 4. 
Through failing to find any flat-spectrum radio quasars a.t z > 5 in a large (E 40 
per cent of t.he sky) survey, Shaver et al (1996, hereafter SH96) argued for an 
order-of-magnitude drop in space density between z N 2.5 and z N 6; for this 
class of object . As emphasised by SH96, the crucial advantage of any radio- 
selected survey is that with sufficient optical follow-up, it can be made free of 
optical selection effects, such as increasing dust obscuration at high redshift. It 
is chiefly for this reason that the work of SH96 provides the most convincing 
evidence to date for the esistence of an intrinsic decline in the co-moving space 
density of any galaxy cla.ss at very high redshift. 
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Figure 1. Lljl - z plane for the three samples used in our analysis. 
3CRR (diamonds; Laing, Riley & Longair 1983), 6CE (crosses; Eales 
et al 1997), 6C* (stars; Blundell et al 1993; Jarvis et al in prep.) and 
Cygnus-.A (filled triangle). The filled circles represent the three 6C* 
sources with upper redshift limits and the associated arrows show the 
pa,ths of the possible redshifts and luminosities for these sources. The 
area between the horizontal lines is the region which contains the ‘most 
powerful’ sources xcording to our definition. The dark grey region 
shows the a.pprosimate Lrjr - z plane coverage of the 3CRR sample 
(10.9 Jy 5 Sr7s 5 80.0 Jy, spectral index, Q’ = 0.5) and the light grey 
region the 6C* sample (0.96 Jy < .!Srjr 5 2.0 Jy; with cy = 0.98 a.nd 
n = 1.3 for the lower and upper fluxes, respectively). Note the area 
between the two shaded regions contains no sources, this is the area 
which corresponds to the absence of a flux-limited sample between the 
6CE (Sr5r 5 3.93 Jy) and 3CRR (Sr~s 2 10.9 Jy) samples. 

2. Modelling the RLF 

We adopt a parameterisation of the RLF which is separable in 151-MHz lumi- 
nosity L/r51 and redshift 5 with a single power-law in &jr of the form (L/L,)-13. 
We consider two cosmologies flM = 1, fin = 0 (cosmology I) and fin = 0.3, 
0~ = 0.7 (cosmology II). Model A parameterises t.he redshift distribution as a 
single power-law of the form (1 + Z)n. For model B the redshift distribution 
is parameterised as,a Gaussian, giving an overall expression for the co-moving 
space density ofp = pO(L/L,)-pexp -{(z - ~0)/fi~r}2 where p0 and /3 are the 1 ,, 
normalking term and power-law exponent respectively, Z, is the Gaussian peak 
redshift and or is the characteristic width of the Gaussian. Model C is described 
by the same model up to Z, beyond which it becomes constant. 



3. Results and Discussion 

For sources in the top-decade in luminosity of the Lr;r - z plane (Fig. 1) our 
parametric fit,tin, TT and likelihood analysis of model radio luminosity functions 
(Table 1) shop that the da.ta are inconsistent with a (1 + z)~ poxver-law in 
redshift (Model -4); but are well fit,ted by both models B and C. These models 
are shown in Fig. 2 in the form of a log -V / log S plot. We conclude that although 
the relative likelihood for model B is 2.5 times larger than for model CT this is not 
statistically significant enough to distinguish between the two models with any 
confidence. This uncertainty is further compounded by the effects of assuming a 
mean spectral index in the model fitting. This result is in very close agreement, 
with the RLFs for radio loud quasars modelled by Willott et, al (199s) and 
various studies of .4G3 at optical (IrTvin et al 1991) and S-ray (Hasinger et al 
1998) wavelengths. 

This is in a.pparent contradiction to the findings of SH96 for flat-spectrum 
quasars. If the relationship between the fla,t- and steep-spectrum populations is 
a.s described by unification models of -4GX t,hen we might expect to see similar 
evolution in the two populations. Thus to det,ermine the co-moving space density 
of ra.dio sources at high-redshift: an understanding of the spectral index trends, 
A-corrections and associated selection effects must first be achieved. 

Fig. 2 also illustra.tes the contribution of powerful sources a.t high redshift 
to the total source count in a low-frequency survey. We see that even for the 
no cut-off model (Model C) the fractional contribution is very small. ‘This may 
render the location of the redshift cut-off virtually impossible t.o determine until 
the selection effects associated with radio surveys are fully understood. 

Model cosmology log,,(p,) a 77 ^ =1 Ph'S LX 

A I -9.04 1.61 1.19 z- _ 0.10 lo-” 
B I -7.94 1.98 _ 2.59 0.94 0.33 1 
C I -5.15 1.95 _ 1.69 0.5-l 0.41 0.4 
x II -9.45 1.63 0.85 -- _ 0.12 lo-” 
B II -8.51 2.00 _ 2.60 0.96 0.36 1 
C II -8.78 1.93 _ 1.67 0.53 0.41 0.3 

Table 1. Best-fit parameters for the model RLFs, described in the 
text. Pf<s is the 2-D Kolmogorov-Smirnov probability- (a value above 
0.2 signifies a reasonable fit to the data) and Ca is the likelihood rela- 
tive to model B. 
Errors for model B (cosmology I): 410g,o(~~) = 0.1’7, 4j3 = 0.2, 
42, = 0.10, 4~~ = 0.17, for 68% confidence regions. 
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Figure 2. For cosmology II we show the a.real density of the most 
powerful radio sources as a function of 151-MHz flus density Sljl / Jy 
in comparison with the total source count. The 6CE source count 
(squares) is reproduced from Hales, Baldwin & Warner (19SS) and 
the 7C source count (diamonds) from McGilchrist et al (1990). ‘The 
3C source (stars) count was inferred from the revised 3CR sample of 
Laing, Riley & Longair (1953). The large open star represents the 6C* 
da.ta. (note that this is a. lower-limit due to spectral index and angular 
size selection in this filtered sample); the open circle the GCE sa,mple; 
the inverted triangles the 3 bins representing the 3CRR sample. The . 
solid horizontal lines show the 5’151 range of ea,ch sample. The lower -Y 1 c : 1.1 
pa,nel shows the percentage of the total source count. contributed by ‘:. ” 
ea.& model. Models -4, B and C are represented by t.he dotted, dashed ” “I * 
and solid lines respectively. 
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Abstract. We have imaged SC 1435+635 (z = 4.25; Lacy et al. 1994; 
Spinrad, Dey & Graham 1995) and 6C 0140-l-326 (.z = 4.41; Rawlings 
et al. 1996) in both continuum and Lycr plus continuum bands with t,he 
HST. Our images show patchy distributions of continuum and line emis- 
sion with a tendency for the peaks in the two types of emission to be 
offset. When compared to Keck A--band images, it seems likely that the 
presence of dusty neutral gas is strongly influencing the UV continuum 
and Lya emission. The radio and UV emission are not particularly well- 
correlated, except for a general tendency towards radio-optical alignment. 
It is suggested that at least some of the observed ra,dio-optical alignment 
is produced as dust is cleared from the radio lobes by shocks associated by 
the ra.dio source. If true, this means tha.t SC1435+635 could be hosting 
a luminous , galaxy-scale starburst, as suggested by submm observations. 

1. Observations 

8C 1435+635 

This object was observed in the FS14W and F622W filters (F622W includes 
the Lycv line). Using the Lycr flux of Spinrad et al. 1995 we have produced 
a “pseudo-Lye” image by scalin, 0 and subtracting the FS14W image from the 
F622W one. In Fig. 1 we show the FS14W image, the “pseudo-Lya” image and 
the MERLIN 5GHz radio map superposed on the Keck I<-band image of van 
Breugel et al. (1995). (Th e radio-optical registration should be accurate to x 1 
arcsec.) The Lya peaks in the southern radio lobe, slightly offset from a faint 
patch of continuum emission. The central region has a. (resolved) peak of UV 
emission surrounded by diffuse material. The A-band image shows that the 
rest-frame blue continuum is diffuse and covers the whole area enclosed by the 
radio lobes. The UV emission in the ccntre of the source is offset to the SW, 
but tha.t in the southern lobe is closer to the major asis of the A-band emission. 
There is a suggestion of a. ba.r of A-band emission perpendicular to the radio 
axis across the centre of the source. 

6C 0140+326 

One orbit in each of the F675W and F65SN filters was obtained on this object. 
Both these filters contain the Lya line, and the emission in the F675W filter 
was found to consist entirely of line emission. In addition, NICMOS imaging of 
a nearby high-z field galaxy has also given us a high signahnoise NIC3 ima.ge 
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Figure 1. Overlay of the F814W image (dot-dash contours), the 
MERLIN 5GHz radio map (solid contours) and pseudo-Lycr image 
(dotted contours) over the smoothed A-band image of 8C1435f635. 
Superposed is a cartoon depicting the model discussed in the text (in 
which the south lobe is the closer to us). The image is 6 x 5-arcsec 
in size. Inset: the A-band image of SC1435+635 smoothed with a, _ 
g = O.l5-arcsec ga.ussian (contours and greyscale). Note the bar run-’ 
ning across the middle of the source perpendicular to the radio axis. 
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Figure 2. Overlay of the 1.5 GHz MERLIN radio image (dashed 
contours): Lye emission (solid contours) and K-band emission (dotted 
contours) on a greyscale of an I-band WHT image of 6CO140+326. 
Radio-optical registration has been obtained by lining up the putative 
radio central component with the peak in the W/K-band emission. 
The image is 5 x 4-arcsec in size. Inset: the MC3 Fl6OTY image as 
a greyscale. In both images the bright star to the north has been 
subtracted. 

of 6CO140. The Lya image obtained shows that the line emission is only from 
the western end of the radio source. A UV continuum image from the WHT 
(Fig. 2) shows marginally-detected UV continuum from most of the area of the 
ra.dio source, and the A-band image (van Breugel et, al. 1998) is bar-shaped and 
aligned along the radio axis. The object is being weakly lensed by a nearby 
valasy, and this is probably responsible for most of the elongation in the A- 0 
band, as well as the sinuous structure seen in the KIC3 image, although there 
is probably also some intrinsic radio-optical alignment. 

A galaxy-scale starburst in 8C 1435-l-635? 

The submm detection of SC 1433t-635 (Ivison et al. 199s) implies the presence 
of N 2 x lO”M~ of dust. Although this may be concentrated in the nucleus, as 
is the ca.se for local CLIGS it may alternatively be distributed on the scale of 1 
the host galaxy ( r~ 40 kpc), and be heated by a galaxy-wide starburst. If true, 
this could mean that we are seeing a giant elliptical galaxy forming according 
to a monolithic collapse scenario. 
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Dust distribut,ed throughout the galaxy would account for the rela,tivelj- 
red UV-optical colour and the patchy nature of the UV continuum emission. 
Distributed dust with HI would also explain the peculiar distribution of the Lya 
emission (Fig. 1) and the complicated velocity structure of the Lya line (Lacy 
et al. 1994). 

The UV flux and colour of 8C1435$635 is consistent with a starburst: the 
UT; continuum flux corresponds to a. sta.r formation rate of z 170+M@yr-r before 
correction for reddening, if all the UV is from a. starburst. The F814W - I< 
colour corresponds to a spectral index in fx of ,!? % -1.1. Using the models 
of Xeurer, Heckman & Calzetti (1999), this corresponds to an extinction at 
16Onm of 2.3 mag and an infrared:ultraviolet luminosity ratio of E 10. This is 
consistent with the far-infrared luminosity of this object as detected by SCUBA 
(4.4 x 1012L,)> and implies a corrected star formation rate of N 12OOAg(, yr-i. 
A good test of the distributed starburst theory would be to map the neutral gas 
directly using CO emission from the galaxy. This should be within the capability 
of the proposed large mm-array. 

Of course, Ive must remember though that we are looking at a radio galaxy, 
and the radio source is likely to be influencing what we are seeing. ‘The aligned 
continuum in SC1435+635 could represent, for example, the result of dust sca,t- 
tering of a hidden quasar nucleus or inverse Compton emission from low energy 
electrons in the radio lobes (Spinra,d et al. 1995). h ‘evertheless, the Ii-band emis- 
sion bar across the centre of the source would seem to lie outside any plausible 
scattering cone, and is therefore probably starlight. 

Jet-induced star formation may also be cont,ributing to the aligned light, 
and the colour gradient in the SE lobe could reflect an age gradient in the stellar 
population formed behind the expanding bow-shock. A colour gradient in the 
aligned emission could also arise if the radio source is embedded in a dusty halo 
of >-oung stars: however. Shocks associated with the expanding radio source ma,y 
destroy dust grains within the radio lobes: resulting in bluer emission from the 
end of the approa,ching lobe, as the column density of dust on the line of sight 
will be the lowest here. This model (Fig. 1) also provides a nice explanation for 
the la.ck of UV emission from the northern lobe. 
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References 

Ivison R.J., et al., 1998, -4pJ, 494, 211 
Lacy h/I.! et al., MNRAS; 271, 504 
Meurer G.R., Heckman T.M., Calzetti D., 1999: ApJ, in press 
Ran-lings S., Lacy M.: Blundell K.M.., Eales S.A.: Bunker -4.J.) Garrington SIT., 

1996, Nat, 383, 502 
Spinrad H., Dey A.; Graham J., 1995, ApJ, 438, 51 :., ; ,q*. 

van Breugel W.J.M.., Stanford S.A., Spinrad H., Stern D., Graha.m J.R., 199S, ‘I 
ApJ, 502, ~14 



I’lre Hy Xedshijt Un.iuerse 

ASP Conferen~ce Ser7,e.s. Vol. 193, 1999 
A. J. BunLeT f3 W. J. M. van, Brezlgel, eds 

Infrared Spectroscopy of the High Redshift Radio Galaxy 
MRC 2025-218 and a Neighboring Extremely Red Galaxy 

J.E. Larkinr : I.S. McLean1 . J.R. Graham2: E.E. Becklinr , D.F. Figer1T3, 
-4.M. Gilbert2: TX. Glassmanr, N.-k. Les-enson2t4, H. Teplitz5j6 and 
M.K. 1?‘ilcox’ 

1 Dept. of Physics and Astronomy, University of California, Los Angeles 

2 Dept. of Astronomy, University of California, Berkeley 

3 Space Telescope Science Institute 

’ Dept. of Physics and Astronom,y, John’s Hopkins University 

’ LASP, Goddard Space Flight Center 

’ NOAO Research Associate 

Abstract. This paper presents infrared spectra taken with the newly 
commissioned NIRSPEC spectrograph on the Iieck Telescope of the High 
Redshift Radio Galaxy MRC 2025-218 (~=2.630) and an extremely red 
galaxy (R-K > 6ma.g) 9” away. These observations represent the deep- 
est infrared spectra of a radio galaxy to date and have allowed for the 
det,ection of HP, 0111 (4959/5007), 01 (6300), Ho, 511 (6548/6583) and 
SII (6716/6713). The Ha emission is very broa.d (FWHM N 6000 km/s) 
a.nd strongly supports AGN unification models linking radio galaxies and 
quasa.rs. The line ratios are most consist,ent with a partially obscured 
nuclear region and very high excitation. The 0111 (5007) line is extended 
several arcseconds and shows high velocity clouds in the extended emis- 
sion. The nucleus also appears spectrally double and we argue that the 
radio galaxy is undergoing a violent merger process. The red galaxy, by 
comparison, is very featureless even though we have a good continuum de- 
tection in the H and K bands. We suggest tl1a.t this object is a foreground 
galaxy, probably at a redshift less than 1.5. 

1. Introduction 

Deep radio surveys ha.ve proven to by one of the best methods for finding high 
redshift galaxies. Most evidence points towards radio galaxies as precursors 
to local giant ellipticals (e.g. Pent,ericci, et al. 1999). Many have irregular 
and complex morphologies suggestive of mergers and they are often surrounded 
by an overdensity of compact sources; presumably sub-galactic clumps (e.g. : ,” 

vm Breugel et al. 1998): Active galaxy unification models suggest that FRII -’ 
radio galaZxies are, quasars with obscured broad line regions. Recent infrared /, .:,., 

spectroscopic surveys (e.g. Evans 199s) have shown tha.t at redshifts less than 

9s 



Figure 1. The Ii band image of the MRC 2025-215 field is on t,he 
left. The K ba,nd spectrum is on the right and is dominated by a very 
wide (>6000 km s-l) strong emission line of Ha. 

2.6 roughly have of the ra.dio galaxies show evidence of an active nucleus typically 
vAth a. Seyfert 2 spectrum. 

MRC 2025-21s (z=2.630) h as a compact infrared and optical continuum 
morphology (van Breugel et al. 199S), but extended Lycv emission (5”) aligned 
with its radio axis (McCarthy et al. 1992). McCarthy et al. also found three 
extremely red galaxies (ERO’s: R-K 6 mag) within 20” of the ra.dio galaxy. 
This is a large overdensity of such objects and strongly suggests and associa,tion 
between the ERO’s and the active galaxy. 

2. Observations 

The field of MRC 2025218 was observed on 4 Jun, 1999 (UT) with the near 
infrared spectrograph NIRSPEC (McLean, et al. 1998) on the Keck II Telescope 
during its commissioning. First the field was imaged in the K band with the 
slit-viewing camera. Figure 1 shows the reduced image of the field with a total 
integration time of 540 seconds. -4s shown in the figure, the slit (42” long and 
0!‘57 wide) was placed on both the radio galaxy and the extremely red galasy 
dubbed ERO--4 by klccarthy et al. (1992). 

Four 300 second exposures were taken in both the H-Band (“1.6pm) and Ii- 
Band (“2.2pm). Due t,o vignettin g a.t one edge of the slit, half of the exposures 
on the ERO were lost so the effective integration time on MRC 2025-215 is 20 
minutes in each band but only 10 minutes on ERO-A. The seeing was 0!‘54. 

3. Results .-. 
,. .,5_,’ , 

Figure 2 shows the H band spectrum of. %fRC 2025-218. By far the most dom- ” 
inant line is [0111] (500.7 nm) redshifted to 1.S2 pm. This line is highlighted 
in the right panel of figure 2 where the complete position velocity map of this 
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Figure 2. H band spectrum of MRC 21 025218. The right panel is 
the position-velocity plot of just, the 0111 line at. 500.7 nm. 

Slit Position 

line is presented. The nucleus has a double peaked structure in [0111] and Ha 
(see below) with a separation of 150 km see-r . Two knots appear at essential 
0 km see-’ relative velocity, but l!‘S I\Jorth and 2!‘4 South of the Nucleus. A 
high speed clump appears 1” North of the nucleus a.nd at a redshifted relative 
velocity of 410 km set-’ , Also detected in the H band spectrum is the other 
member of the [OIII] doublet at 495.9 nm, aad H/3. The ra.tio of [0111] / HP is 
extremely large at a.pproximately 311k6. The H/3 line has a total nuclear flux of 
0Illy 3.4 X lo-l7 ergs cnie2 S-l. 

The right panel of figure 1 shows the K Band spectrum which is dominated 
by a broad Her emission line. The line is very non-Gaussian but has a fwhm 
of the broad line greater than 6000 km se@‘. The narrow component has a 
similar double peaked profile as the [0111] line at 500.7 nm. Several other lines 
are also detected, but only at the few sigma level; including [01] (630.0 nm), 
[NII] (654.5/638.3 nm) and [SII] (671.6/673.1 nm). These lines are all much 
weaker than Ha and the [OI]/H a ratio for the narrow components is estimated 
at approsimately 0.1 or less. 

H and K band spectra of the object labeled ERO-A were taken simultane- 
ously with I\IRC 2025-218. The spectra have no significa.nt line detections or 
spectral breaks. In particular no emission lines are observed at similar positions 
as MRC 2025-218. Given the mild H and K spectral slopes in the spectra and 
the large r-K color found by McCarthy et al. (1992), we suggest that the ERO 
is probably at a significantly smaller redshift than the ra,dio galaxy. 

4. Discussion & Conclusions - 

The spectrum of the HzRG MRC 20X-218 is clearly dominated by emission 
lines from an AGN. The broad Ha emission line is definitive,evidence of a type 
I AGN. The extremely large ra.tio of [OIII]/HP is also found only in true AGN 
and is in fa.ct greater than in most 10ca.l Seyfert 1 type galaxies. 
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The double peak found in both Ho and [0111] is highly suggestive of a double 
active nucleus. If the second peak were due to a star forming region it would be 
unlikely that the [0111] 11 ‘ne would be double as well. The off nucleus knots seen 
in [0111] are difficult to understand. Estended [0111] has been observed in other 
radio galaxies aligned to the radio axis (Armus et al. 1998). E,st,ended Lye has 
also been observed aligned to the ra.dio axis (e.g. Chambers et al.: 1996) but 
the emission mechanism is poorly understood. 111 the case of [0111] it is difficult 
to find a mechanism for its strong production in these off nuclear sites and we 
believe that the most likely explanation is tha,t we are seeing [0111] as scattered 
light. originally emitted by the nucleus. 

The narrow line ratio of Ha over H.3 is roughly 8 compared with the intrinsic 
ra,tio of 3.1 observed in local AGN. If we assume the difference is due to dust 
extinction then it is consistent with obscuration of Ai/ N 2 mag. The fact that 
HP is not broadened and that broad Lycr was not observed in optical spectra 
implies that the central region is much more obscured. The presence of such an 
obscured broad line region in a cla.ssic ra.dio galasy strongly supports the AGS 
unification models and links radio galaxies with radio loud quasars. 

The presence of 3 extremely red galaxies discovered within 20” of the ra.dio 
galaxy is very su,, weestive of a connection with MRC 2025-218. But if our sugges- 
tion is right that the ERO’s are at a much lower redshift then their overdensity 
in t,his field and their general overdensity in the fields of high redshift quasars 
and ra.dio galaxies may be due to weak lensing. The connection is that in flux 
limited surveys you are more likely to discover high redshift objects if there is 
an overdensity of foreground objects. 
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Abstract. Reflected quasar light is the dominant contribut,or to the 
rest-frame ultraviolet continuum in all but one of a sample of nine high 
redshift radio galaxies we ha.ve observed with the Keck spectropolarime- 
ter. Correlations of continuum fractional polarization with the weakness 
of Lye emission and with the IiV/CIV narrow emission line ratio lead 
us to suggest an evolutionary scheme for massive spheroids. In this. the 
galaxies which host bright quasars start out with a relatively tra.nsparent! 
low metal&city ISM but evolve, within N lGyr, to dust,y, high metallicity 
objects. 

1. Introduction 

The goal of our programme is to observe the early evolutionary phases of objects 
destined to become the giant ellipticals of today. In particular, we study the 
relationship between the formation of the AGN and the a.ccumulation of its host. 
galaxy. The obscuration of the quasar acts as a natural coronograph which 
grea.tly facilitates our detailed study of the host galaxy. 

We have selected powerful radio galaxies at ~~2.5 because: 

0 the opt,ical spectrum gives us access to the rest-frame’UV emission lines 

from Lya to CIII] 

a the continuum covers the dust sca.ttering/extinction signature near 2200A& and 
the steep rise in cross section below 1400 -8, 

‘rlffiliated to t.he i\strophysics Division, Space Science Department, European Space .4gency 
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e there are number of strong absorption lines and some hot star photospheric 
lines visible in this spectral region 

e the important diagnostic lines [011], H,B/[OIII] and Ha/N11 are observable 
in the J, H and Ii windows respectively. 

We ha.ve obtained I<eck/LRISp spectropolarimetry data of 9 HzRGs with 
2.3<2< 3.6. We use HST WFPC2 and NICh/IOS for high resolution imaging and 
we have started observing a partially overlappin, (+ sample with the new ISAAC 
IR imager/spectrometer on the first VLT Sm unit telescope. 

2. The nature of the continuum 

Most of the objects in our sample show stron, fl continuum polarization (%lP) 
ranging from N I ‘% up to about 20%. Only one object (0731+438) has %P<3%1. 
In most polarized objects, %P rises to the blue. 

The continuum shape is rather similar in all objects with a dip around 
ZOO_&, a flattening at below 1400,k and a power law in the 1500-2000_4 range. 
The slope /3 (with Fx E X0) varies between 1.5 and 0.8 and the luminosity at 
1500 A rances from 2 to 5 104rhe2 b 5o .erg.s-l .-a-r (wit,h qe = 0.1). 

Figure 1. Three component continuum fit to 0731+43S (lefi) and 
0211-122 (right) 

We model the continuum with 3 components: 

e The nebular continuum. This is computed from the strength of the He11 
recombination line at 1640 K. Its contribution at 2000,4 x-aries between 
5% and 15%. 

m A reflected quasar. -4 radio loud quasar composite spectrum (Cristiani and 
Via 1990) is scattered and absorbed by dust grains with standard galactic L 
MRN distribution. The reflected light is maximized when 5,,,t N reZt w 1 ” 
which produces an almost grey scattering. The difference between extinc- 
tion and scattering efficiencies results in the imposition of the 2175 -4 dust 
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feature on the spectrum. This component alone proTides a very good fit 
to the continuum and broad lines of high polariza.tion objects (0211-122. 
4C23.56) in this spectral range. 

o A young stellar population (YSP). Tl iis component is necessar>- to explain 
the blue continuum slope and the low polarization of objects like 0731+43S 
and 4C41.1$ (Dey et al. 1997). We use Starburst 99 (Leitherer et al.1999) 
continuous star formation models with solar metallicity and the standard 
Salpeter IMF. The age ~J~SP and the determination of the star forma- 
tion rate (SFR) are strongly dependent on the assumed distribution of 
dust. For 0731+43S, with Eg-l/ N 1 we get fish - 3OOMyr and a. 
SFR N 201\4,~.yT-1 

‘The range in continuum properties suggests a. variation of the relative con 
tributions of reflected quasar and YSP and geometrical effects. The fits to the 
two extreme objects in our sample are displayed in fig. 1. 

3. The emission lines 

a While CIV: He11 and CIII] h s ow very little variation amongst the objects 
(see fig. 2, left): we observe a spread of nearly 1 des in the NV/CIV ratio. 

a The continuum fractional polarization correkes with NV/C117 and anti- 
correlates with Lya/CIV (see fig. 3). 

CIII]/HeII 

Figure 2. left: Helium carbon diagnostic diagram; right: KV/HeII 
vs. N\‘/CIV d&ram. Black lines represent U sequences for an ionizing 
spectrum of slope -1 (da.shed) a~nd -1.5 (cont,inuous) and solar metal- 
licity. Grey lines are metallicity sequences from 0.4 to 4 times solar 
with quadra,tic X enhancement (K:=O.O35: slope -1). Squares represent 
objects from our sample, arrows are from Stern et al. 1999; and the . 
black dot is from Pillar-Martin et al. 1999. ‘The dot-dash line rep- 
resent the quasar broa.d emission line super solar metallicity sequence 
from Hamann and Ferland 1993. 
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Figure 3. Correkion between Lya/CIV (left) and XV/CIV (right) 
ratios with continuum polarization 

-4 sequence in ionization parameter (Uj alone cannot explain the observed vari- 
ations in a self consistent way. It would require a much larger range in U t,o 
explain the NV/CT-V ratio than deduced from CIV, He11 and CIII] lines. Chang- 
ing the abundance of all the metals together produces effects on the electron 
t.emperature which are not observed. The best model sequence is obtained with 
a quadratic change in N abundance, while other elements are increased linearly 
between 0.4 and 4 times solar, consistent with a secondary K production. The 
result is displayed in fig. 2 

4. Conclusion 

The large range in properties in our sample is consistent with an evolution- 
ary sequence in which we witness the evolution of the IS14 of forming massive 
spheroids. 

According t,o our sequence, during a major merger or sequence of mergers, 
the nmssive black hole and the spheroid sta.rt forming in a relatively transparent 
host and may evolve into a. highly obscured: IR luminous objects 011 a time-scale 
of about 1 Gyr. 
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Abstract. The results of an optical a,nd infrared investigation of a ra- 
dio sample drawn from the 1.4 GHz Leiden-Berkeley Deep Survey are 
presented. This is believed to be the most comprehensive sample of radio 
sources at mifijansky flux limits that is currently availa.ble. Optical COUII- 

terparts have been identified for all but four sources in t,he two Hercules 
fields, and 80% of them a,re identified in the near-infrared. Redshifts have 
been obtained for 49 of the identified sources, and photometric redshift.s 
were computed from the griIi data for the remaining 20. 

The general properties of the sample are summarized. The use of this 
sample in measuring the 1.4 GHz radio luminosity function is discussed. 
Finally, HST/NICMOS images of two old, red galaxies at z N 1.5 are 
presented u-hich show that both galaxies are dominated by an r1j4 profile 
wit,11 a scale-length of 5 kpc. 

1. The sample 

The Leiden-Berkeley Deep Survey (‘LBDS’) consists of nine high latitude fields 
in the selected areas S,428, S-457, S-468 and an area in Hercules. They were 
surveyed with the Westerbork Synthesis Ra.dio Telescope at 21 cm (1.412 GHz), 
reaching a. S-a limiting flus density of 1 mJy (Windhorst et al. 1984”). Multi- 
color prime focus photographic plates of the fields were used to find optical 
counterparts to the radio sources. Identifications were found for 53% of the 
sources in the full survey, whilst for the Hercules fields 47 out of i3 sources were 
identified (Windhorst et al. 1984b; Iiron et al. 1955). 

The Hercules fields were subsequently observed on the 200 inch Hale Tele- 
scope at Palomar Observat,ory between 1984 and 1988. Multiple observa.tions 
were made through Gum g, T and i filters over six runs. After processing and 
stacking of the multiple-epoch images, optical counterparts for 22 of the sources 
were found, leaving only four sources unidentified to r E 26. Xear-infrared 
observations have been made of the entire subsample at Ii, yielding 60/73 de- 
tections down to h: N 19-21. Half of the sources ha,ve been observed in H and 
approsimately one-third in J. Observations of the brighter sources were made. by 
Thuan et al. (1984) and by seugebauer et al. and Katgert et al. (priv. comm.). 
Ii-band observations of the sample were complet&ed by t,he present author and 
collaborators at the UK Infra.red ‘Telescope. 

Prior to the start of the current work, only 16 of the 73 sources in the LBDS 
Hercules fields had redshifts published in the literature. Another 16 sources had 
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Figure 1. (a) [left] Tl re 1 uminosity-redshift plane for sources with 
Sr.4 > 2 mJy in the LBDS Hercules fields. The flux density limits 
for the survey are shown for flat-spectrum (solid line, open circles) 
and St-eep-spectrum (dashed line, solid circles) sources, together with 
the limits for the PSR (dotted line) and 3C (dot-dash line) surveys. 
(b) [right] Th e cumulative redshift distribution for the 5’1.4 2 2 mJy 
sample. The bold histogram corresponds to the best-fitting photo- 
metric redshift distribution, the light histograms represent the 99% 
confidence limits on the photometric redshifts. The gray lines are 
the model luminosity functions of Dunlop & Pexock (1990 j, assuming 
Ho = 50 km s-r Mpc-‘, !& = 1, A = 0. 

unpublished redshifts. The author and collaborators have successfully observed 
a further 17 sources during the past few years, using both the 4.2 m William 
Herschel Telescope (Waddington 1999) and the 10 m Keck Telescope (Dunlop 
et al. 1996; Spinrad et al. 1997; Dey 1997). This brings the total number of 
spectroscopic redshifts to 49 out of 73 sources (67%). Photometric redshifts 
were calculated for the remaining one-third of the sample, using the spectral 
population synthesis models of Jimenez et al. (1998). 

2. The 1.4 GHz radio luminosity function 

Dunlop & Pea.cock (1990) used a. sample of ra.dio sources brighter than 0.1 Jy 
a.t 2.7 GHz t,o investigate the evolution of the radio luminosity function (RLF). 
‘They concluded that the comovin g density of both flat- and steep-spectrum 
sources suffers a cut-off at redshifts z 2: 2-4. This conclusion was drawn from 
the behavior of both free-form and simple para.metric models (PLE/LDE), and 
the model-independent: banded V/V,,, test. However: the results were crucially 
dependent upon the accuracy of their redshift estimates in the Parkes Selected 
Regions (PSR). 

Figure la compares the flux limits of the LBDS with those of the PSR and 
3C surveys. It is seen how the LBDS can be used to: (i) probe the faint end”.; 
of the RLF out to much greater redshifts than the brighter surveys; and (ii) ” ! - ’ , 
detect powerful radio galaxies out to very high redshifts (2 10). Thus we are ’ 
able to use this milhjansky sample to test the reality of the redshift cut-off. In 
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Figure 2. HST/KICMOS FllOW ima,ges and surfa.ce bright,ness pro- 
files for 33SPOGg at z = 1.432 [left] and 53Mr091 at z = 1.532 [right]. 
The images are 3” on a side. Solid lines are the best-fitting model 
profiles convolved with the XICMOS PSF. AB magnitudes are used. 

figure lb the cumulative redshift distribution of the LBDS Hercules sample (onl> 

those sources with S 1,,J 2 2 mJy) is compared with the predictions of Dunlop 
&z Peacock (1990). It is seen that two of the free-form models (FF-4 and FF-5) 
provide a rea.sonable fit to the data. over all redshifts, suggesting t.hat the high-z 
decline in the RLF is real. The ‘ibumpi’ in the best-fit histogram at 0.4 6 J g 1 
is due t,o two spikes in the redshift distribution, that may be the result of possible 
large-scale structures (sheets) along the line of sight. 

However? a more detailed investigation of the RLF reveals that the lumi- 
nosity dependence of the data does not a.gree with the models. ‘The observed 
RLF shoms some indication that it. turns over at z z 0.5-1.5, and that the red- 
shift of this cut-off is a function of the radio luminosity. The small number of 
sources makes it difficult to separate the redshift and luminosity dependence of 
the RLF sufficiently to be certain of this trend, but work is ongoing to improve 
the modeling of the data. 

3. Surface brightness profiles of two old galaxies 

‘Two of the most interesting individual sources in the sample are 53TY069 and 
53WO91. Iieck spectra of these galaxies revealed tha.t their restframe ultraviolet 
light was dominated by old stellar populations at ages of 4.5 Gyr at z = 1.432 
and 3.5 Gyr at 2 = 1.552 respectively (Dey 1997; Spinrad et al. 1997). Although 
there continues to be some debate over the accuracy of these ages, there can be 
little dispute tl1a.t they a.re two of the oldest galaxies observed a.t tha.t redshift. 

An important corollary to investiga.te was whether these galaxies were also 
dynanzical2y old objects. Peacock et al. (1998) showed that in order for the 
number density of these objects to be consist,ent with the evolving power spec- 
trum of primordial density fluctuations: then the galaliies must be 3-4 Gyr old 
at 3 N 1.5, ha.ving collapsed at z N 6-8. This result is independent of the ages 
of the sources derived from their Iieck spectra. Further clues to the dynami- 
cal history of the two galaxies ca,n be gained by looking a.t their morphologies. 
5314’069 and 53T;VOgl were observed using M’FPC2 and XICMOS on the Hubble 
Space Telescope in Cycle 7 (W’addington et al. 1999). Data were collected in 
FS14TV and F11OW: these filters bridge the 4000 -& break and are thus most 
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sensitive to the young and old stars in a galaxy respectively. Figure 2 shows the 
FllOTV images and surface brightness profiles for the two objects. 

53WO69 has a regular de Vaucouleurs rr/’ profile, with an effective radius 
of 0!‘5 or 4 kpc (H,, = 65 km s-r 14~c-r~ Qe = 0.2, h = 0). 53TY091 is similarly 
domina.ted by an r1i4 profile of effective radius 0!‘5 (4 kpc), however there is 
an additional component required to fit this galaxy. The form of this extra. 
emission has not been unambiguously identified, but initial results suggest that it 
is consistent with an exponential profile of 0!‘2 (3 kpc) scale-length, contributing 
N 40% of the FllOW flux within a 1!‘5 diameter aperture. 

‘The spectrum of 53WO91 can be modeled by adding a, young stellar pop- 
ulation to t,he spectrum of 53WO69. Similarly the surface brightness profile of 
5315’091 can be modeled by adding a,n exponential component to the profile of 
53WO69. A possible interpretation is tl1a.t 53WO91 has a star-forming disk-like 
structure surrounding an otherwise pa.ssively evolving elliptical galaxy, such as 
53WO69. 
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Abstract. We present high resolution HST images of six groups of 
galasies surrounding powerful radio galaxies. In all groups we identify 
roughly as many elliptical as spiral galaxies, in addition to a sizable frac- 
tion of peculiar galaxies. Also many faint gala-ties are visible. -4ll radio 
galasies have a.t, lea.st one close member within 3” of their nuclei. 

1. Introduction 

In the nearby universe, a strong morphology-density rela.tion exists for ga,lasies: 
with dense cluster environments dominated by red: early-type galasies, while 
the sparser field consists mainly of spirals. At higher redshift (z = 0.4), this 
situation was considerably different, with many more blue galaxies present in 
rich clusters. To understand this evolution, we started a photometric survey of 
galaxies in groups and poor clusters with richness intermediate between that of 
rich clusters and the field. Here we present the HST images of six groups of 
galaxies. 

2. Observations 

We chose six groups of galaxies from our previously anal!rzed sample of inter.- ’ : ‘i .‘: I’ 
media.te redshift (z z 0.4) radio-selected groups (Alhngton-Smith et al 1993)./ “I.... -- 
.These groups are typical of groups in general and are not affected by the radio 
properties of the centra,l radio galaxy. ‘The table below describes the properties 
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of these groups, and Figures 1 to 3 show the morphologies of the galaxies in the 
groups. Figures 4 to 6 show the radio galasies in more detail. 

Table 1. The Sample 

GdaXy redshift. V,, (B - V)r, bP4o8 Richness blue fraction integ time 
3C16 0.405 -22.24 0.90 27.73 13.2+-6.1 0.68+-0.28 7200 

3c435.4 0.471 -22.65 0.64 27.90 33.5+-8.1 0.21+-0.13 14900 
4C2i.51 0.319 -21.74 0.89 27.03 21.0+-6.8 0.51+-0.16 s200 
X6.142 0.448 -23.19 0.89 26.00 23.3-j--7.2 0.22+-0.15 11400 

5C12.251 0.312 -23.06 0.94 27.36 36.3+-7.2 0.22+-0.10 5000 
PIiSO101+123 0.390 -22.49 0.94 27.13 15.2+-5,s 0.13+-0.20 7.500 

3. Discussion 

In all six groups we see a mix of disk and elliptical galasies in addition to a 
substantial fraction of peculiar looking galasies. Counter to what one would 
expect, the two groups with the highest fra.ction of blue galaxies (3C16 and 
4C27.51) do NOT seem to show a relatively larger fraction of disk gala,xies than 
the other four groups. The large fra.ction of faint galaxies in AL,L images is 
particularly interesting. It is not yet clear whether or not these faint galasies 
are group members. 

All six radio galaxies are elliptical galaxies, although they show varying 
degrees of peculiarities and/or isophotal twists. Some of the radio galaxies show 
prominent tidal features, others much, much milder ones. ,4ll of them seem to 
have a. small, close neighbor within 3” of the ra.dio galaxy nucleus. 

References 
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Figure 1. 3~435 and 5~12 

Figure 2. 4~2751 and pksOlO1 

Figure 3. 3~16 and 5~6 
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Figure 4. 3c435A and 5~12 

Figure 5. 4~2751 and pksOlO1 

Figure 6. 3~16 and 5~6 
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NICMOS Imaging of High-Redshift Radio Galaxies 
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Abstract. We have obtained near-infrared (1.6 1-1”) images of 11 pow- 
erful 3CR radio galaxies at redshifts 0.8 < z < 1.8 using NICMOS on 
board HST. The high angular resolution permits a detailed study of 
galaxy morphology in these systems at rest-frame optical wavelengths, 
where starlight dominates over the extended, aligned UV continuum. The 
NCSJOS morphologies are mostly symmetric and are consistent with dy- 
namically relaxed, elliptical host galaxies dominated by a red, mature 
stellar population. The aligned structures are sometimes faintly visible, 
and nuclear point sources may be present in a few cases which ma.nifest 
the “unveiled” AGN that is obscured from view at optical wavelengths. 
Our observations are consistent with the hypothesis that the host galax- 
ies of z z 1 - 2 radio galaxies are similar to modern-day gE galaxies. 
Their sizes are typical of gE galaxies but smaller than present-day CD 
and brightest cluster galaxies, and their surfa.ce brightnesses are higher, 
as expected given simple luminosity evolution. 

1. Introduction 

-4t one time, radio sources offered the only readily available means of locating 
galaxies a.t large redshifts (J > l), and were thus studied as a window on the 
early history of galaxy evolution. Radio g&,.x& obey a tight near-infrared 
Hubble (Ii-z) relation and are frequently associated with rich cluster environ- 
ments. This suggests tha,t there is an evolutionary sequence linking high-redshift 
ra.dio galasies to low-redshift giant ellipticals and CD galaxies. The discovery 
that many high-redshift radio galaxies have elongated, complex UV continuum 
structures aligned with the radio source axis (McCa.rthy et al. 1987; Chambers 
et al. 1987) suggested that the a.ctive nucleus might affect the UV morphology 
and possibly even the evolutionary history of the host galasy. It was believed 
that some radio galaxies might be true “protogala.2xies” forming the bulk of their 
stars via some process induced by the radio jets. However, later studies have 
shown that in many cases the aligned UV continuum arises largely from scat- 
tered _4GN emission (Di Serego-Alighieri et al. 1989) and/or nebular continuum 
emission (Dickson et al. .1995).. ! .’ 

.. The spectacular, complexlstructures seen in optical WFPC2 images of 3CR 
radio galaxies by (e.g.) Best- et al. (1997) are, in ma.ny ca.ses, AGN-related 
“ephemera” surrounding a more normal host galaxy. However, the brightness 
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Figure 1. TYFPC2 and NICMOS images of four galaxies from our 
NICMdS imaging sample, alon g with best-fitting models to the NIC- 
MOS host galaises and the NCMOS minus model residuals. 

of this aligned, blue light ma.kes it difficult to study the properties of the un- 
derlying stellar component when observing at optical wavelengths. Observers 
have therefore turned to the near-IR, where the AGN-related emission is fainter 
and the stellar component brighter. Rigler et al. (1992), Dickinson et a,l. (1994) 
and Best et al. (1998), among others, have shown tha,t some 3CR ra.dio galaxies 
are rounder and more symmetric when observed in the near-IR, suggesting the 
presence of relatively %ormal” host galaxies underlying the W-bright,. aligqed 

G;;-:~&%onXi;nuum (but see also Eisenhardt & Chokshi 1990). But until! rioinl&$$$5?..~-~. _; :~+y~~&gr~~~&‘~ :I’ ’ .: 1 
.,--~~~~!~~*~~~~.~~d~based studies have been limited by angular resolution. 

.!.Sl...? L’. .p:.e ,.,. . . I. / .I -~ _,. ,. 
r ;f* ..<r,*... N ov@jgqg$;$$,~;~ >iG;-: ,’ : 
. r ~-i?3&&QS.~.on board HST, we can for the first time study the near-IR ~rpliolo4es::: :. ,‘\= L....‘ . ..:;Tq.c..;,:gy: a’- 
I:~:--~‘~~‘~~~~~‘;high redshift galaxies with resolution comparable to that of the, pioneermg 

WFPC2 studies of these same objects. 
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Figure 2. Rest frame Gunn T size-surface brightness relation for local 
cluster ellipticals (small squares; Jorgensen et al. 1995) and for our 
KICMOS ra.dio galasies (lines). The lines connect the effective radii for 
qo = 0 and qc = 0.5 cosmologies. The dotted line shows the relation for 
constant galaxy luminosity, as espect,ed for “standard candle” galaxies. 

2. Observations 

Our sample consists of 11 3CR ra.dio gal&es at 0.S < z < 1.8, imaged with 
KICNOS Camera 2, which provides diffraction limited images at 1.6/m. T;5re 
used bandpasses (Fl6OW or F165~) which avoid strong nebular emission lines: 
which could significantlv contaminate the fluxes and affect the observed mor- 
phologies. Optical WFPC2 imaging is available for the whole sample: in many 
cases we have unusually deep and often polarimetric WFPC2 data, while in oth- 
ers a,rchival data by Best et al. 1997 or other sources were used. In most cases we 
also have extensive ground-based supportin g data (spectroscopy, polarimetry, 
etc.) from the W.M. Keck Observatory and other facilities. 

3. Discussion 

‘The SICMOS and WFPC2 images of four galaties from this sample are shown 
in Figure 1. We ha.ve fit PSF-convolved models to the IVICMOS images using a. 
hybrid scheme which matches 1D surface brightness profiles and 2D PA + ellip- 
ticity information. The models and the NICMOS image residuals after model 
subtraction a.re also shown in Figure 1. In most cases, the NICMOS images show 
tl1a.t the rest-frame optical light-from powerful 3CR radio galaxies a.t z < 1 is 
rounder, smoother, more -symmetric and centrally concentrated than tha.t ob- L- 
served at rest-frame UV wavelengths. The complex, aligned structures seen in 
WFPC2 images are generally much less pronounced in the near-IR, although in 
several cases (e.g. 3C 250, 3C 266: 3C 365) the highest surfa.ce brightness regions 
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of the aligned components can still be detected. In several cases, the near-IR 
surface bright,ness peaks at, the position of a local minimum in the WFPC2 im- 
ages. suggesting the effects of dust lanes affecting the near-U17 morphologies. 
-1. few galaxies (e.g., 3C 265) a.ppear to have nuclear point sources in the IR, 
possibly showing the Y.rnveiled” -4GX. 

Overall: the gross morphologies and surface brightness profiles of most 3CR 
hosts are consistent with their being high luminosity giant elliptical galasies: 
already structurally mature. This may be true as early as z = l.S, although at 
that redshift 3C 239 appears to have “ragged edges” perhaps suggesting that 
it is in the process of a,ccreting material through mergers. However, the most 
distant galaxy in our sample, 3C 256 a.t z = 1.82: is radically different than 
the others. It is elonga.ted, aligned, diffuse, and underluminous, and thus ma,y 
be the esceptional example of a. young radio galasy early in the stages of its 
formation (see also Eisenhardt & Dickinson 1992; Simpson et al. 1999). 

In Figure 2, we plot surface brightness vs. effective radius (the “Iiormendy 
relation”) for 6 galaxies which are well fit by R i/l-law models, converting the 
NCBIOS pl 10 ometry t (rest-frame X00.57 to 0.58pm for our sample) to rest- 
frame Gunn T (&0.65pm) for comparison to nearby cluster ellipticals. The 
galasies are physically smaller than the largest and brightest giant cluster el- 
liptic& at z = 0, and have higher rest-frame surface brightnesses as would be 
expected given nominal luminosity evolution. Most fall on the locus of constant 
luminosity (see also Best et al. 1993), as might be expected given the small k--z 
scatter. 3C 239 at z = 1.78 is significantly more luminous for its size compared 
to the galaxies at 0.S < J < 1.3. 

Acknowledgments. Support for this work was provided by NASA grant 
GO-Oi454.02-96-4. Thanks to Hy for getting us all into this radio galaxy mess! 
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Abstract. I present a comparison of current population synthesis model 
predictions with observed spectra for stellar systems of various ages and 
metallicities. It is argued that models built using different ingredients dif- 
fer in the resulting values of some basic quantities (e.g. fM/Lv), without 
need to invoking violations of physical principles. A summary of results 
from a companion paper is included. 

1. Introduction 

The large amount of astrophysical data that has become available in the last 
few years has made possible to build several complete sets of stellar population 
synthesis models. The predictions of these models have been used to study many 
types of stellar systems, from local normal gala,xies to the most distant galaxies 
discovered so far (approaching z of 4 to 5), from globular clusters in our galaxy to 
proto-globular clusters forming in different environments in distant, interacting 
o.ala.xies. Bruzual (1998, GB98 hereafter) has discussed the limitations of these ‘3 
models, as well as the uncertainties that are introduced into a set of models by 
the different choices of ingredients available in the literature. In this paper: which 
is complementary to GB98, I present an overview of results from population 
synthesis models directly applicable to the interpretation of galaxy spectra. 

In $11 I summarize the current status of a particular set of population syn- 
thesis models. In $111 I clarify a possible misunderstanding on the energetics 
of model stellar populations that is found in the literature. In $IV I show a 
brief comparison of our models with Jimenez (1999) models. Conclusions are 
presented in §V. 

2. Current status of population synthesis models 

Bruzual & Charlot (2000, BC2000 hereafter) have extended the Bruzual & Char- 
lot (1993, BC93 hereafter) evolutionary population synthesis models to provide 
the evolution in time of the spectrophotometric properties of simple stellar pop- 
ulations (SSPsj for a wide range of stellar metallicity. In an SSP all the stars 
form at t = 0 and evolve passively afterward. The BC2000 models are based on 
the stellar evolutionary tracks computed by Alongi et al. (1993), Bressan et al. 
(1993), Fagotto et al. (1994a, b, c), and Girardi et al. (1996), which use the 
radiative opacities of Iglesias et al. (1992). This library includes tracks for stars 
with initial chemical composition 2 = 0.0001: 0.0004,0.004,0.008,0.02,0.05, and 
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0.10: ivith Y = 2.52+0.23: and initial mass 0.6 2 m/Ala 5 120 for all metallic- 
ities, except 2 = 0.0001 (0.6 < m/M3 5 100) and 2 = 0.1 (0.6 < m/114,,:, < 9). 
This set of tracks will be referred to as the Padova or (P) tracks hereafter. 

The published tracks go through all phases of stellar evolution from the 
zero-age main sequence to the beginning of the therma,lly pulsing regime of 
the asymptotic giant branch (AGB, for low- and intermediate-mass stars) and 
core-carbon ignition (for massive stars), and include mild overshooting in the 
convective core of stars more massive than 1 Ma. The Post-AGB evolutionary 
phases for low- and intermediate-mass stars were added to the tracks by BCZOOO 
from different sources (see BC2000 for details). 

BC2000 use as well a parallel set of tracks for solar metallicity computed by 
the Geneva group (Geneva or (G) tracks hereafter), which provides a framework 
for comparing models computed with two different sets of tracks. 

The BC2000 models use the library of synthetic stellar spectra compiled by 
Lejeune et al. (1997a,b: LCB97 hereafter) for all the metallicities listed above. 
This library consists of Kurucz (1995 j spectra for the hotter stars (0-K): Bessell 
et al. (1989, 1991) and Fluks et al. (1994) spectra for M giants, and Allard ti 
Hauschildt (1995) spectra for M dwarfs. For 2 = Zc,: BC2000 also use the 
Pickles (1998) stellar atlas? assembled from empirical stellar data. 

Regardless of the specific computational algorithm used, all evolutiona.ry 
synthesis models depend on three adjustable parametric functions: (1) the stellar 
initial mass function, f(m), or IMF; (2,) the star formation rate, @(t), or SFR; 
and (3) the chemical enrichment law, Z(t). For a given choice of f(m), +(t), 
and Z(t); a particular set of evolutionary synthesis models provides: (I) Galaxy 
spectral energy distribution (SED) VS. time, Fx(X, Z(t), t); (2) Galaxy colors 
and magnitude ‘U.S. time; (3,) Line strength and other spectral indices ‘US. time. 

3. Comparison of model and observed spectra 

3.1. Solar metallicity 

Fig 1 shows a model fit to the average spectrum of an E galaxy (kindly provided 
by M. Riekej. The model sed is the line estending over the complete wavelength 
range shown in the figure. The observed sed covers the range from 3300 .& to 
2.75 /Lrn. The residuals (observed - model) are shown at the bottom of the figure 
in the same vertical scale. The model corresponds to a 10 Gyr Z = 2~) SSP 
computed for the Salpeter (1955) IMF (,m~ = 0.15, mu = 125 -11,~~) using the 
(P) tracks and the Pickles (1998) stellar atlas. The fit is excellent over most 
of the spectral range. A minor discrepancy remains in the region from 1.1 to 
1.7 pm. The source of this discrepancy is not understood at the moment. In 
Fig 2 I show the same model and E galaxy sed as in Fig 1 but in different 
units. In addition, in Fig 2 I include the broad band fluxes representing the 
average of many E galaxies in the Coma cluster (solid squares) from -1. Stanford 
(private communication).. The observed sed is the one with the lowest spectral 
resolution. Figs 3 and 4 show a closer.look at the same data in an enlarged scale. 
-Again the agreement is excellent for the 3 data sets. The discrepant line in Fig 
4 corresponds to the same.model .shomn in Figs 2 and 3 but I used the LCB97 
synthetic stellar atlas instead of the empirical stellar seds. Fig 4 shows clearly 
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that the models based on empirical stellar seds are to be preferred over the ones 
based on theoretical model atmospheres. Unfortunately. complete libraries of 
empirical stellar se& are available only for solar metallicity. 

3.2. Non-solar metallicity 

Figs 3 and 6 show the results of a comparison of SSP models built for various 
metallicities using the LCB97 atlas, all for the Salpeter I&IF, with several of 
the avera.ge spectra compiled by Bica et al. (1996). The name and the metal 
content of the observed spectra indicated in each panel is as given by Bica et 
al. The quoted age is derived from the best fit of our model spectra to the 
corresponding observations. The residuals (observed - model) are shown in the 
same vertical scale (see description to Fig 1 above for details). Even though, 
in detail, the fits for non-solar metallicity stellar populations are not as good 
as the ones for solar metallicity, over all the models reproduce the observations 
quite well over a wide range of [z/z,], and provide a reliable tool to study 
these stellar systems. The discrepancy can be due both to uncertainties in the 
synthetic stellar atlases or the evolutionary tracks at these [Z/Z,]. I have used 
SSPs in all the fits, neglecting possibly composite stellar populations, as well as 
any interstellar reddening. 

4. On the energetics of model stellar populations 

There are significant differences in the fractional contribution to the integrated 
light by red giant branch (RGB) and asymptotic giant branch (AGB) stars 
in SSPs computed for different sets of evolutionary tracks. Fig. 7 shows the 
contribution of stars in various evolutionary stages to the bolometric light, and 
to the broad-band UBVRII<L fluses for a 2 = 2, model SSP computed for the 
Salpeter IbIF (mu = 0.15, rnrr = 125 -1ga) usin g the (P) tracks and the Pickles 
(1995) stellar atlas. The meaning of each line is indicated in the top central 
frame. Fig. S shows the corresponding plot for an equivalent model computed 
according to the (G) tracks. The contribution of the RGB stars is higher in the 
(P) track model than in the (G) track model. Correspondingly, the AGB stars 
contribute less in the (P) track model than in the (G) track model. For instance, 
for t > 1 Gyr, RGB and AGB stars contribute 40% and 10%‘; respectively, to 
the bolometric light in the (Pj track model (Fig. i’). These fractions change to 
30% and 20~0 in the (G) track model (Fig. 3). ‘These differences are seeing more 
clearly in Fig. 9 which shows the ratio of the fractional contribution by different 
stellar groups in the (G) track model to that in the (P) track model. -A.ccording 
to the fuel consumption theorem (Renzini 1951). these numbers reflect relatively 
large differences in the amount of fuel used up in the RGB and ilGB phases by 
stars of the same mass a.nd initial chemical composition depending on the stellar 
evolutionary code. 

Fig 10 shows the ratio of the flus contributed by Post-MS to MS stars in 
the same bands as before for the SSP models indicated in the top central frame. 
From G7 to R the contributionof Post-&fS to 41s stars is higher with the (P) 
tracks than with the (G) tracks. ‘The situation reverses in the A- and L bands. 
In the I band all models are very similar. For a given set of tracks. the Scala 
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(1986) Ii\llF models have a higher Post-&IS to MS contribution than the Salpeter 
IJ,IF models. The Scala IMF is less rich in MS stars than the Salpeter I&IF. 

Buzzoni (1999) h as argued that most population synthesis models violate 
basic prescriptions from the fuel consumption theorem (FCT). Fig 11 should 
be compared with Fig 2 of Buzzoni (1999). Th e ‘ne with square dots along it h 
is reproduced form Buzzoni’s Fig 2. ‘The other lines show the dependence of 
the ratio of the Post-MS to MS contribution to the bolometric flus for different 
models . The heavy lines correspond to the Salpeter IMF models. The thin 
lines to the Scala I&IF models. The solid lines correspond to (P) track models? 
whereas the dashed lines correspond to the (G) track models. The (G) track 
model for the Salpeter I&IF (heavy dashed line) is in quite good agreement with 
Buzzoni’s model for t > 5 Gyr. 

Fig 12 (after Buzzoni’s Fig 1) plots the L~~/Lv ratio VS. the Post-4IS to LIS 
contribution in the V band. ‘The open dots correspond to the models shown in 
Buzzoni’s Fig 1. The solid dot is Buzzoni’s model marked B in his Fig 1. The 
solid triangles correspond to our 20 SSP models for various stellar atlases using 
the (P) tracks and the Salpeter DIF. The open triangles are for the same models 
but for the Scala I>IP. The solid pentagons represent the (G) track models for 

. c_. -->A”, -the Salpeter IhIF and the open pentagons the same models. but .for the Scala 
i F I -- ILIE’. ‘The three solid squares joined by a line represent, sub-solar riietallicity 

:. ., -models for the (p) tracks and the Salpeter IMP. The three open squares joined 
b)- a line are for identical models using the Scala IX?. Fig 12 shoxvs clearly that 
the position of points represent&, p various models in this diagram is a strong 



Stellar Population Synthesis Models 

Pickles Library 
Padova Tracks 
- Salpeter 
- SC810 

Geneva Tracks 
- - - -. Salpeter 
- - SC310 - - 

6 

0 
0 5 10 150 5 10 150 5 10 15 

Age (W-1 

Figure 10. 

129 

5 10 15 
Age (GYP) 

Figure 11. 



130 BIYlZUd 

3 
3 

“i--- 
15 

F 

0 

0 

i 

-1 
0 

0 . * 

*. tA 0 
0 

10 

03 
0.5 1 1.5 

[Post-MS : M:], 
2.5 3 

Figure 1‘2. 

/ - 

I- 

-0 

SSP, Z = Z,. Salpeter IMF, 5 Gyr 

II L r L 1 I I ’ / 

Figure 13. 



Stellar Population Synthesis Models 131 

function of the stellar IMF, the set of evolutionary tracks, and the chemical 
composition of the stellar population. It may be too simplistic to attribute de 
dispersion of the points to a violation of the FCT (Buzzoni 1999). 

5. Comparison with Jimenez’s models 

Fig 13 shows a comparison of the 2, SSP at 5 Gyr according to the BC2000 
models (upper line at 1 pm) and the R. Jimenez (1999, private communication) 
model (lower line at 1 pm). Both models were built for the Salpeter IMF and use 
the same stellar atlas (LCB97). The spectra are quite similar below 0.6 pm. At 
longer wavelengths the BC2000 model is redder than Jimenez’s model. Given the 
similarity of ingredients used in both models, the reason for this difference must 
be in the evolutionary tracks. It is important to understand what is producing 
this difference in evolutionary rate among both sets of models: since this will 
have important implications in the interpretation of distant gala,xies. 

6. Summary and Conclusions 

Present population synthesis models show reasonable agreement with the ob- 
served spectrum of stellar populations of various ages and metal content. Differ- 
ences in results from different codes can be understood in terms of the different 
ingredients used to build the models and do not necessarily represent violations 
of physical principles by some of these models. However, inspection of Fig. 5 
of GB98 shows that two different sets of evolutionary tracks for stars of the 
same metallicity produce models that at early ages differ in brightness and color 
from 0.5 to 1 mag, depending on the specific bands. The differences decrease at 
present ages in the rest frame, but are large in the observer frame at z > 2. Thus 
any attempt to date distant galaxies, for instance, based on fitting observed col- 
ors to these lines wiU. produce ages that depend critically on the set of models 
which is used. >ote that from s of 3 to 3.5 (V - 1~~) in the two models differs by 
more than 1 mag. This difference is produced by the corresponding difference 
between the models seen in the rest frame at 10 Myr. From Figs. 7 and 8 (this 
paper) these diff erences can be understood in terms of the different contribution 
of the same stellar groups to the total V and li flus in the two models. 

Even though at the present age models built with different IMFs show 
reasonably similar colors and brightness, the early evolution of these models is 
quite different at early ages (GB98 Fig. 7): resulting in larger color differences 
in the observer frame at z > 2. Thus, the more we know about the IMF, the 
better the model predictions can be constrained. The small color differences 
seen in the rest frame when different stellar libraries of the same metallicity are 
used: are magnified in the observer frame (GB98 Fig. 8). When the K correction 
brings opposin, 0 flux differences into each filter, the difference in the resulting 
color is enhanced. Fig. 9 (GB98) shows the danger of interpreting data for 
one stellar system with models of the-wrong metallicity. The color differences 
between these models, especially in the observer frame, are so large as to make 
any conclusion thus derived very uncertain. 

It is common practice to use solar mctallicity models when no information 
is available about the chemical abundance of a given stellar system. Galasies 
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evolving according the Z(t) Iaws of Fig. 10 (GB98) show color differences with 
respect to the 2 = 2, model which are not larger than the differences introduced 
by the other sources of uncertainties discussed SO far. Hence, the solar metallicity 
approximation may be justified in some instances. The color differences between 
the chemically inhomogeneous composite population and the purely solar case 
(GB98 Fig. ll), are much smaller than the ones shown in Fig. 9 (GB98 j for 
chemically homogeneous SSPs. 
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Abstract. I review the current status of an on-going investigation into 
the stellar and dynamical ages of the oldest known galaxies at z > 1. 
The spectroscopic data, when compared with the predictions of a range 
of recent evolutionary synthesis models; continue to indicate that the 
oldest galasies at 5 N 1.5 are already > 3 Gyr old. Moreover, com- 
parison with new models which incorporate chemical evolution, suggests 
that this result may be less sensitive to the assumed metallicity- than 
was previously suspected. Such ages should therefore he taken seriously 
as constraints both on theories of galaxy formation and on cosmological 
models. Dynamically these objects also appear well evolved; they dis- 
play de Vaucouleurs surface brightness profiles, and I demonstrate that 
their HST-derived morphological parameters place them on the same Ko- 
rmendy relation as the z 21 1 3CR gala.xies. Finally I consider the ages 
of these intermediate redshift objects in the context of our recently com- 
pleted SCFB.1 sub-mm survey of radio galasies spanning the redshift 
range 2 = 1 A 4. These data indicate that the main epoch of star- 
formation in radio galaxies lies at z N 4, a result which fits naturally 
with the ages of the oldest galaxies at z = 1.5 within an open Universe. 

1. Introduction 

Even a very lov,-level burst of star-formation activity can easily obscure the 
true colours of the dynamically-dominant stellar population in a high-redshift 
galaxy. For this reason it is necessary to use the reddest (unreddened) galasies 
at a given redshift to set meaningful constraints on their primary formation 
epoch. 4s demonstrated by Dunlop et al. (1996); Spinrad et al. (199’7) and 
Dunlop (1999) the reddest (R - K N 6) optical identifications of milli-Jansky 
radio sources have provided the best examples discovered to date of passively 
evolving galaxies at redshifts z > 1. -As discussed by Dunlop (1999) there can 
be little doubt that the red colours of 53WO91 (R - Ii = 5.S; z = 1.55) and 
53T7-069 (R - A- = 6.3: s = 1.43) are due to evolved stellar populations rather 
than dust. However. the initial attempt at accurate age-dating of 53U-091 by 
Dunlop et al. (1996) has since stimulated considerable debate and controversy 
(Bruzual k Magris 1997, Yi et al. 1999...Heap et al. 1993). 

In the nest section I summarize the uncontroversial facts about these ob- 
jects. I then consider the controversy over their precise ages and. focussing on 
33TT-069. demonstrate that there is in fact rather little disagreement between 
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‘the ages inferred from different evolutionary synthesis models, provided fitting 
is confined to the high-quality rest-frame near-UV spectra. Following this I 
revisit the issue of age-metaticity degeneracy before moving on to consider the 
morphologies of these galasies, and their ages in the contest of our recently com- 
pleted major SCUB:-1 survey of dust-enshrouded star-formation in high-redshift 
radio galaxies. 

2. 53WO91 and 53WO69: uncontroversial facts 

The Keck spectra of 53WO91 (Dunlop et al. 1996; Spinrad et al. 1997) and 
53WO69 (Dunlop 1999; Dey et al. in preparation) both display strong spectral 
breaks at rest-frame wavelengths of 2640-Z and 2900..& (along with several other 
repeatable absorption features) which prove beyond doubt that their ultraviolet 
spectra are dominated by starlight from I? stars. This is illustrated in Figure 
1; the near-ultraviolet SED of 53WO91 is essentially indistinguishable from an 
F5V star! while that of 53WO69 is best described by an even redder F9V star. 
Since for ages less than c 5 Gyr essentially all spectral synthesis models predict 
that the near-ultraviolet light of a stellar population should be dominated by 
main-sequence stars, this means that the main-sequence turnoff point in these 
stellar populations must have evolved into the mid F-star regime. 

Figure 1 also shows that 53T;5;069 appears to be a cleaner example of a 
genuinely coeval stellar population; the SED of 53WO91 can be constructed bp 
adding a low-level population of FOV stars (or some other comparably blue low 
level component) to the SED of 53WO69. Derivin g the ages of these objects thus 
boils down to ‘simply’ determinin, c how long it takes for the near-ultraviolet light 
from an evolving main sequence to impersonate the SED of an F9V star. It is 
worth noting that, at the time of writing, these two gala,xies remain the only 
objects at redshifts as high as z N 1.5 for which this type of potentially accurate 
age dating is possible. 

3. Age cant roversy 

3.1. Model dependence 

Following the discovery of 53WO91: Dunlop et al. (1996) derived an estimate 
for its age of 3.5sO.5 Gyr. This estimate x-as based primarily on comparison 
with a main-sequence only model of spectral evolution, with special emphasis 
placed on the (reddenin, D independent) strength of the the 2640-k and 2900_~ 
spectral breaks. The age-datin, u of this galaxy was then explored in more detail 
by Spinrad et al. (1991) who highlighted the disagreement between different 
models (especially if R - Ii colour was included as a fitted quantity). but again 
concluded that an age of 3.5 Gyr appeared to be the most reasonable estimate 
of the time elapsed since cessation of star-formation activity. Subsequently. 
howeverY both Bruzual si Magris (1997) and Yi et al. (1999) have concluded in 
favour of an age as young as 1.5 Gyr. 

However, it transpires that a significant fraction of this disagreement arises 
from the fact that Bruzual 8~ Magris (1997) and Yi et al. (1999) have included 
R - I< colour as an important factor in the fitting process. ‘This dilutes much of 
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Figure 1. Top Panel: Galaxy rest-frame Keck spectrum of 53LVO91 corn-- 
pared with an average F.51’ IUE spectrum. Middle PaneI: GaIaxy rest-frame 
Keck spectrum of 53WOG9 compared xith an average FDV IUE spectrum. 
Bottom Panel: Comparison of the properly scaled rest-frame UV spectra of 
53WO91 and .53WO69 with a smoothed version of the difference spectrum 
compared with an average FOV IUE spectrum. 
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Figure 2. Upper panel: The spectrum of 53KO69 overlaid 
fitting Bruzual-Charlot model. which has an age of 3.25 Gyr. 
The spectrum of 53WO69 overlaid with the best fitting model 
et al. (1999): which has an age of 4.25 Gyr. 

with the best 
Lower panel: 

from Jimenez 

the advantage offered by the detailed rest-frame near-ultraviolet Keck spectra 
obtained for these objects, because the evolution of R-Ii colour at such redshifts 
depends not only on the main-sequence, but also on modelling of the later stages 
of stellar evolution, over which there remains much more controversy (due to 
complications such as mass loss; see Jimenez et al. 1999). In fact; if fitting is 
confined to the I<& spectrum, the models of Bruzual and of Yi indicate an age 
of ~2.5 Gyr, while the most recent models of Jimenez indicate an age of 3.0 
GS;r. Given the uncertainties, these ages are basically consistent. albeit 0.5 - 1 
Gyr younger than the original age quoted by Dunlop et al. (1996) (although the 
spectral breaks, especially the 2900-i break continue to favour an older age N 4 
Gyr - see Dunlop 1999). 

However: as explained above, 531TT069 provides a better example of a clean 
coeval stellar population. and for this 0 ~~~1a.m it appears that essentially all ex- 1 
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Figure 3. Reduced chi-squared versus the inferred age of 53WO69 derived 
from attempting to fit the Keck spectrum of 53WO69 with the evolutionary 
synthesis models of Jimenez et al. (1999), Bruzual & Charlot (1993) and 
Worthey (19%). 

isting models indicate an age > 3 Gyr. Figure 2 shows the data fitted by the 
updated models of Bruzual si Charlot (1993) (’ f m erred age 3.25 Gyr) and by the 
most recent models of Jimenez et al. (1999) (inferred age 4.25 Gyr). 

3.2. Age constraints for 53WO69 

Figure 3 shows a plot of reduced chi-squared versus inferred age, derived from 
attempting to fit the models of Jimenez et al. (1999), Bruzual si Charlot, and 
SVorthey (1994) to the Keck spectrum of 53WO69. The models of Jimenez favour 
an age about 1 Gyr older than the models of Bruzual k Charlot, but it is clear 
from this plot that this disagreement is not very dramatic in terms of quality of 
fit. The key point is that all the models favour an age of 3 Gyr or greater, with 
ages younger than 2.5 Gyr formally excluded. It is important to re-stress that 
these ages are based on instantaneous starburst models: and thus indicate the 
time elapsed since cessation of major star-formation activity with no additional 
time included for the process of galaxy/star formation. However: they do assume 
solar metallicity. 

3.3. Impact of varying metallicity 

_A major concern with this type of spectral age dating is that, as explored by for 
example TT;orthey (1994), deduced age is approsimately inversely proportional to 
assumed metallicity for most spectral age indicators. For the 2640-1 and 2900,& 
breaks this age/metallicity degeneracy appears to be not quite as severe as this 
(Dunlop et al. 1996; Fanelh et al. 1992), but nonetheless it is clear that the 
inferred ages of 53W091 and 531h7069 can be reduced to less than 2 Gyr if one 
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Figure 4. The Keck spectrum of 53WO69 fitted with the composite metal- 
hclty model of Jimenez et al. (1999) at an age of 4 Gyr. The mass-averaged 
metallicity of this model is Y 2 x solar, but the figure also illustrates how the 
sub-solar metallicity stars continue to dominate the predicted SED shortward 
of 3300Ai1. leading to an age estimate which is unespectedly robust to varying 
metallicity. 

assumes the observed stellar population consists only of stars with twice solar 
metallicity. 

However, new models of elliptical galaxy formation/evolution developed 
by Jimenez et al. (1999), and by Yi et al. (1999) suggest that adoption of this 
simple-minded age-metallicity degeneracy may lead to an overly pessimistic view 
of the accuracy to which ages can be derived. These models include chemical 
evolution during the initial starburst, in an attempt to produce a realistic stellar 
population of composite metallicity. The interesting consequence of comparing 
the predictions of such models to the near-ultraviolet SED of 53WO69 is that the 
inferred age is essentially unchanged from that derived using the simple solar 
metallicity models: despite the fact that the mass-weighted metallicity can be as 
high as twice solar. The reason for this is illustrated in Figure 4 which shows the 
best fit obtained using the 2x-solar metallicity composite model of Jimenez et 
al. (1999b) to 53WO69, at an age of 4 Gyr. The plot shows that while the high 
metallicity stars dominate the red end of the spectrum, sub-solar metallicity 
stars continue to dominate shortward of X % 3300-i. with the consequence that 
the derived age is more robust than would have been nai’vely expected. Indeed 
the statistical fit obtained with this 4 Gyr composite model is substantially 
better than that achieved with any single metallicity model. 

This result, coupled with the rather good agreement between different mod- 
els discussed above, suggests that an age limit of > 3 Gyr for the oldest gal&ties 
(and hence the Universe) at 3 = 1.5 should be taken seriously. Such an age 
is also consistent with the collapse epoch of these objects as inferred from the 
power-spectrum analysis of Peacock et al. (1998). 
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Figure 5. HST H-band profile of 53WO69 ( circles) compared with the best- 
fitting pure de Vaucouleurs law after convolution with the NICMOS H-band 
PSF (solid line) (Bunker et al. in preparation) 

Log&+ / kP4 

Figure 6. The Iiormendy relation displayed by 3CR radio galaxies at I’ = 
0.2 (solid circles) overlaid with the (indistinguishable) relation displayed by 
3CR galaxies at 2 z 0.9 (crosses) after allowing for 0.6 magnitudes of passive 
evolution in the I-band. The solid line show the best fitting Kormendy 
relation which has a slope of 3.2. The locations of 53WO91 and .53TVO69 on 
this diagram are indicated by the large circleScross symbols. They lie on the 
same Iiormendy relation, but with scalelengths a factor N 3 smaller than the 
mean scalelength displayed by the more radio-powerful 3CR galaxies. 
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4. Morphology and size 

HST I-band and J-band images of 53WO91 and 53kVO69 indicate that both 
gala-ties are dominated by a bulge component both above and below the 4000A& 
break (Waddington et al. in preparation). The most powerful evidence that 
morphologically these gala,xies are dynamically evolved ellipticals comes from 
analysis of the deep NICMOS H-band image of 53WO91 obtained by Bunker 
et al. (in preparation). In Figure 5 I show the luminosity profile derisred from 
this image; a simple de Vaucouleurs law with 110 nuclear component provides a 
significantly better fit to the data than a disc with a nuclear contribution, and 
the derived scalelength is re = 3.3 kpc ($I = 1: Ho = SOkm s-l Mpc-I). 

The derived scalelengths and surface brightnesses of both 53WO91 and 
53WO69 are placed in context in Figure 6, which demonstrates that they lie 
on the Iiormend_v relation described by 3CR radio gal&es (a.t both high a.ncl 
low redshift; McLure & Dunlop 1999): towards the lower end of the scalelen@h 
distribution of these more powerful radio galaxies. AS pointed out by McLure k 
Dunlop (1999): a reanalysis of the available HST data 011 3CR galaxies provides 
no evidence for any significant dynamical evolution of massive ellipticals between 
s = 1: the location of kj3TiVO91 and 53WO69 on Figure 6 is not unexpected given 
their moderate radio power (see &Lure et al. 1999): and suggests that the 
Kormendy relation for massive ellipticals may already be in place by 3 2 1.5. 

5. Formation epoch inferred from sub-millimetre observations 

It is interesting to attempt to relate the dynamical and spectral passivity dis- 
played by 53WO91 and 53WO69 at 3 N 1.5 to direct attempts to determine the 
main epoch of radio galaxy formation (and possibly all spheroid formation). 
There is certainly some evidence that. dynamically, radio gala,xies are different 
at z > 3 than at lower redshifts (van Breugel et al 1998), but the complica- 
tions of radio activity have made it difficult to constrain the major epoch of 
star-formation activity in these objects from optical/near-infrared observations. 

However, my collaborators and I have recently completed the first ma- 
jor SCUBA sub-mm survey of dust-enshrouded star-formation activity in radio 
galasies between z = 1 and z = 4, the results of which indicate that the main 
epoch of star-formation activity in these objects lies at z > 3. Previous sub- 
mm detections of high-redshift radio galasies have been at s E 4 (Dunlop et al. 
1994; Hughes et al. 1997: Ivison et al. 199s) but the extreme radio powers of 
the detected objects made it impossible to tell whether their inferred large dust 
and gas masses lvere primarily due to cosmic epoch: or insteacl related to es- 
treme radio porver. cowl as illustrated in Figure 7a: we have achieved sufficient 
coverage of the P - z plane to separate these effects, and by considering a slice 
at constant radio power, can for the first time derive the redshift dependence of 
sub-mm emission in powerful radio galasies. -4s shown in Figure i’b. the average 
sub-mm luminosity (and hence inferred gas mass and star-formation rate) rises 
out to at least z N it with sub-mm luminosity growing approximately propor- 
tional to (1 + z) 3. This strongly suggests that the bulk of star-formation in radio 
gala.xies occurred at redshifts 2 N 4 or higher. and that star-formation in radio 
galasies. and ar%uablv ellipticals in L/ general. is close to completion b?; : 2 3. 
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Figure 7. Upper panel: The radio-luminosity redshift plane showing the 
location of the 2: 50 radio galaxies observed with SCIJB.4 by Archibald et al. 
(in preparation). Red symbols of increasing size indicate detections of increas- 
ing brightness at SjOp~m. Blue symbols indicate non-detections. The green 
box defines a subsample of objects which span the redshift, range z = 1 + 4 at 
constant radio luminosity. allovving separation of the normally correlated ef- 
fects of redshift and luminosity. Lower panel: Weighted mean LsjePn2 for the 
radio galasies observed 4th SCUB.1 in redshift bins centred on 2 = 1,2,3,-l. 
The black diamonds refer to all the radio galaxies observed. while the green 
diamonds refer onlv to the subset of radio galaxies lying within the constant 
radio luminosity strip indicated in the upper panel. The lines are fits to the 
data of the form L x (1 + :)O to indicate the strength of the evolutionary 
trend. For all galaxies observed o z 4: while for those in the constant lum- 
nosity strip c~ N_ 3. Such evolution is of very similar strength to that deduced 
for many other populations of estragalactic objects out to z E 2.5 (Dunlop 
1998). but here appears to continue out to at least : 2 4. 
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Figure 8. -1 deep SCUB.l image centred on the z = 3.8 radio galaxy 
XX1.17 (Ivison et al., in preparation). The image confirms the original de- 
tection of -K$l.l7 at S50,um by Dunlop et al. (1994) but, also reveals an 
extended, and even brighter region of sub-mm emission to the south of the 
radio galaxy. This emission is clearly resolved and appears to be pointing 
towards the RG. Such structures are very suggestive of on-going massive star 
formation during the merging process by which massive galaxies arc believed 
to be constructed. ;i third sub-mm source is detected to the north-west. 

Finally, in Figure 8 I shop a deep (lo-hour) SCUBA image of the field 
centred on the z = 3.8 radio galaxy ~31.17. This new image reaches an rms 
sensitivity of N 1 mJy at %O/~rn (Ivison et al. in preparation), and 4241.17 itself 
is clearly detected in the centre, confirming the early single-element UKT1-1 
detection by Dunlop et al. (1994). However, the surprising thing about this 
image is that, despite the fact that 4C41.17 is one of the most luminous sub- 
mm sources ever detected, it is not the most luminous source in this 2%arcmin 
diameter image. -4 more luminous, apparently resolved rz 12mJp source lies to 
the south of the radio galaxy at a projected distance of Y 200 lipc? assuming 
it lies at the same redshift (an assumption supported by its sub-mm colours: 
Ivison. et al. in, preparation). and a third moderately bright source lies to the 
north. 

Taken together these sources indicate a considerable excess of dust en- 
shrouded star .formation in the vicinity of this high-redshift radio galaxy com- 
pilred with that f ound in blank field surveys (e.g. Hughes et al. 1995~ Eales et 
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al. 1998). Although this is only a single field, it is strongly suggestive of violent 
dust-enshrouded star formation in a high-redshift proto-cluster for which the ra- 
dio galaxy has acted as a signpost. Such images provide at least circumstantial 
support for the idea that the cosmological evolution of dust mass and SF activity 
plotted in Figure 7b might apply not just to radio gala,xies but to spheroids in 
general, especially those born in rich environments (see also Renzini 1999). 

6. Conclusion 

Radio gala,xies are obviously a special subset of all ellipticals: and very red/passive 
gala-xies such as 53WO91 and 53’csiO69 form a special subset of radio galasies. 
However: this does not necessarily mean they are unrepresentative of elhpti- 
cals in general. Rather, it may simply mean that it is rare to find elliptical 
galasies at 2 > 1 which have undergone SO little star-formation activity over 
the 2: 3 Gyrs prior to observation. -4s pointed out by Jimenez et al. (1999c), 
most realistic models of elliptical formation involve sufficient low-level secondary 
bursts of star-formation to frequently mask the true optical-infrared colours of 
a dynamically dominant stellar population at z > 1 (cf Zepf 1997). 

The apparent lack of significant dynamical growth of radio galaxies since s 2 
1 discussed above (McLure & Dunlop 1999) may also be representative of massive 
ellipticals in general. Certainly there is now a growing body of observationa. 
evidence from infrared studies that cluster ellipticals (de Propris et al. 1999) 
and field ellipticals (Dunlop et al. 1999) are essentially all in place by 3 % 1 (cf 
Kauffman & Charlot 1998). 

This lack of dynamical action since 3 = 1, and the ages of the oldest ellip- 
ticals at 2 > 1, both favour a universe with Smatter < 1. 
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Abstract. High resolution HST images have been combined with Keck 
1Om telescope spectra to study the internal kinematics of 100 faint disk 
galaAGes in the redshift range 0.2 < z < 1. These data form a high 
redshift Tullv-Fisher relation that spans five magnitudes and extends to 
well below L”, with no obvious change in shape or slope with respect to 
the local Tully-Fisher relation for the bulk of the observed population. 
The small offset of < 0.2 B mag can be attributed to strong brightening 
of a fraction of the low mass galaxy population at redshifts z 2 0.5. 
A comparison of disk surface brightness between local and high redshift 
samples yields a similar offset of < 0.3 B msg. one that increases more 
smoothly with redshift. These results provide further evidence for only 
a modest increase in luminosity with lookback time for this population. 
The change in disk size with redshift for disks of a given mass is then 
examined, to test current models for the formation of galactic disks which 
suggest that high redshift spirals are substantially smaller than nearby 
counterparts. 

1. Introduction 

We stand on the threshold of an exciting new regime in the study of galaxy 
evolution. Relatively recent technological innovations make it possible for the 
first time to disentangle the effects at high redshift of the formation and evolution 
of galaxies from the structure of the universe in which they are found. 

Within this framework, it is critical to recognize several important points. 
First, galaxy evolution is best studied in an extended multi-parameter space with 
an awareness of the interplay between correlated parameters. We must examine 
the luminosity, size. and mass distributions of galaxies. preferably with some 
knowledge of their colors, redshift-independent morphologies: and line indices 
and other star formation indicators. It is perilous to assume that any two- 
dimensional projection can represent the complete picture. Second, evolution is 
a differential process: which may vary strongly as a function of galaxy mass (or 
other parameter). Third, when comparing high redshift samples to low redshift 
samples or to theoretical distributions, it is imperative that varied selection 
effects between samples be properly modelled. 

>Vhile galaxy luminosity can be highly sensitive to instantaneous star for- 
mation? galaxy mass is a more stable, integrated measure of global properties. 
It is thus imperative to extend mass measurements to the high redshift regime, 
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and there have been a number of approaches to date to this end. Studies of 
bright, blue gala-ties have found evidence for strong brightening at redshifts as 
low as z - 0.3 (Rix et al. 1997, Simard & Pritchet 1998), and an increase 
in the number counts of compact, bright star forming galasies has been seen 
(Phillips et al. 1997; Guzman et al. 1997 8~ 1998). Our work has identified a 
population of disk gala,uies with properties similar to local spirals e,xisting as far 
out as a redshift 2 N 1 (Vogt et al. 1993, 1996, 1997 & 1999). Some intriguing 
attempts have also been made to derive mass estimates for z N 3 galaxies by 
measuring line widths of UV and blue features redshifted into the IR (Pettini 
et al. 1998) by examinin, D relative velocities of components within a single po- 
tential well (Lowenthal et al. 1997), and by modeling the size and thickness of 
large proto-disk gala,xies to produce L, absorption features (Prochaska & Wolfe 
19%). These works serve to illustrate the potential inherent in exploiting mass 
measurements. 

We present here mass estimates based upon rotation curves derived for 100 
field galaxies at redshifts 0.2 I z 5 1; combining spatially-resolved spectra from 
the Keck 1Om telescope with inclinations and position angles determined from 
the refurbished Hubble Space Telescope (JET). 

2. Observations 

We have undertaken a five year (1995 through 1999) redshift survey of the Groth 
Survey Strip (GSS: Koo et al. 1996); a set of 25 contiguous WFPC2 pointings in 
the northern sky for which F606W(I/) and FSliLW(I) data have been obtained. 
We have chosen to observe galaxies down to a limiting magnitude of V + I < 43 
(I 2 23.5 for I7 - 1 = 1, add 0.5 mag for AB system), over a 40’ region covering 
15 Mpc by redshift z - 1. We currently have spectra for 640 gala>xies, 80% 
of which have a svell determined redshift (Phillips et al. 1999). Spectra were 
obtained using the Low Resolution Imagin g Spectrograph (Oke et al. 1995) in 
multislit mode, observing up to 50 target simultaneously. Both the blue-blazed 
900 line mm-r grating (0.83 Ai per pixel) and the red-blazed (1.26 A% per pixel) 
600 line mm-’ grating were used to cover the wavelength range 5000 a& through 
9000 A$: and a 2045x2045 pixel CCD with a scale of 0!‘215 per pixel. 

We were able to align individual slitlets within each multislit mask along 
the major axes of galasies, and thus trace spatially resolved rotation curves 
from strong emission lines ([0 1113727, [O 111]5007, H-,/3; and H-o). ‘Targets were 
prioritized for this purpose within the general redshift survey pool when they 
met the folloxving criteria: an inclination angle i > 30”, a position angle on the 
sky within 30~ of the multislit mask angle: and I < 22.5, Roughly half of our 
rotation curves are for fainter galasies. however: which did not meet the magni- 
tude cut but proved to have sufficiently stron, c emission to be traced successfully 
nonetheless. Our restriction to galaxies with inclination angles i 2 30” serves 
two purposes: it removes spheroidal, early type systems which would not have 
strong, disk emission to trace: and it removes extremely face-on disks. sate that 
there was no attempt made to discriminate on the basis of apparent morphology7 
as we did not &sh to perturb the sample against disk gala-ties showing signs of 
interaction or with unusual morphology. X few elongated elliptical galasies did ‘, 
meet our criteria. and were observed within the sample. 
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2 = 0.45 z = 0.45 z = 0.46 2 = 0.49 z = 0.50 

z = 0.53 z = 0.54 z = 0.57 z = 0.62 z = 0.62 

z = 0.63 z = 0.63 z = 0.65 z = 0.65 z = 0.66 

z = 0.67 z = 0.70 z = 0.72 z = 0.81 z = 0.81 

z = 0.63 z = 0.88 z = 0.90 z = 0.91 z = 0.99 

Figure 1. I514 7” by 7” images of spirals in the redshift range 
0.2 < s < 1: illustrating the morphological properties of our GSS 
sample over a range of inclination angles between 30' and 90°. 
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Figure 1 shows a representative 30 of the gala,xies for which we were able 
to obtain rotation curves, covering redshifts 0.2 5 z 5 1. We have observed 
edge-on and less inclined galasies over the entire redshift range, and find no 
dearth of spiral galaxies of normal appearance at high redshift. 

The galaxy 104-4024 (z = 0.81) is one such notable large, high redshift disk. 
5J’e have obta,ined XICMOS H images for 12 of our disk galasies within this field, 
including this one. By combining the HST VIH data together we were able to 
identify 8 small, extremely blue sources within 4” (25 kpc at ; = 0.81)) of 104- 
4024. (This figure is not reproduced here as one needs a color image in order to 
properly see the sources.) Given their unusually high spatial density, we believe 
that they lie at the same redshift and in the same potential well. Their faintness 
places them roughly 5 orders of magnitude below L”, and this combined with 
the even distribution suggests that they may be companion satellite galaxies in 
orbit around the large disk galaxy. 

Determining the rotation curves of these distant galasies poses some special 
difficulties not encountered with nearby galaxies. The galaxies are typically not 
much larger than the seeing disk (wO!‘Q-l!‘O) or the slit-width (l!‘O), so the 
resultant spectra represent a comples combination of the spatial distribution in 
both velocity and emission line surface brightness. 

To interpret the data, we adopt a simple exponential disk model for each 
source, where the inclination and orientation relative to the slit matches mea- 
surements from the HST images. The velocities in the model are assumed to 
rise linearly with radius out to roughly one disk scale length, and then to remain 
flat (c.f. Persic si Salucci 1991). The spatial distribution of the emission-line 
flux is assumed to follow the disk (Kennicutt 1989), with a scale-length larger 
by a factor of 1.5 (Ryder & Dopita 1994). The model was then convolved with 
an appropriate Gaussian to approsimate the seeing, masked with a model slit, 
and a spectral line profile calculated at each pixel along the slit. The resulting 
model emission line was subjected to the same analysis as the observed lines. 
Iterative adjustments to the circular velocity and the rise-time of the model were 
made until the simulated and observed emission lines matched at the velocity 
extremes. The model circular velocity. I’&, was then adopted as the intrinsic 
terminal velocity, I&.m, of the galaxy. The la errors in V,,,., shown in Fig- 
ures 4 and 5 were estimated by varyin g the inclination and position angle of 
each galaxy by f 10’ and adopting the extrema. Although the model was ad- 
justed in amplitude to fit the velocities in the outer regions of the galaxies, in 
most cases it provided a good fit at all galactocentric radii. 

Figure 2 shows I-band images and observed [0 II] velocity curves for several 
of the sample gala.xies. Scales are identical and spatial axes aligned for each set 
of three plots. For each galaxy, the LRIS slit width and orientation are indicated 
on the WFPC2 imoage on the left: along with its 1: V-I, and MB magnitudes. To 
the right is a -40.4 section of the LRIS spectrum centered a,round the redshifted 
[O 11]3i’27 doublet. In the velocity information on the far right, points represent 
the observed [O II] velocities (plus [0 III] for 284-4709), and the solid line is the 
model rotation curve. Error bars are internal errors derived from the line-fitting 
technique. 
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.3. Discussion 

Figure 3 is a plot of exponential disk scale-length Rd vs. disk B luminosity for 
our GSS sample? where the straight lines trace out constant surface brightness 
levels. We compare our data to a local sample of spirals, and a mean offset is 
found of AMB < 0.3 mag for the total sample. The offset is found to increase 
smoothly with redshift when examined bin by bin (AXB N 0.7 for z 2 0.76). 

We then overlay additional galxxies from our general redshift survey of the 
field for which the bulge fraction B/T is less than 25%, to check for an intrinsic 
size selection in our subsample of disk galasies for which we have obtained 
rotation curves. For the two lower redshift bins the additional gala,xies have a 
distribution like that of our subsample, but for redshifts z > 0.76 the mean of 
the general survey data lies further away from the local relation than does our 
subsample. ‘This can be interpreted as a shift to higher surface brightness, or 
smaller intrinsic size, and is not unexpected. We require a certain spatial extent 
of [0 II] flus along the major axis of the galaxy in order to trace out a rotation 
curve, and must deconvolve the velocity profile from the effects of the seeing disk 
and the slit width. At redshift z = 1,l” = 7 kpc for our cosmology of He = 75 
km/s/Mpc, q0 = 0.05, and at the highest redshifts we are not able to resolve 
very small gala.xies. 

In Figure 4 xe compare the data to a local Tully-Fisher relation in the rest- 
frame B-band: which corresponds to V at z - 0.4 and to I at 3 N 0.8 (i.e. the K 
corrections are small). We have used a local relationship (Pierce 8 Tully 1992) 
derived from 32 spiral galaxies in the Ursa Major cluster, based on HI velocity 
width measurements (corrected for turbulent broadening). 

Our data form a high redshift Tully-Fisher relation that spans five magni- 
tudes and extends to well below L*, with no obvious change in shape or slope 
with respect to the local Tully-Fisher relation for the bulk of the observed popu- 
lation. The small offset of < 0.2 B mag can be attributed to strong brightening 
of a fraction of the low mass galaxy population at redshifts z 2 0.5. We can 
visualize this most easily as a combination of trends. First, across all 3 redshift 
bands there e-&t galaties which fall in the region of Tully-Fisher diagram pop- 
ulated by galaxies in the local universe. Second: as we move beyond redshift 
J - 0.5 we find a fraction of the low mass galasies deviate from the local relation 
(with offsets of A-11~ N 3 mag). Third, as we move beyond redshift s r~ 0.5 our 
selection criteria act to remove small: low luminosity galasies from the sample. 
IT-e can combine these trends to visualize a population of spirals with properties 
similar to those of local spirals occurring out to redshift z N 1, with a low mass, 
brightened fraction appearing at 2 N 0.5; both populations are truncated at the 
faint end of the relation for high redshift galaxies. 

We nest re-examine the rotation curves show in Figure 2: observing the 
location of the galaAGes on Figure 4. Gala,xies 23-l-4709 and 273-4609 are rep- 
resentative of the bulk of the gala-ties. They have normal spiral morphologies, 
and their circular velocities place them along the local Tully-Fisher relation. The 
other two galaxies are quite different, have have morphologies markedly different 
from the rest-of the sample. Galaq 293-5339 appears like a series of pearls on a ,’ ‘- 
string rather than a continuous disk: and the rotation curve supports a view of 
three or more individual components within a single potential that have not yet 
merged (each component having an individual circular velocity of Y 50 km/s). 
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Figure 3. A high redshift surfa,ce brightness diagram plotting expo- 
nential disk scale-length Rd VS. disk B luminosity. We show data for 
100 galasies from the GSS divided into three redshift bins, with solid 
high quality points and hollow fair quality points. Magnitudes have 
been corrected for internal extinction, and disk scale-lengths have not 
been corrected for inclination (hollow points denote disks of inclina- 
tion i > 800). The distribution of the high quality data (dotted line) 
is compared to a relationship for local spirals (de Jong 1995). We then 
overlay additional gala,xies from our general redshift survey ‘of the field 
for which the bulge fraction B/T is less than 25%: to check for an 
intrinsic size selection in our subsample of disk galasies. 
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Fig-we 4. -4 high-redshift TF diagram plotting circular velocity QrnL 
vs. total B luminosity. We sholv data for 100 galasies divided into three 
redshift ranges, with solid high quality points and hollow fair quality 
points. Velocities have been corrected by sin i. and magnitudes for 
internal extinction. The distribution of the high quality data is conl- 
pared to a local relationship based on HI velocity width measurements 
for a restricted set of 32 local cluster spirals (Pierce and Tully 1992). 
II mean offset is found of A~-TB 5 0.3 mag. This offset does not vary 
significantly between the three redshift ranges, hut at higher redshifts 
selection effects become more and more important. 



Kinematics and Evolution of‘ Disk Galaxies to z - 1 153 

,.Galaxy 273-4619 appears to be a single component but curves like a filament 
rather than lying flat like a disk, with an outcrop at the upper end of the slit 
which is quite real. The simple model profile yields a V,,,,,, of 52 km/s, but 
when a contribution is removed due to the curved distribution of the flux within 
the slit, the remaining velocity is of order I&,,, N 30 km/s. We emphasize 
that these galaxies (a) have a very unusual morphology, and (b) are extreme 
rarities in our sample, on which no morphological selection has been performed. 
They show an offset relative to local gala>xies in this diagram, but there are also 
gala,xies with disk morphology in this region of the Tully-Fisher diagram. 

Recent years have seen the emergence of a standard model for the growth 
of structure - the hierarchical clustering model in which the gravitational effects 
of dark matter drive the evolution of structure from the near-uniform recombi- 
nation epoch until the present day. Simple models for galaxy formation in the 
contest of these CD&l cosmogonies have been remarkably successful in repro- 
ducing the properties both of the nearby galaxy population (Kauffmann, White 
& Guiderdoni 1993) and of the recently discovered population of Lyman break 
gala,xies (Baugh et al. 199s). In the last couple of years modeling of this type 
has been extended to predict the sizes, surface densities and rotation curves of 
spiral galaxy disks (Dalcanton, Spergel & Summers 1997; MO, Mao & White 
1995). The result is a testable scenario that predicts the basic structura,l prop- 
erties of the disk galaxy population in any specific cosmogony of CD&I type. 
The models also predict how the ensemble of disk galaxies should evolve with 
redshift, They assume that most spirals are the central galaxies of isolated halos: 
an assumption supported by the fact that they must have undergone minimal 
dynamical disturbance since the formation of the bulk of their disk stars (T&h 
& Ostriker 1992). In this case the size of the disk is expected to scale with that 
of its dark halo, leading to the prediction 

where Rd is the disk scale length. A is the spin parameter of the halo, Vi is the 
halo circular velocity. and H(s) and Ho are the Hubble parameters at redshift s 
and at the present epoch respectively. Disk size is predicted to scale linearly with 
Vi but with substantial scatter induced by A. At high redshift the distribution 
of sizes is shifted to smaller values. By z = 1 the factor is almost 0.5 in log Rd 
for an Einstein-de Sitter Universe, but only about 0.2 for a flat universe with 
Re = 0.3. Thus distant disks are expected to be small and dense as compared 
to local disks. 

Because the prediction scale linearly with redshift. it is critical to extend our 
measurements of circular velocities to as high a redshift as possible. Because this 
two-dimensional projection is not a fundamental projection for spiral gala,xies: 
there is considerable scatter at all redshifts. Furthermore, spirals move across the 
plane of the diagram accordin, v to spiral type SO we have confined our comparison 
to late type spirals. 

Figure 5 is a plot of exponential disk scale-length Rd vs. circular velocity 
%3-rn for the late type (Sbc - Scd) spirals within our sample. reflecting the 
current limitations of this technique. We find a mean offset of A log R,l cu 0.1. 
which increases with redshift (1 log & h 0.2 for J > 0.76). Examining the 
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Figure 5. -4 high-redshift velocity-size diagram plotting exponential 
disk scale-length Rd vs. circular velocity T’i,,,,,. T;lie show data for 70 
late type spiral galasies divided into three redshift ranges. with solid 
high quality points and hollo~v fair quality points. Velocities have been 
corrected by sin i: but disk scale-lengths have not been corrected for 
inclination. The distribution of the high quality data is compared to a 
local relationship (Vogt 1935. Burstein et al. 1’397). A mean offset is 
found of 3 log Rd - 0.1. which increases with redshift (1 log R,i N 0.2 
for z > 0.76). 
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-.highest redshift data within our sample: we see that our data lie considerably 
above the predictions for an Einstein-de Sitter Universe, but agree with those 
for a low a,, model. However, the scatter in the data and the selection cuts are 
cause for concern. We are in the process of expanding the high redshift portion 
of this sample by additional observations out to redshift z w 1 with Keck+LRIS, 
and attempting to extend out to higher redshifts in the IR with VLT+ISAAC, 
to explore this further. 
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Abstract. The correlations known as the fundamental plane (FP) pro- 
vide a powerful tool to study the evolutionary history of the early-type 
galaxies. The surface brightness intercept is an indicator of mean lumi- 
nosity evolution of the galaxy population, while the slope of the FP is an 
indicator of the relative evolutionary rates of low and high mass gala,ties 
within the population. Large galaxy samples at intermediate redshifts 
are required to study the latter: and selection criteria must be uniformly 
applied and quantified. The first such investigation, based 011 > 120 

galaxies at 0.1 < 3 < 0.6, su,, -vests that the slope of the FP relations is 
subtly evolving with redshift even though the evolution of the intercepts 
of the FP: color-magnitude, and absorption line-00 relations appear to 
favor zf > 3. The most likely scenario which could explain these effects 
is an evolutionary history that is a weak function of galaxy mass, such 
that the lowest mass early-type galasies are somewhat younger than the 
highest mass gala2xies. 

1. Introduction 

The last half decade has seen a dramatic increase in our understanding of the 
evolutionary history of early-type galaxies in rich clusters. It is now widely ac- 
cepted that the early-type galasy population is old and formed at early epochs- 
whether the observations are derived from HST photometric correlations alone 
(Barrientos et al. 1996; Pahre et al. 1996), ground-based colors and HST mor- 
phological typing (Stanford et al. 1998), HST colors and complete spectroscopic 
samples (van Dokkum et al. 199Sa), or HST optical (van Dokkum & Franx 1996; 
Kelson et al. 19%‘; van Dokkum et al. 199Sb) and ground-based near-infrared 
(Pahre et al. 1999ab) imaging combined with Keck moderate dispersion spec- 
troscopy. It is thus obvious that this revolution in evolutionary studies has 
been largely instrument-driven in the combination of moderate-dispersion spec- 
troscopy on very large telescopes and high-resolution imaging either with HST 
or at near-infrared wavelengths from the ground. 

But such studies usually suffer a common assumption in their approach: 
they treat early-type gala,xies as a single. uniform population without inherent 
differences. Now that HST imaging and Iieck spectroscopy can be obtained for 

1 Hubble Fellow. 
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Figure 1. The effects on the slope of the FP when varying various 
physical parameters alon, v the early-type galaxy sequence. Notice that 
if high mass galasies (upper right of diagram) are made older: more 
metal-rich, or more dominated by dark matter (per unit luminosity) 
than low mass galaxies, then the slope of the FP flattens. 

reasonably large samples of galasies it is possible to relax this assumption and 
determine to what extent there may e.xist systematic differences among early*- 
type galaxies. These differences may take the form of age, metal abundance, 
dark matter content, or velocity distribution as a function of galaxy mass. 

2. The Evolutionary History Implied by Local Early-Type Galaxies 

The fundamental plane (FP) of elliptical galasies is defined as the bivariate 
correlation among the observables (such as effective radius r,E. mean SB (/L),E, 
and central velocity dispersion ao) that has the minimal scatter (Djorgovski 
8~ Davis 1957; Dressler et ~1. 1987). The esistence of a thin FP implies a 
homogeneity among the physical properties of elliptical galasies. The form of 
the relation provides direct insight into physical parameters that may form the 
basis of the galaxy sequence, such as the stellar content of the galasies. 

Age-metallicity degeneracy (ST-orthey 1994) prevents a clean separation of 
the stellar population parameters for the stellar content of early-type gala,xies. It 
has therefore been the largest obstacle to studies of nearby gala-ties in the local 
universe. There are added degeneracies due to possible variations in the dark 
matter content per unit luminosit,y (or stellar mass) and homology breaking,in 
the velocity distributions among the family of early-type gala,xies. These various’ .: 
effects are summarized schematically in Fig. 1. 

Despite these challenges in deriving the evolutionary history based on ob--’ : 
servations in the local univ-erse. recent work in the near-infrared Ii-band-a 



.wavelength nearly independent of the effects of metalhcity, and hence a method 
of breaking its degeneracy with age-imply that age, metallicity, and dynami- 
cal effects (either dark matter or homology breaking) all play a role in defining 
the sequence (Pahre et al. 1998). If true, then the age effects should become 
more pronounced with redshift as the formation epoch of the youngest galaxies 
is approached. 

3. Evolution of Early-Type Galaxies in Clusters 

This section describes a large survey of early-type gala-ties in clusters at 0 < 
z < 0.6. The data were obtained from the Palomar and Iieck observatories for 
both imaging (optical and near-infrared wavelengths) and moderate dispersion 
spectra. Wide-field optical imagin g was obtained for 26 rich clusters; follow-up 
near-infrared imaging and optical spectroscopy were obtained for a subset of 
15-30 galasies in eight clusters. 

3.1. Homogeneous Selection Procedure 

The galaxies that are studied in this survey are selected in a quantitative and 
uniform manner at all redshifts. The source data are ground-based and two- 
color, spanning (V - V)c and (V - I)o. The color-magnitude and color-color 
relations are used, as well as the concentration index (2-lbraham et al. 1994). 
The method is summarized in Fig. 2 for cluster Abell 665 (Z = 0.18). 

3.2. Color Evolution 

The aperture color-magnitude relation (Visvanathan & Sandage 19’77) repre- 
sents a projection of the bivariate FP onto two of the three fundamental axes; 
the color-magnitude relation is thus a higher scatter projection of the FP. The 
ground-based two-color imaging data which were used to select the sample can 
also be used to study the color evolution of the early-type galaxies in the survey 
using the intercept of this aperture color-magnitude relation, evaluated at the 
standard condition of fixed luminosity (V tot = 14 mag at the distance of the 
Coma cluster, or ;JfV = -20.9 mag assuming He = i5 km s-r Mpc-I). 

Xs shawl in Pig. 3> this evolution appears to be passive following a forma- 
tion epoch at high redshift. This is consistent with other results (Stanford et al. 
1998): but here the redshift coverage is continuous, and the evolutionary history 
consistent: between the local universe (Coma cluster; Bower et al. 1992) and 
the intermediate redshift clusters. Note that these results only describe how the 
mean population is evolving, not how high or low mass gala,xies might differ.l 

3.3. Evolution of Absorption Line Strengths 

The Balmer lines of hydrogen are often considered a powerful probe of age dif- 
ferences in the stellar content of galasies (Worthey et al. 1995; Jones &I Worthey 

‘While Stanford et al. (1998) studied the evolution of the slope of the color-magnitude relation 
for HST morphologically-selected E/SO galaxies. the predicted slope evolution based on the 
observations in the present paper are not excluded by their data (with the possible exception 
of one cluster at z - 0.9). 
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Figure 2. Example of the two-color (three-band) and morphological 
(concentration index) selection criteria used to constructive quantita- 
tively uniform samples of early-type galasies for study in clusters at 
0.1 < J < 0.6. The color-magnitude relations are well-defined in (a) 
and (b), a locus in color-color space is clearly delineated in (c): and the 
concentrated early-type O uala,xies are similarly easily identified using the 
concentration index in (d). (From Pahre 1999b.) 
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Figure 3. ‘The color evohrtion in rest-frame (U - V7) for early-type 
galasies in rich clusters at 0.1 < 2 < 0.6. The clusters have been binned 
by redshift and a relative k-correction from the observed colors-(U - 
V) for z < 0.15, (B - R) for 0.15 < z < 0.5, and (V - I) for 2 > 
O.5- into the rest-frame (G - V), has been applied. Filled symbols 
represent a constant slope for the color-magnitude relation, while open 
symbols are derived by ahow&, c the slope to vary with cluster and 
redshift. Evolutionary models are plotted from Bruzual & Charlot 
(1996, in Leitherer et al. 1996) with formation redshifts of of = 1 and 
5 and normalized to the Coma cluster. The color evolution implies the 
highest formation redshifts for the mean early-type galaxy population. 
This evolutionary rate can be approsimated by the analytical form 
4(U - V) = -l.llog(l + z). (From Pahre 1999b.) 

1995) while the Mg2 (Mould 19%) and (Fe) indices are mostly a function of metal 
abundance. oh these lines should evolve with redshift, although the Balmer Lines 
will have a larger dynamical range due to their stronger age dependence. 

The Palomar and Keck spectroscopy of > 100 early-type galaxies in sis 
clusters at z > 0.1 is shwn in Fig. 4. AS seen in that figure, the Mg2 and (Fe) 
lines weaken with increasing redshift while H,$ strengthens. ‘These trends are 
actually mutually consistent with one another in both the Bruzual & Charlot 
(1996; as provided in Leitherer et ~1. 1996) and Vazdekis et al. (1996) simple stel- 
lar population models. The implied formation redshift for the mean population 
based on these models is of > 3. 

3.4. Ludnosity Evolution from the FP Intercept . 

The use of the FP as an indicator of early-type galaxy evolution was pionekred 
by Frans and collaborators (Frans 1993; van Dolikum & Franx 19363. The 
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Figure 1. Evolution of the absorption line strengths of Mg2 j (Fe): and 
H,~G measured from the Keck/Palomar spectra and calibrated onto the 
Lick/IDS system. Each indes is corrected for the slope of the correla- 
tion with log co. hIodels identical to those in Fig. 3 are plotted here 
as solid lines; similar models from Vazdekis et al. (1996) are plotted 
as dotted lines. The models are fixed to the Coma cluster data at 
z N 0 from Jorgensen (199i’). The evolutionary history of these in- 
dices implies high formation redshift for the mean early-type galaxy 
population. (From Pahre et al. 1999c.) 

internal dynamics of galasies at intermediate redshift gala-ties were difficult to 
measure with 4 m class telescopes (van Dokkum 8~ Franx 1996; Ziegler si Ben- 
der), but have become straightforward with 10 m telescopes (Kelson et al. 199i’; 
van Dokkum et al. 1998b; Pahre et al. 1999a) and high throughput, multi-object 
spectrographs like LOIS (Oke et ~1. 1995). It is now possible to assemble large 
samples of early-type galxxies at intermediate redshifts with central velocity 
dispersion measurements of sufficient cluality that the FP correlations can be 
constructed. 

The FP in the near-infrared at 0 < 2 < 0.6 is plotted in Fig. 5 for various 
clusters in the survey. 

The SB intercept of the FP at any redshift -must be corrected for surface 
brightness dimming (Hubble & Tolman 1935), and then a &correction is ap- 
plied. The SB intercept is then evaluated at fixed R,E (in kpc. and hence the 
results depend weakly on the assumed cosmology) and log 00, which implies that 
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Figure 5. The FP of early-type galaxies for 0 < z < 0.6 in the near- 
infrared K-band. The local galaxy sample at z N 0 is taken from Pahre 
(1999a) while the higher redshift sample is taken from observations 
with the Keck 10 m and Palomar 5 m telescopes (Pahre et nl. 1999a). 
The best-fitting slope is plotted in each panel, which shows the subtle 
effect of flattening with redshift. This is an indication that there esists 
differential evolutionary effects alon, v the early-type galaxy sequence. 
(Figure adapted from Pahre et al. 1999c.) 

the luminosity (or M/L) is evaluated at fixed mass. The SB intercept is thus 
corrected to a “standard condition.” -An?; deviations of the corrected SB inter- 
cept from the local value implies evolution in the population. The evolution of 
luminosity at fixed mass, or the evolution of :14/L, is plotted in Fig. 6. Various 
models are also plotted which show that the mean population formed at high 
redshift zf > 3. 

3.5. Evolution of the Slope of the FP 

While the FP at intermediate redshifts appears similar to its form at z k 0 
(Fig. 5), there is a subtle change that appears in the slope of the relation. The 
variation of slope xith redshift is quantified further in Fig. 6. 

Since the slope of the FP could be a result of variations in a.ge: metallicity. 
dark matter content, or homology breaking along the galaxy sequence (Fig. 1): 
the evolution of the slope with redshift is an indicator that age is playing a role in 
helping to define the slope of the correlations. Note that this does not contradict 
the lack of evolution of the scatter of the color-magnitude relation (Ellis et al. 
1997: Stanford et al. 1995). since the scatter only implies that gala.xies of any 
given luminosity must have a similar formation redshift. 
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Figure 6. The evolution of the near-infrared FP with redshift: [left] 
evolution of the surface brightness intercept (or M/L ratio at fixed 
mass), which is an indicator of the mean evolution of the early-type 
galaxv population; [right] evolution of the slope, which is an indicator of 
differktial evolution among early-type gala.xies as a function of galaxy 
mass. While the SB intercept appears to evolve in a manner implying 
high formation redshift (as has been found in other studies), the slope 
evolution suggests the lowest mass early-type galasies may have formed 
somewhat earlier than the highest mass galasies. Models plotted on 
the right are taken from predictions based on observations of galasies in 
the local universe from Pahre et al. (1998). (From Pahre et al. 1999b.) 

3.6. Possible Selection Effects 

From the above discussion, it is clear that the broad picture of the evolution of 
early-tvpe gal&es in clusters is in place. ” The mean evolution implied by the 
color-magnitude relation, the absorption line strengths, and the intercept of the 
FP all imply that the formation redshift was zf > 3. But the far more subtle 
effect of the evolving slope of the FP suggests that there is more to the picture 
than just a single formation redshift for all early-type gala,xies. 

Since the vast majority of the cluster galasies at z N 0.5 will become z w 0 
early-type cluster b q,lasies (similar to those in Coma), it is difficult to decide 
which galasies at z N 0.3 ought to fall in the evolutionary sample. For example: 
are IfA gala,xies of early-type’? Since there are more bluer galaxies in higher 
redshift clusters due to the Butcher-Oemler effect, do these galasies fall out 
of the sample at s k 0.5 while they fall into the sample at z N O? Is color 
selection a more or less restrictive criterion than morphological selection (using 
HST images)? 

For example, I<ELSOX (this volume) has reported the results of a study of 
h 50 galasies in a cluster at z = 0.33. only N 60% of which (to R < 21 mag) 
are morphologically classified as early-type (E or SO) on the HST images. This 
compares to a fraction of > SO’% E/SO galasies in the Coma cluster within a 
similar luminosity range’ (Terlevich et al. 1999). suggesting that a significant 
fraction of the gala-ties are falling out of the sample between z N 0 and 0.3. 
The “lost” galaxies are presumably OIL the faint end of the sequence and of 
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intermediate morphological type, which underscores the importance of a detailed 
understanding of the sample selection criteria at all redshifts. 

Such issues are crucial to address, and may hold the key for understanding 
subtle differences between various studies and approaches to early-type galaxy 
evolution. Future work will no doubt focus on these issues in far greater detail. 

4. Comparing Field and Cluster Evolution for Early-Type Galaxies 

Some models of hierarchical galaxy formation predict significant differences be- 
tween early-type galaties in the high density environment in the cores of rich 
clusters and those in the low density environment of the general field (Kauffmann 
si Charlot 1996). The general trend among such models is that the galasies are 
somewhat younger in the field, because the major mergers tend to occur there 
at later times than in cluster cores. 

Studies of possible differences between cluster and field early-type gala.xies 
in the local universe are hampered by distance uncertainties on the FP. A recent 
comparative study of N 100 nearby field and cluster elliptical galasies indicates 
that there are, at most: only subtle differences among the most luminous galaxies 
(Pahre et al. 1999d); the predicted differences are at the level of the measurement 
uncertainties for this local study. 

Such studies may be better done at intermediate redshifts because the evo- 
lutionary effects are magnified, but the surface density of the galaxies makes 
them comparatively inefficient to study even with multi-object spectrographs 
(Treu et al. 1999; KOO 1999). Gravitational lens gala-ties are typically isolated 
(or located in groups), and are of early-type, hence they represent other po- 
tential targets for field early-type galaxy evolutionary studies (Kochanek et al. 
1999). These studies show that early-type galaxies at z N 0.5 have very similar 
evolutionary histories in both clusters and the field, although it is not yet clear 
if the results yet significantly contradict predictions of the hierarchical galaxy 
formation scenario. 

c 3. Summary 

The first large study of the evolution of the FP for > 100 early-type gala>xies 
at intermediate redshifts has been described. While the galasies show a mean 
evolution that inlplies a high formation redshift, there appears to be the first 
sign of differential evolution along the galaxy sequence. This suggests that evo- 
lutionary rate is a function of galaxy mass; it would also be naturally explained 
by the lowest mass early-type gslasies being somewhat younger than the most 
massive galasies. 

The last few years have seen an explosion of studies of the evolutionary 
history of early-type galaxies. The advent of additional 3.25 * 1.75 m telescopes 
will continue to add to the accumulated data at an ever-increasing rate. easily 
dwarfing the sum of all previous studies. It will be important to use these newer 
data to study a number of questions which are more subtle than just the mean 
formation redshift of early-type gala.xies: 



Evolution of Early- Type Galaxies 165 

l How does the formation redshift (and hence age) of the galasies vary with 
galasy mass? 

. ‘How much recent star formation (like 5% by mass) could have occurred’! 

o =Ire there differences between the cluster core and the halo environments? 
How about between rich (S-ray selected) and poor clusters? 

e How do E+A gala<xies and the Butcher-Oemler effect factor into such evo- 
lutionary scenarios and the selection effects in these studies’? 

a Do field a,nd cluster elliptical galasies systematically differ in their ages as 
is predicted in many hierarchical galasy formation scenarios? 

a Given fair sample sizes and well-understood selection criteria; can the cos- 
mological parameters be constrained? 

Answers to these questions will provide US with a complete picture of the 
formation and evolution of early-type galaties. 
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_ Mid-UV Spectroscopic Dating of EBDS 53WO91 
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Abstract. We have calibrated age-related spectral diagnostics in the 
mid-UV in terms of age and metallicity. We then make a preliminary 
application to dating the red galaxy, LBDS 53WO91 at z = 1.5;. 

1. Introduction 

For passively evolving stellar populations younger than about 5 Gyr, the hottest 
stars are at the main sequence turnoff (MSTO). These stars are the only source 
of significant flux in the mid-UV (2000 - 3200 A) spectra of such galaxies; in fact. 
the spectra are remarkably similar to that of a single F-star. By determining 
the effective temperature of the MST0 stars, we can measure the age of the 
population. 

This technique wa,s first applied by Dunlop et al. (1996) and Spinrad et 
al. (1997) to LBDS 53WO91, a very red galaxy at a redshift of J = 1.55. 
Observational evidence (colors, morphology, etc.) indicates that 53WO91 is a 
normal giant elliptical galaxy, so its red color is likely due to an aged stellar 
population. Spinrad et al. (1997) used archival ICE low-dispersion spectra 
(R=6 -4) of F-type stars to calibrate the flux breaks at 2640 A and 2900 A% in 
the spectrum of the galaxy in terms of T,A.: i.e. age. 

Shortly thereafter, Heap et al. (199s) derived a younger age of 2 Gyr for 
33JVO91 for a solar metallicity, based on model spectra tested against a STIS 
spectrum of the F-type star, 9 Comae. This observation was the first in a 
HST program (ID= 7433) to observe and analyze spectra of 12 F-type stars of 
known atmospheric properties and distance, and to use them to calibrate mid- 
UV- features in the spectra of high-redshift gala,xies. Xow, two years later, we 
have nearly completed the observing program. The analysis and modelling are 
underway. so we report only preliminary observational results. 

2. Observations 

The 12 program stars were selected from the sample of Edvardsson et al. (1993) 
in order to sample an appropriate range of ‘T,R and metallicity. Their at;- 
mospheric properties (Tee: log 9; abundances), Hipparcos distance. and ages 
are well known. The selected F4V - F9V stars have metallicities in the range 
[Me/H]=-0.73 to j-0.24, and ages from 1 to 9 Gyr. We used STIS on HST’to 
observe the mid-TV spectrum of each star at a resolving power of R = 30: 000 
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.or higher. The sig;nal-to-noise per pixel is typically about 50 before binning to 
lower resolution (1 A) f or comparison to the spectrum of LBDS 53WO91. 

3. Diagnostics 

The spectral breaks, B264O and B2900. These breaks are defined as the flus 
ratios in two narrow-band filters located on both sides of X = 2640 and 2900, 
respectively. Both become stronger toward later spectral type. However, our 
studies show that a prime age diagnostic, the spectral break at X2640, is degen- 
erate: young, metal-rich stars have the same B2640 as do old, metal-poor stars. 
This T,ff--2 degeneracy is illustrated in Figure 1, which shows that most of the 
program stars have values of I32640 like that of 53WO91 (cross-hatched region), 
but their wide spread in ages demonstrates that this spectral feature by itself 
cannot constrain the age of a stellar population. ‘The same comments apply to 
B2900; only this index has the further disadvantage that its strength cannot be 
reproduced by model-atmosphere calculations. Evidently: an important source 
of opacity is missing in the models. 

L 
1.5 i - 

1.0 - 1 

0 2 4 6 8 10 12 
Age (Gyr) 

Figure 1. Measurements of B2640 in the program stars. Each star is 
labelled by the value of [Me/H] as derived by Edvardsson et al. (1993). 
The cross-hatched region shows the observed B2640 for 53JVO91. 

The Mg I irldex and mid-W color. Xfter a thorough analysis of F-type 
s P . ectra Lanz et al. (1399) found two spectral indices that can discriminate 
between effective temperature and metallicity among F-type stars. The >Ig I 
index, which measures the strength of the M,lg I X2%2 resonance line rapidly be- 
comes weaker with increasing temperature as AfL”lg becomes ionized. The mid-L7 
color, defined as the difference between two magnitudes at 3310 -1 and 3040 _i, 
becomes “bluer” with decreasing metahicity and-increasing temperature. ‘Taken 
together. these two indices appear capable -of breaking the Tee - 2 degener- 
acy. As shown in Figure , 3. which plots the Slg I index against mid-IN color. 
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Figure 2. Calibrating Mg I and mid-IN color (see Lanz et al. 1999) 

the high-metal&city program stars are clumped together, well away from the 
low-metallicity stars. 4 closer examination, however, shows that Tee is overes- 
timated by about 200 K, which means that the age of a stellar population will 
be underestimated. In addition, the metal&cities of the high-2 stars are overes- 
timated (the derived metallicities of metal-poor stars are sufficiently accurate). 
These systematic errors will have to be accounted for before these spectral in- 
dices can be used with confidence for dating purposes. In any case, the observed 
Mg I index for 53WO91 is much smaller than any of our model calculations. 
This is not the fault of our models, which reproduce the observed Mg I profiles 
of F-type stars almost exactly. Rather, the abnormally weak Mg I absorption in 
the galaxy spectrum is probably an artifact of imperfect subtraction of night-sky 
emission (,\,bs = 7273). 

4. Estimating the age of LBDS 53WO91 

Because of the ambiguity of current spectral indicators, we can only estimate 
the age for an assumed metallicity, or we can assume an age and solve for the 
metallicity. Below, we discuss both approaches. 

Age for an assumed metallicity. Recent models of the chemical evolution 
of galaxies suggest that a giant elliptical galaxy like 53TVO91 should contain 
stars having a variety of metallicities. TO pursue this point, we calculated model 
spectra of gala,+es allowing for a composite metallicity as specified by Kodama 
& -4rimoto.s (1997) infall model. Following Kodama’s advice, we assumed that 
12% of the stars bv number.have a metalhcity of 2=0.005, 31% have a solar 
metallicity. and 319, have Z=O.O4. Figure 3 compares the calculated spectral 
indices. B‘2640 and mid-T;V color, against the observations of 53WO91. Both 
the mid-UC--V color and X2640 break imply an age of about 1 Gpr for 53WO91, 
if the extinction internal to the galaxy is -4 v = 0.6. If the extinction is lower. 
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.then the galaxy age implied by the mid-UV color can be up to 3 Gyr, in rough 
agreement with Spinrad et al. 

IF 

I,-,, 11 
53wo9 1 1 

I,I,IIII! ,,,,.,/,, I ,,,/,,,,,/,,,,,,,(, 1 

0 1 2 3 0 1 2 3 4 
Mid-UV Color B2640 

Figure 3. Observations of LBDS 53WO91 vs. Kodama St- Arimoto’s 
(199i’) infaIl model. The isochrones we used are from Yi et al. (1999) 

Metullicity for an assumed age. For currently favored cosmological param- 
eters (H, = 67 km s-i, R, = 0.3, 0~ = 0.7) and a ‘reasonable’ redshift of the 
most recent episode of star formation (2s~): we can calculate the age of stars at 
s = 1.55, which can then be used to explore possible metallicities for the galaxy. 
Certainly, the last burst of star formation must have occurred after the first 
stars in the galaxy formed, say ZSF = 15. At the other extreme, the last major 
burst of star formation might have occurred as recently as z = 3, because some 
galaxies at this redshift have been observed to have star formation rates of up 
to lo3 MC3 yr-*. For ZSF = 3 - 15: we obtain a wide range in times: from 2.1 to 
4.1 Gyr, since the last major star-forming episode. Without a better knowledge 
Of ZsF, we cannot place Constraints on metakity. 

Both approaches are unsatisfactory. We are therefore broadening our study 
to include other observations such as the Balmer absorption lines. 
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Evolution of Spheroidal Galaxies at z < 1 from the Deep 
- Extragalactic Evolutionary Probe (DEEP) 

Myungshin Imr and the DEEP team* 

UCO/Lick Ob servatory, UCSC, Santa Cmz, CA 95064 

Abstract. DEEP is a multi-year survey of faint galasies using the I<eck 
1Om telescope and the Hubble Space Telescope (for more detail about 
DEEP, see an article by D.C. Ii00 in this conference proceedings). So 
far, our data consist of spectra Of N 1000 gala,xies with known HST 
morphologies. With a subset of these data, we have studied evolution of 
spheroidal galaxies at z < 1, most of them very likely being E/SO-s. Here, 
we show preliminary results of this study, which favor passive luminosity 
evolution and no or little number density evolution for E/SO’s at z < 1. 
This result is not compatible with some theoretical models based on the 
CDM dominated universe, where it is predicted that 50-i0 % of present- 
day E/SOS are formed at z < 1. 

1. Introduction 

In hierarchical models of galaxy formation, E/SOS are formed via merger of 
galasies with similar masses. The formation process requires massive E/SOS 
be formed relatively recently (3 < 1 - 3) contrary to models which propose 
the formation via monolithic collapse of the proto gas clouds at high redshift 
(Larson 1975; Arimoto & Yoshii 195i’). Some semi-analytical models of galaxy 
evolution predict that more than 50 % of present-day E/SOS are formed at 3 < 1 
when 0, = 1 (Baugh et al. 1996; Kauffmann et al. 1996). Here, we present the 
luminosity function of 170 E/SO’s at z < 1, constraining their luminosity and 
number density evolution. Final results will be presented in Im et al. (1999, in 
preparation). 

2. Sample Selection 

Spheroids are selected from the Groth-strip survey (Groth et al. 1993) data as 
well as publically available the HDF flankin g field data, based upon their B/T 
(bulge to total light ratio) and asymmetric index (-4s) within 2 half light radius 
( rfLl) as defined in Schade et al. (1995). Therefore: we are selecting objects 

‘e-mail address: myungQucolick.org 

‘For more informatiorl and curreM participants of DEEP; check website of DEEP at 
www.ucolick.org/ deep/home.html. 
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as “spheroids” if their light is centrally concentrated (B/T > 0.3), and their 
morphology is smooth (As 2 0.04 - 0.0-i). Tests on dimmed and shrunken local 
galaxy images from Frei et al. (1999) h s ow that our sample selection criteria 
successfully picks up E/SOS (or T < 0): with almost no contamination from 
late- type galasies. 
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Figure 1. Step 1 through Step 4 SLOW how spheroids are selected. 
Squares indicate objects selected in each step. 

Fig.1 shows how spheroids (I < 22) are selected from our spectroscopic 
sample. First, we apply an asymmetry cut to our sample (Step 1). With this 
the majority of blue objects are rejected. In Step 2! we apply a B/T cut with 
B/T > 0.3. With this we exclude some blue-ish objects at moderate or low 
redshift, which are probably dwarf ellipticals (c.f.: Im et al. 1995). Objects 
selected with steps 1 and 2 have a very tight correlation between (V-I) color and 
redshift, suggesting that the stellar population in these spheroids is old. 

However, there are some blue spheroids which do not belong to the “red” 
family of spheroids. We esclude these -‘blue” spheroids from the sample by 
making an additional color cut as plotted in the step 3 panel. since me would like 
to study the property of passively “evolved” old spheroids. Our measurement 
of the velocity dispersion (c) shows all of these blue spheroids have (r = 40 - 
100 km/sccl suggestin, c that they are likely to be CXELG’s or dwarf spheroids 
(Koo et al. 1995; Bhillips.et al. 1997; Guzman et al. 1997) rather than massive 
E/SOS. Sate we find..g = 150 - 300 krn/stc for the “red” spheroids. =1 natural 
interpretation is that the “red” spheroids are progenitors of present-day E/SO's. 
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,while the blue spheroids are not, therefore exclusion of the blue spheroids can 
be justified. 

‘After the color cut, we have a final sample of “red” spheroids (Final). In 
the “Final” panel, we also plot the color-redshift relation for a solar metalicity 
model with formation redshifts z=ll; ~=5.5, ~=3> and z=l.5. Colors of the red 
spheroids suggest that the stellar populations of massive E/SOS are formed at 
Jf,, > 1.5. 

3. Luminosity function of E/SOS at z N 0.8 

-4.& ,,,,,, ,, ,, ,,, ,,e Redshift Survey 

-22 -21 -20 -19 -18 -17 

%*il - 5 log(h) 

z=O, Las Campanas 
Redstuft Survey 

-22 -21 -20 -19 -18 -17 
M - BALl 5 log(h) 

Figure 2. LF of 170 E/SOS at 3 < 1. Note that we have used z&t 
for about 60 (ro of this sample. 

In Fig.?, we plot the LF of our “red” spheroids at 0.5 < z < 1.0 and at 
0.3 < 2 < 0.5. Also plotted are the local LF of E/SOS from Marzke et al. (199S), 
and the LF of early type b o-ala.xies from spectral classification (Bromely et al. 
199S). The left figure shows the LF computed with the fl, = 1 and the right 
figure shows the LF computed with the f12, = 
in BAB for these figures, and h = &. 

0.2 and A = 0. Magnitudes are 
Note that faint end of the local 

early-type LF is uncertain. but the bright end is robust. According to Fig.?, L, 
brightens by about 0.9-1.2 mag in B from z=O to z N 0.S: consistent with the 
espected brightening from passive luminosity evolution models with formation 
redshift, z > 1 - 1.5. This is consistent with the conclusion reached from the 
color of these objects as xe showed in Fig.1. The 1.2 magnitude luminositq 
brightening at 2 = 0.S is also supported by studies of the fundamental plane of 
E’s and the size-luminosity relation of bulges at z N 0.S (Gebhardt et al. 1999 
in prep.; Ii00 et al. 1999 in prep.). 

We also find that the number density of E/SOS does not change significantl>- 
as a function of redshift. For Q,, = 1. we find that the best-fit value of @x of the 
LF at 0.5 < z < 1 is about 1.1-1.4 times greater than +k at z=O. This excludes 



strong number density evolution by as much as a factor of 2 from z=O to 1 at 
high confidence, given that error on the measurement of & is about 25 %. For 
an open universe the constraint on the number density is weaker but our data 
favor no or little number density evolution from z=O to z=l, as found previously 
by Im et al. (1996). 

4. Conclusion 

e Spheroids selected with our quantitative criteria are mostly red. Sizes 
and 0 of these “red’i spheroids are consistent with those of massive E/SOS 
(L > 0.4L,) at z=O. S mall number of blue spheroids are found, but they 
have very small 0 values, therefore they are unlikely to be present-day 
E/SOS. 

l Assuming that our Y-ed” spheroids are present-day E/SOS, we find the 
luminosity of E/SOS dims by l-l.3 magnitudes from d N 0.S to z=O. 

e The number density of E/SOS does not change significantly from z=l to 
z=O. This is not consistent with strong number evolution as predicted by 
some semi-analytical models. 

Acknowledgments. This research is supported by the XSF grant -$T- 
932909s. We are grateful to members of DEEP especially those at UC Santa 
Cruz for their support and contributions to this project. 
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1. Introduction 

Understanding the host galaxies of active galactic nuclei (AGN) provides insight 
into the structure and evolution of active nuclei themselves, and the differences 
between the different classes of AGN. 

‘This work estimates the ages of a sample of all three major types of luminous 
AGX: radio loud quasars (RLQ), radio quiet quasars (RQQ) and radio galasies 
(RG). Ages are estimated by comparin g the off-nuclear spectra of the sample 
with evolving stellar population models. The models are composed of two single 
star burst stellar populations, a dominant older component and a much smaller 
population which is youn g and blue. A further constraint on the ages is provided 
by simultaneous fitting of the R-K colourt derived from HST and ground based 
imagery. The results indicate that the host galaxies of all three classes of 4GN 
investigated are best described by an evolved stellar population, of age 12-14 

Gyr. 

2. The Data and Model Spectra 

‘The optical (-3200~4 to 4000A) off-nuclear (5 arcsec) spectra of a sample of 
24 powerful AGN (radio-quiet quasars: radio-loud quasars and radio gala>xies) in 
the redshift range 9.1 < z < 0.3 have been analyzed in an attempt to determine 
the age of the dominant stellar population of their host gala.xies. The spectra 
were obtained with the Mayall 4-m and William Herschel 4.2-m telescopes, and 
typically consist of 2-3 hours of integration (Hughes et al, 1999). ‘These data 
are complemented by R-K colours for the host gala,xies obtained from UKIRT 
and HST images (McLure et al: 1999): which define the basic shape of the host 
galaxv SED out to X N 2pm. 
Dunlop et al (1993) 

Full details of the AGN sample can be found in 
and Taylor et al (1996). 

The stellar population synthesis models used are the solar metallicity. in- 
stantaneous starburst models of Jimenez (1999) and VVorthey (1994). However. 
at low redshift, more than one episode of star formation may have taken place. 
and the single starburst models may no longer be realistic: even for elliptical 
gala-ties. Therefore, the populations fitted have two single starburst compo- 
nents, a dominant older population, and a much smaller young blue population. 
The y-oung population adopted was the 0.1 Gyr model of Jimenez. Further ad- 
dition of an intermediate age component. E 1 Gyr. did not significantly improve 
the fit. 



. . The age of the older component: and the percentage, by mass, of the young 
population were parameters to be fitted. R-K COPOUT WZLS fitted simultaneously 
with the age and composition, in order to constrain the red end of each SED. 
Emission lines were masked out of the fit across the spectra. A full description 
of the fitting process will be provided in Nolan et al (1999, in preparation). 

3. Results 

EmRtdA/l Radio 
I / 

wtbdh/l Radio 

4cc.l 5x0 eJx.2 - 
rnGttdA/l Radio 

Figure 1. l\/lodel fits to the off-nuclear spectra, for an example of each 
-4GN class, together with the corresponding x2 plots. The improvement 
to the fit from adding a young (0.1 Gyr) blue component can be clearly 
seen. There is good agreement between the best-fit ages derived using 
the txo different models. 

It can be clearly seen in Figure 1 that the addition of even a very small young 
stellar component reproduces the blue end of the observed spectra much more 
successfully than a single old population. However; at the same time the red 
end of the spectra combined with the R-Ii colours demand an old component 
to describe the bulk, of the underlyin g stars. Worthey’s models become redder 
more rapidlv than those of Jimenez. and consequently generally give a somewhat 
younger lower Lirrrit to the estimated ages. 
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‘> The peaks and troughs in the x2 evolution of Jimenez’ models are the result 
of real features of the population synthesis (Jimenez, private communication). 

Table 1. Results from the simultaneous fitting to the AGN host sam- 
ple of the two component model spectra (using the models of Jimenez, 
1999) and R-K colour. The percentage young population (percent 
young pop) is by mass. 

IAU Best fit Percent 2 (R-q;, (R-q& 
name age/Gyr young POP 

Radio Loud ‘uasars 
0137+012 13 0.2 0.255 2.55 2.52 
0736+017 12 0.7 0.191 2.59 3.16 
1004+130 12 1.4 0.240 2.65 3.01 
1020-103 5 0.6 0.197 2.33 2.29 
1217+023 12 1.1 0.240 2.71 3.1s 
2135-147 12 1.6 0.200 2.50 2.49 
2141+175 12 1.1 0.213 2.66 2.69 
2247+140 8 0.2 0.237 2.77 2.51 
2349-014 12 0.5 0.173 2.71 2.57 

Radio Quiet Q uasars 
0054+144 S 1.3 0.171 2.32 3.12 
0157+001 12 1.1 0.164 2.52 2.53 
0204f292 14 0.2 0.109 2.47 2.49 
0244+194 5 0.1 0.176 2.37 2.34 
0923+201 12 0.6 0.190 2.72 3.24 
1549+203 12 0.6 0.250 2.90 3.37 
1635+119 12 0.7 0.146 2.57 3.27 
2215-03’7 14 0.7 0.241 2.70 2.68 
2344+154 12 

0230-027 1 

0.9 0.13s 
Radio Galaxies 

0.0 0.230 

2.51 2.57 

2.02 2.08 
0345+337 12 0.0 0.244 3.13 3.62 
0917+459 12 0.2 0.174 2.79 3.42 
1215-033 13 0.0 0.184 2.74 2.52 
1330+022 S 0.5 0.215 2.70 2.79 
2141+279 12 0.1 0.215 3.27 3.25 

The distribution of the estimated ages for the host galaxy sample is shown in 
Figure 2. All three classes of AGN have predominantly old (12-14 Gyr) stellar 
populations, in which the 4OOOA spectral break is clearly evident. This agrees 
weIl with the results of McLure et al (1999, in preparation), who compare host- 
galaxy morphologies, luminosities, scale lengths and colours in the same sample: 
and conclude that these are consistent with mature stellar populations. 

There are a few objects with predicted ages of < S Gyr. This could be 
because they are genuinely young po$ulations, but equally, it could arise ar- 
tificially because the spectra are contaminated with scattered nuclear Light or 
because of the variable S/X quality in the sample. It should also be noted that 
these objects have the bluest R-K colours in the sample. It is possible that the 



Ii-band fluxes have been underestimated, and therefore an artificially young age 
is predicted. These possibilities will be fully discussed in Nolan et al (1999, in 
preparation). 

It should be noted that, although best fit ages may be identified, the x2 plots 
(as in Figure I) suggest that these are not individually very robust. However, 
young ages are strongly disallowed, and the overall trend of these results strongly 
supports the conclusion that the host galaxies for all three classes of powerful 
XGN are massive ehipticals dominated by old stellar populations. 

- Radio Quiet Radio Quiet 

‘, I-L-j,, 

- Radio Galaxies Radio Galaxies 

Figure 2. The age distribution of the dominant stellar populations 
of the sample host galasies, from the fits of Jimenez’ models. The 
populations are predominantly old (12-14 Gyr). 
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Abstract. We performed deep CO-line observations of spiral galaxies 
at intermediate redshifts using the NRO 45-m telescope and obtained 
the CO linewidths of 16 luminous IR galaxies a,t redshifts cz = 10,000 

- 50,000 km/s. The observed gala-ties were selected by high FIR flux 
density and optically normal morphology to investigate the CO Tully- 
Fisher relation. When compared to other CO observations of intermediate 
redshift gala-ties we find that our observations are more sensitive and 
reach larger dust-to-gas mass ratios. 

1. Introduction 

Previous CO observations of luminous IR galaxies at intermediate redshift (CZ N 
10,000 - 5O:OOO km/s) have focussed mainly on b calaxies which are irregular or are 
merging (e.g. Mirabel et a1.(1990); Sanders et a1.(1991), Solomon et a1.(1997), 
Lavezzi si Dickey (1998)), with the exception of the sample studied by Lavezzi 
& Dickey( 1998). Here we present CO observations of such galasies which have 
normal morphologies usin, u long integrations with the NRO 45-m telescope and 
obtained CO linewidths of 16 galasies up to cz N 50,000 km/s (Sofue et al. 1996, 
Tutui et al. 1999) 

2. CO Observations 

The CO luminosities and the redshifts cs of our sample are plotted in Fig. 
1. Our observations are more sensitive than other surveys and are of normal 
malaxies. Comparisons of molecular b gas masses derived from the CO intensities 
and dust masses derived from IRAAS fluxes show that the gala2xies in our sample 
have larger dust-to-gas mass ratios (see Tutui et al. 1999 for details). 

We also observed one of the CO-detected galaxies in our sample (IRXS 
021S5+0642,c~ - 29,000 km/s)usin g the Xobeyama Millimeter -Array (3X1). 
The velocity field shows that the rotation is not disturbed. It supports the idea 
that our sample may be used to investigate the CO Tully-Fisher relation. 

1-i-9 
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.3. The CO Tully-Fisher Relation 

One of our goals is to use our CO data together with the CO T&y-Fisher 
relation to measure the distances to gala,xies and estimate the Hubble constant. 
We obtained photometric observations of our sample with the CFHT 3.6-m 
telescope and the Okayama Astrophysical Observatory (OAO) 1.88-m telescope. 
From these we estimated the individual Hubble constants, or Hubble ratios, for 
each galaxy (Sofue et al. 1996, Tutui et al. 1999). 

4. Discussion 

Our sample contains the largest number of faint CO-galasies of normal type 
which are at intermediate redshifts. We compared their CO gas and dust masses, 
and found that our gala-ties are dustier, or perhaps less luminous in CO than 
those of the other surveys. Further observations of our sample with an interfer- 
ometer might reveal the CO / dust mass relation. 

Fig. 1: Redshift CJ vs CO 
luminosities for intermediate 
redshift gala,xies. Filled squares 
are our sample. The dotted 
line means iso-flux density. 
OUT observations are more 
sensitive than other surveys. 
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The Low-Mass Stellar IMF at High Redshift: Faint Stars 
. in the Ursa Minor Dwarf Spheroidal Galaxy’ 

Rosemary F.G. Wyse2, Gerard Gilmore , 3 Sofia FeltTine and Mark 2 b 
Houdashelt2 

1. Introduction 

Low-mass stars, those with main-sequence lifetimes that are of order the age 
of the Universe: provide unique constraints on the Initial Mass Function (I&IF) 
when they formed. Star counts in systems with simple star-formation histories 
are particularly straightforward to interpret, and those in ‘old’ systems allow one 
to determine the low-mass stellar IMF at large look-back times and thus at high 
redshift. We present the faint stellar luminosity function in an external galaxy, 
the Ursa Minor dwarf Spheroidal (dSph). Th is relatively-nearby (distance N 
i’Okpc) companion galaxy to the Milky Way has a stellar population with narrow 
distributions of age and of metallicity (e.g. Hernandez, Gilmore St Valls-Gabaud 
1999), remarkably similar to that of a classical halo globular cluster such as ME! 
or 5115, i.e. old and metal-poor ([Fe/H] N -2.2 des). The integrated luminosity 
of the Ursa Minor dSph (Lv N 3 x lO’L@) is also similar to that of a globular 
cluster. However, the central surface brightness of the Ursa Minor dSph is only 
25.5 V-mag/sq arcsec, corresponding to a central luminosity density of only 
0.006Lopc-3, many orders of magnitude lower than that of a typical globular 
cluster. Further, again in contrast to globular clusters, its internal dynamics 
are dominated bt: dark matter, with (M/L)v N SO! based on the relatively 
high value of its internal stellar velocity dispersion (Hargreaves et al. 1994; see 
review of Mate0 1998). Faint star counts in the Ursa Minor dSph thus allow 
determination of the low-mass IMF in a dark-matter-dominated external galaxy, 
in which the stars formed at high redshift. 

2. Observations 

M-e obtained deep imaging data with the Hubble Space Telescope, using WFPC2 
(V-606 & I-814). STIS (LP optical filter) and NICMOS (H-band), in a field 
close to the center of the Ursa Minor dSph (program GO 7419: PI Wyse? Co- 

Is Gilmore, Tanvir; Gallagher si Smecker-Hane; due to successive failures of 
HST the data acquisition phase of this project remains ongoing). The estima- 

‘Based on observations with the X.ASX/ESA Hubble Space Telescope, obtained at STScI, op- 
erated by ACRA Inc. under NASA contract NAS5-26355 
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tion of the contamination by foreground stars and background gala,xies required 
acquisition of similarly-exposed data for an offset field N 2 tidal radii away 
from the Ursa Minor dSph, at similar Galactic coordinates to the UMi field 
(e = lOY, b = 45”); this field shows no evidence for Ursa Minor member stars. 

2.1. WFPC2 Data for the Ursa Minor dSph 

The WFPCI! data are discussed in more detail in Feltzing et al. (1999). They 
consist of 8 x 1200s in each of F606VV and FS14W filters. Standard HST data 
reduction techniques were followed using the IRAF STSDAS routines, with pho- 
tometry on the reduced images using DAOPHOT and TinyTim psf’s. The scat- 
ter in the zero points and photometric calibrations is N 6%, which is small 
compared to the 0.5 magnitude binning we adopt for the luminosity functions 
below. Identical procedures were applied to both the UMi and the offset-field 
datasets. The completeness of the data was determined by adding artificial stars 
to the original images and then re-processin, w them. The luminosity functions 
discussed below include only stars detected in both V and I. 

2.2. STIS LP data for the Ursa Minor dSph & Ml5 

We obtained seven f29OOs exposures of each of the Ursa Minor field and the offset 
field. We also obtained a single exposure (1200s) of the globular cluster Ml5 
in a field with extant deep TVFPC2 V and I data (Piotto, Cool & King 1997). 
The metallicity and age of the stars in Ml5 are very similar to those in the 
Ursa Minor dSph and the STIS LP magnitudes for the Ursa Minor dSph may be 
transformed to I-814 using the estant Ml5 I-514 data (courtesy of G. Piotto). 
Standard data reduction procedures as above were applied to our data. 

3. Faint Luminosity Functions 

3.1. Globular Clusters 

JJ’e utilise comparisons betsveen the data for the Ursa Minor dSph and globular 
clusters of the same metallicity and age (A192 and M15). X direct comparison 
between the luminosity functions corresponds to a comparison between the un- 

derlying stellar mass functions. However, the stellar mass function in globular 
clusters may be modified by both internal and external effects and thus in not 
all cases is the present-day mass function a good estimate of the initial mass 
function. The Piotto, Cool k King (199’i) data were obtained at intermediate 
radius within ?iI15 and M92: where the effects of mass segregation are expected 
to be small and the local faint luminosity function should be a good estimate 
of the global faint luminosity function. Further. as discussed by Piotto & Zoc- 
cali (1999). 1\I9~ and Ml5 have fairly steep main-sequence luminosity functions: 
while other globular clusters. particularly those for which external dynamical 
effects such as tidal shocking by the disk or bulge of the Milky \T’ay may be im- 
portant; have flatter faint luminosity functions (these differences occur fainter 
than the limits of the Ursa Xinor dSph data). ‘Thus we will assume that the 
present-day- faint luminosity.functions of AI92 and Ml5 may be taken as reason- 
able estimates of the initial functions. 



The ~ow-Mass Stelhr IMF at Hig.h Redshift 183 

i 
0 r1 I” I ’ ’ I ’ I ’ ’ 1 I ’ 1 I” ’ ( ’ 0 I I I I !I/ I I, / I I,, II, I / I / I 

20 22 24 26 26 20 22 24 26 28 
v I 

606 614 

Figure 1. Comparison between the completeness-corrected Ursa Mi- 
nor luminosity functions (histograms; 50% completeness indicated by 
the vertical dashed line) in the V-band (left panel) and the I-band 
(right panel) and the same for n/I92 (points; from Piotto et al. 1997). 

3.2. Ursa Minor Faint Luminosity Function 

The derived, completeness-corrected, Color-Magnitude Diagram-based, WFPC2 
V-band and I-band luminosity functions for the Ursa Minor dSph are compared 
in Figure 1 to those for the globular cluster M92 (courtesy of G. Piotto). We 
find a remarkable similarity between them, down to our 50% completeness limit, 
which corresponds to w 0.43f~ (Baraffe et al. 1997 models). 

il direct comparison between our STIS optical luminosity functions for Ursa 
Minor and for the globular cluster Ml5 is shown in Figure 2 (left panel; only 
those bins at least 5070 complete are shown). Again, there is very good agree- 
ment in slopes of luminosity functions, and again our 50% completeness limit 
for the Ursa Minor data is around 0.4M9. 

3.3. Mass Functions 

The luminosity function corresponding to a mass function of slope -1.35 (where 
the Salpeter slope is - 2.35) may be calculated using the Baraffe et nl. (1997) 
models. This provides a reasonable fit to the data for >I93 and for Ml5 (Piotto 
& Zoccali 1999). Further, Zoccali et al. (1999) found this mass function to fit 
their data for the faint stellar luminosity function of the bulge of the Milky JVay 
in Baade’s window. Figure 2 shows our VVFPC2 1-81-l luminosity function for 
Ursa Minor: together with that derived from our transformed STIS LP data and 
the predictions from the Baraffe et al. models. ‘This mass function appears to 
be an excellent description of the underlying IMF in the Ursa Minor dSph too. 

4. Conclusions 

-1s described here: the main sequence stellar luminosity function of the Ursa 
Minor dSph, and implied 1M.F: down to - 0.441,, is indistinguishable from 
that of the halo globular clusters M91! and M15, systems with the same old 
age and low metallicity as the stars in the Ursa Minor dSph. However: the 
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Figure 2. Left panel: comparison between the completeness- 
corrected STIS LP luminosity functions for the Ursa Minor dSph (solid 
line) and the globular cluster till5 (points). Right panel: comparison 
between the STIS-based I-band luminosity function of the Ursa Minor 
dSph (solid line), the observed I-band luminosity function (points), and 
the luminosity function correspondin, w to a power-law mass function 
with slope -I. .35 (dashed line). 

globular clusters show no evidence for dark matter, while the Ursa Minor dSph is 
apparently very dark-matter-dominated. Thus the low mass stellar I&IF for stars 
that formed at high redshift is invariant in going from a low-surface-brightness> 
dark-matter-dominated external galaxy, to a globular cluster within the Milky 
Way. This luminosity function? and underlyin, v IMF: is in good agreement with 
those derived for the field stars of the Milky Way bulge and is consistent with 
the field halo and disk (e.g. von Hippel et al. 1996), supporting the concept of 
a universal I&IF. 
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Abstract. VVe present a summary of our recent paper (1-i et al. 1999). 

The recent spectral analysis of LBDS 53WO91 by Spinrad et al. (199’7) 
has suggested that this red galaYvy at z = 1.552 is at least 3.5 Gyr old. This 
imposes an important constraint 011 cosmology, suggesting that it formed at 
3 > 6.5, assuming recent estimates of cosmological parameters. While their 
analysis was heavily focused on the use of some UV spectral breaks as age 
indicators: we have performed ,y2 tests to the continuum of this gaksy using 
its TJV spectrum and photometric data (R; J, H, & Ii: 2000 - 9000 x in 
rest-frame). We have used the updated Yi models (Yi et al. 1997) that are 
based on the Yale tracks. VVe find it extremely difficult to reproduce such large 
age estimates. under the assumption of the most probable input parameters. 
C-sing the same configuration as in Spinrad et al. (solar abundance models), 
our analysis su,, vvests an age of approximately 1.4 - 1.8 Gyr, which is in good 
agreement with those of Bruzud k Magris (1997) and of Heap et al. (1998). 

The large difference in age estimate from Spinrad et al. and from this study 
is mainly due to the significant difference in the model integrated spectrum. 
Figure 1 shows the comparison between the latest Jimenez models (downloaded 
from Jimenez’ ftp site in May, 1999), the preferred models in the analysis of 
Spinrad et al., and the Yi models, both for the solar composition. The Jimenez 
models shown here are the more recent ones than those used in Spinrad et al. 
-At the time of this study, only his new models were made available to us. 

In Figure 1: it is apparent that the new Jimenez (“J99”) models are much 
bluer than the Y-i models. Each model is denoted by the age (Gyr) and source 
(J: Jimenez; Y: Yi). One can easily understand why Spinrad et al. and we 
are achieving such different age estimates. An open diamond is an appro,ximate 
relative flus of LBDS j3WO91 normalized at 3150 _i. This relative flus of LBDS 
53WO91 is closely reproduced by the 1.4?::: Gyr model when E-i’s models are 
used or the 1.9”::; Gyr models when the new Jimenez models are used (based 
on the reduced-,x2 tests). 

Also plotted are the relative fluxes from the earlier version Jimenez (“J97”) 
models (horizontal dashed lines) used in Spinrad et al. ( 1997)p read off from the 
Figure 14 of Spinrad et al. (1997). The three dashed lines are from the top his 
1. 3, and 5 Gyr models; respectively. Note that the J97 models are substantially 
bluer than the J99 models: which are already bluer than the Yi models. One can 



Figure 1. Comparison between the Jimenez (1999) and the Yi models. 

Figure 2. The new Jimenez models match the data at 1.9 Gyr! 

see that the J97 models match the LBDS 53WO91 data appro.ximately at 3 Gyr: 
as Spinrad et al. (19%‘) su,, cuested. The Yi models are in reasonable agreement 
with the 1999 version Bruzual si Charlot (“BC”) models. If the new Jimenez 
models are the improved ones over his previous version used by Spinrad et al.: 
all three groups now su,, uoest rather consistent age estimates, between 1 and 2 
Gyr. The fit to the UV spectrum using the new Jimenez models, which suggests 
an age estimate of 1.9 Gyr, is shown in Figure 2. Readers are encouraged to 
compare Figure 2 to Figure 14 of Spinrad et al. (1997). 

Figure 1 also shows that, in the visible - IR, the difference between the J99 
models and the yi models is even larger, which contributed to the difference 
in the photometry-based age estimates of Spinrsd et al. and Yi et al. This 
difference. however: is not the only cause for Spinrad et al. to get a larger age 
estimate. i.e., -. 3 j Gyr: than ours. It was also caused by the fact that they used 
only R-I<, omitting J and H magnitudes. in their analysis. Figure 2 shows that 
even the Jimenez models xould have suggested a substantially smaller age if the 
whole photometric data had been used. When we use the new Jimenez models 
and the reduced-X2 test on all of the four photometric data points: the best 
model indicates l.g’“,:T Gpr: which is in good agreement with the estimate from 
the TTV analysis. ‘Then again, all three groups that have performed continuum 
fits are suggesting consistent age estimates of 1 - 2 Gyr (c.f., 1.3 Gyr from Yi et 
al.. 1.1 Gyr from Bruzual k Magris). Such an agreement. at least on the age of 
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Figure 3. The solar UV spectrum is matched by the Yi models at 
its accepted age. 

157 

LBDS 53FV091, is possible because, for small ages (< 2 Gyr), the new Jimenez 
models differ from the Yi and the BC models only slightly. 

One may then say that the age discrepancy on LBDS 53WO91 has been 
resolved. Despite this apparent resolution, it is still quite disturbing to know 
that there is a significant disagreement between the Jimenez models and the Yi 
(and the BC) models at larger ages. It is extremely difficult to directly compare 
different population models and find a more realistic model; but it should be 
viable to test models by matchin, r the observational properties of the objects 
whose ages are known a priori. Good examples include the sun, M32, and 
Galactic globular clusters. A sample test on the sun is shown in Figure 3. In 
a solar-age (4.5 - 4.7 Gyr), solar abundance population, most of the UV light 
is still produced by MS stars. Thus, such a population should exhibit a UV 
spectrum similar to that of the SUIT. Figure 3 shows the fits to the theoretical 
solar spectrum (2000 - 3500 -&) from the Kurucz library using the Yi models 
and the new Jimellez models. The best fitting model is a 5.0 3~ 0.1 Gyr model 
when the Yi mod& are used. This slight disagreement in the age estimate from 
the generally accepted solar age is perfectly expected, because we are matching 
a single stellar spectrum with those of composite (containing MS, red giants, 
and etc.) stellar populations. The proximity of this age estimate to the accepted 
age of the sun once again demonstrates the high reliability of the UV-based 
age estimates for intermediate-age, composite populations. However! when the 
new Jimenez models are used, much larger ages are indicated (10 Gyr giving 
the best fit). This was already evident in Figure 1: where the Jimenez models 
appeared much bluer than the Yi models. If the continua of G-type stars in 
the Kurucz library are significantly inaccurate, an effort to achieve the right age 
of the sun using population synthesis models and a theoretical spectrum would 
not be appropriate. Yet, such tests would still serve as sanity checks for the 
population synthesis computations. Similar tests can be performed on different 
objects whose ages are independently known. 

We have further improved our estimates over,conventional ones by adopting 
convective core overshoot (OS) and realistic metallicity mixtures. The inclusion 
of OS has little effect on the UV-based age estimates. but it raises the age 
estimates based on the visible data normalized to the UV by 20 - 50%. -Idopting 
realistic metallicitv distributions is also important because different metallicity 
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-groups dominate different parts of the integrated spectrum. If we assume that 
the majority of st,a.rs in LBDS53W091 are already as metal-rich as those in 
nearby giant elliptical gala,xies, the photometric data of LBDS 53WO91 indicate 
up to a factor of two larger ages when metallicity mixtures are adopted. 

When we use yi’s chemically composite models with OS included, the pho- 
tometric data of LBDS 53WO91 indicate 1.540.2 Gyr, while the UV data suggest 
1.9 i 0.3 Gyr. The slightly larger estimates from the UV continuum fit would 
be consistent with this photometry-based one if we include a small amount of 
reddening and/or if the core of this galaxy is somewhat older or more metal-rich 
than its outskirt, all of which are quite plausible. It may also indicate that there 
is no substantial age spread amon, r the stars in LBDS 53WO91. 

There is no doubt that precise age estimates of high-z galaxies would be 
very useful for constraining cosmology. In order to fully take advantage of the 
power of this technique, however, we first need to understand the details of the 
population synthesis, which are currently creating a substantial disagreement 
in age estimate. We propose to carry out a comprehensive investigation on the 
various population synthesis models through a series of standard tests on the 
objects whose ages have been independently determined. Such objects may in- 
clude the sun, M32: and Galactic globular clusters. Our models (the Yi models) 
currently pass these tests reasonably. 

Our age estimates indicate that LBDS 53WO91 formed appro,ximately at 
z = 2 - 3. However: our smaller age estimate for this one galaxy does not con- 
tradict work that suggests galadies generally formed at high redshifts, regardless 
of the rarity of massive ellipticals at z E 1.5. Furthermore, we are just beginning 
to expand our observations of gala,xies to high redshift, and so the esistence of a 
few old galades at high redshifts does yet prove any galaxy formation scenarioY 
although it can potentially constrain cosmological parameters (in the sense that 
the ages of a few objects can provide lower limits on the age of the Universe 
at that redshift). Findin, u no old galaxies at high redshift would support a low 
of for the general population. Building a larger database of observations is 
therefore crucial to achieve a unique and statistically significant solution. 
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Abstract. I review recent progress in two areas concerned with the 
observational study of the formation and evolution of galaxies. Despite 
there still being considerable uncertainties regarding some of the most 
basic observational questions, I argue that changes in the galaxy popu- 
lation to 2 N 1 appear to be primarily caused by galaxies with the sizes, 
colours: morphologies and kinematics of irregular galaxies and not to the 
formation or dramatic evolution of massive galaxies which likely occurs at 
earlier epochs. Looking at higher redshifts, it is attractive to associate the 
new population of ultraluminous infrared gala-ties found at high redshifts 
in deep sub-mm surveys with the formation of a substantial fraction of 
the present-day stellar population of the Universe, and in particular with 
the formation of the metal-rich spheroids. I conclude my suggesting that 
most of the available data can be incorporated into a general picture of 
the formation of galaxies that is testable in the near future. 

1. Introduction 

The attendees at this remarkable conference have been privileged participants 
in a remarkable flowering of our observational understanding of the Universe at 
cosmologically significant redshifts that has occurred over the last 15 years, (with 
much of it occurring over the last 5 years). Indeed we now have a body of data 
on the Universe at earlier epochs that would have been almost unimaginable 
10 years ago. Nevertheless, there are still major uncertainties surrounding even 
the most basic observational quantities and I believe we are far from having a 
complete observational picture. So, we can look forward to many more years of 
progress driven by the remarkable suite of instruments coming on line over the 
nest decade. 

In the spirit of the slightly unusual title assigned by the organizers. I wish to 
start by reviewing some outstanding issues in two areas of this enterprise that I 
have been most closely involved with over the last five years: the characterization 
of the evolving field galaxy population over the interval 0.1 < z < 1 and the 
opening up of the far-infrared/sub-millimeter waveband and the identification of 
a major new class of highly luminous highly obscured galasies at high redshifts. 
‘This will represent my rather personal perspective. I will then describe what 
I think is a reasonable “working model” that brings these and the many other 
diverse phenomena that have been observed by others together. This part of 
the paper is necessarily considerably more speculative. 
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-2 . Evolution in the field galaxy population to J h 1 

2.1. -What are different types of optically-selected galaxies doing to 
J N l? 

I think there is now no doubt that significant changes have occurred in the 
galasy population since z - 1 (see e.g. Lilly et al 1995, Hey1 et al 1997). 
Broadly speaking, these may be characterized as an increase at high redshifts 
in the comoving number density of blue gala-ties with moderate luminosities, 
M,4&B) N --- 31. In essence, the broad colour-luminosity relation which is seen 
at low redshifts, whereby the most luminous galaaxies in B are generally quite 
red and the bluest gala,uies are generally of low luminosit,y, is eradicated by 
s N 1. This change could in principle be due to either a general brightening of 
the blue galaxy population (seen at low luminosities at the present-day) or to 
present-day luminous gala,xies (which are generally red) being bluer (i.e. more 
vigorously forming stars) at earlier times. 

Morphologies The advent of HST imaging has made it possible to add mor- 
phological and size information to the basic colour and line strength information 
available from ground-based redshift-survey data. Marrying the morphological 
studies pioneered on the MDS and later the HDF (e.g. Abraham et al 1996) to 
deep redshift surveys such as the CFRS has shown that gala,xies with irregular 
and peculiar morphologies and lying at high redshifts dominate the evolution 
of the galaxy population to z N 1 (Brinchmann et al 1998). In contrast, the 
redshift distributions of galaAGes classified as spirals and ellipticals are consistent 
Iv-it11 modest luminosity evolution. 

Quantitative analysis of the distribution functions with redshift bears this 
out. In Lilly et al (1998), we claimed on the basis of some 300 objects in the 
HST/CFRS sample that the size function of disk scale lengths showed little 
change to s N 0.8, and that changes in the bi-variate size-luminosity function 
were dominated by the appearance of luminous galaxies with half light radii 
below 5/z;: kpc. However, interpretation of these distribution functions is open 
to considerable ambiguity. For instance, a constant disk scale length size dis- 
tribution function could be consistent with a growth in disk scale length with 
epoch if some disks were also bein, v destroyed through merging events (see e.g. 
Mao: MO and \Vhite 1998)! and the crucial importance of selection effects must 
always be appreciated - these can enter either directly or through the application 
of sample selection criteria that appear at first sight to be unrelated. 

Disk surface brightnesses There is a lingering uncertainty over how much sur- 
face brightness evolution has occurred in the disks of normal spiral galaxies. Lilly 
et al (199s) extended the earlier analysis of Schade et al (1995), and deduced 
that the surface brightnesses of large disks were higher at z - 0.7, by 0.3 * 0.3 
mag. We looked quite carefully at the effects of surface brightness selection cuts 
arising from the original apparent magnitude cut of the CFRS and concluded 
that 0.3 mag of this effect could arise from this source. Our approach was to 
examine the effect-of the selection function on local samples and on program ,’ .: it’ 
walaxies at intermediate redshift and to point out that the numbers of large I ‘ .,- “-:. cl 
disks appeared to be roughly constant to s - 0.8 suggesting that not too many .; 
had dropped below the selection criteria. More recently. Simard et al (1999) have 
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analysed galaxies from the DEEP survey and concluded that surface brightness 
selection cuts could conceivablv account for the entire brightening effect. ‘The 
basic .problem of course is how to deal with an unknown number of objects which 
are not observed. This emphasizes to me the importance of computing comov- 
ing number densities of objects, i.e. of considering the full multi-dimensional 
distribution function cj(L, r, ) as opposed to normalized representations of those 
distribution functions projected onto one axis. 

Internal kinematics The internal kinematics of the gala,xies obviously provide 
a very important diagnostic and there has been a large and rather confusing 
literature based on studies of different samples at different redshifts. The clearest 
picture comes from the work of \‘ogt et al (1996,1997) on the extended rotation 
curves of large disk galaxies out to z N 1. These show fairly unambiguously 
that the Tully-Fisher relation is in place for these galaxies and that the offset 
relative to local samples is small. Given some uncertainty as to the selection of 
the galaxies in question, this is consistent with the discussion in the previous 
section. In terms of the smaller galaAGes, which outnumber the large disks at 
high redshift, only integrated velocity dispersions have been measured. Guzman 
et al (1998) have focussed on the more compact sources while Mallen-Ornelas et 
al (1999) have sought to observe a sample limited primarily in colour rather than 
size or morphology, although there is considerable overlap. Both these studies 
have found rather low velocity dispersions characteristic of dwarf gala,xies, c 5 
100kms-l, at z 2 0.5. Guzman et al have argued that many of these objects 
will evolve into dwarf spheroid& (a hypothesis disputed by Kobulnicky et al 
1999 on the basis of metallicities). MaLlen-Ornelas et al have simply pointed 
out that these kinematics are consistent with the velocity dispersions of gala,xies 
with similar sizes, morphologies and colours that are typically found about 2 
magnitudes fainter in the present-day Universe: although andogues of the same 
brightness can also be found, albeit at much lower comoving number density. 

As an aside it should be noted that the sizes, colours, morphologies and the 
optical/ultraviolet luminosities of the %mall gala,xies” population that increas- 
ingly dominates the z N 0.7 population are in many ways very similar to those 
of the z > 3 Lyman-break selected galaxy population although there are almost 
no reliable mass estimates for the latter population. This similarity may or may 
not be significant. 

The number density of elliptical galaxies An important and still-unresolved 
question concerns the number density of field elliptical gala,xies at high redshifts. 
Kauffman et al (1996) claimed that the CFRS data indicated a strong decline 
with redshift, countering the impression given by the luminosity functions given 
by Lilly et al (1995) for a roughly constant number density. However; we have 
not been able to reproduce this result (see also ‘Totani and Yoshii 1998). In our 
own re-examination of this question (Schade et al 1999) we concluded that while 
there was no evidence for a build-up in the numbers of ellipticals with epoch. 
the uncertainties were large enough that changes at the level of a factor of 2-3 
could not be excluded. Part of the difficulty again lies in defining what is an 
“elliptical” at high redshift in the face of incomplete information (see Figs 5 and 
6 of Schade et al 1999). Colour selection criteria must be very carefully applied “. 
(and in any case such a cut will include reddened spirals and esclude ellipticals 
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&th some modest amount of continuing star-formation) while morphological 
criteria are frequently ambiguous in the case of small galaxies. Im et al (1996) 

have used the MDS data to do a morphological selection of a very large number 
of ellipticals and infer on the basis of photometric redshifts that the luminosity 
function has showed no change in density to z N 1. At higher redshifts, both 
Zepf et al (1997) and Barger et al (1999) have claimed an absence of gala.xies 
red enough to be completely dead elliptical galaAGes formed at high redshift. 

2.2. The merging rate of galaxies 

Another very important (and presumably related) question is the importance 
of merging at z < 1 (as well of course at higher redshifts). Most observational 
studies looking at the morphological signatures of merging have found a sub- 
stantial increase with redshift (Zepf and Koo 1989, Patton et al 1995, Le Fevre 
et al 1999). In the Le Fevre et al study of the HST images of CFRS gala-ties, we 
found that by 5 N 1, 15% of images should signs of major mergers or interactions 
even allowing for biases in the selection of the original sample. 

The estimate given by Le Fevre et al (1999) is that typical massive galaxies 
have undergone of order one merger in the 0 < J < 1 interval and that the 
merger activity was concentrated at the start of that period, J N 1. 

2.3. Global measures: the luminosity density of the Universe 

Several authors have examined global measures of the galaxy population such as 
the mean luminosity density of the Universe at ultraviolet wavelengths or in an 
emission line such as Ho or [011]3727. These quantities are relatively insensitive 
to the cosmology (depending only on the increment in comoving distance dw/dz) 
and are related, with caveats concerning the effects of dust extinction, the initial 
mass function, and so on: to the production of stars and heavy elements. They 
can thus be related to other global measurements such as the mean density of 
neutral gas and the mean metallicity of that gas (Pei and Fall 1995). 

X’ost authors have found substantial increases in these quantities with red- 
shift, with exponents, (1 + z)“, in the 3 < Q < 4 ra,nge over 0 < z < 1 (Lilly et 
al 1996: Hammer et al 1997, Hogg et al 1993, Yan et al 1999) although Cowie 
et al (1999) have proposed a lower exponent than Lilly et al (1996) for the 
2500 -&ninosity dependence, cli N 1.3. The latter discrepancy can be traced 
to the highest and lowest redshifts. At the lowest redshifts, we our estimate on 
locally determined B-band luminosity functions which xould have to be signifi- 
cant under-estimates for the higher ultraviolet luminosity density advocated by 
Cowie et al to be correct (but this is possible). At z N 1 the derived luminosity 
density depends on the faint end slope assumed for the luminosity function - 
Cowie et al assume a much flatter slope (o = 1) than we did (N = 1.3). This 
issue is clearly not settled beyond doubt. 

-A major question is whether the increase in visible/ultra-violet luminosity 
density can be taken as a measure of star-formation [it should be remembered 
that even Hcu is affected by extinction). Indications from mid-IR and far-IR 
surveys (Flores et, al 19%3b, Hughes et al 1998. Lilly et al 1999ab) suggest that 
the luminosity densities in these wavebands are also increasing at least as fast as 
indicated in the optical/ultraviolet and it therefore seems reasonable to assume 
that these are all due to a general rise in star-formation activity. 
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‘. Although the plot of luminosity density (and implied star-formation rate) 
with redshift is hailed as a significant advance in cosmology, it should also be 
remembered that it completely suppresses the individual identity of gala-ties and 
thus masks completely the physical processes involved. Furthermore, it is not 
completely independent of cosmology. The effect of a A-dominated cosmology 
is particularly pronounced in reducing the slope of the rise and the sharpness of 
the change in slope at z N I. 

2.4. Summary 

I have tried to emphasize above how uncertain our emerging picture of even the 
0.1 < 3 < 1.0 regime is. Some of the most basic descriptions of the population 
are still disputed, and many relevant aspects, including such basic things as 
metallicity, are not known to any significant degree at z N 1. The difficulties of 
characterizing the evolution of a diverse and continuous population of galaxies 
are substantial, and I believe we will have to await the detailed study of very large 
samples of galaxies, perhaps two orders of magnitude larger than the lOOO-galaxy 
samples such as the CFRS, before we will have a satisfactory understanding of 
even this regime. 

Nevertheless, I think it is true that there is little compelling evidence that 
the Universe at z N 1 was a dramatically different place than it is now. In 
particular, I think there is quite good evidence that most if not all of the present- 
day population of massive L * galaxies were in place by this epoch. Consequently, 
the epoch of galaxy formation (certainly in terms of massive galaxies) lies at 
higher redshifts. 

3. The hidden phases of galaxy formation and evolution - highly 
luminous sources at high redshifts 

A cursory glance at the properties of present-day gala.xies suggests that many 
gala,xies may have gone through a high luminosity phase in their evolution at 
high redshift. In particular: the metal-rich spheroidal components of galaxies, 
which likely comprise a half to two-thirds of the present-day stellar mass in the 
Universe (Fukugita et al 1997): appear to have an age comparable to the age of 
the Universe and to have a structure which, unlike the disks, is consistent with a 
rapid and violent formation. Indeed, much of the motivation for early studies of 
“faint blue galaxies” was the realization by Tinsley (1980) that galaxies forming 
stars at 1000 N, yr-’ (sufficient to make a substantial galaxy in a dynamical 
time of order lo8 yr) even at high redshift (Z N 3), would be readily visible 
at V N 20. This seminal paper motivated manv of the early redshift surveys 
of the faint galaxy population. Of course: no s;ch optically-luminous galasies 
have been found, despite surveys penetratin g to very much fainter levels than 
envisaged by her. Not least the Lyman-break population (Steidel et al 1996) 
identified at 3 > 2.5 is found about 5 magnitudes fainter and have implied star- 
formation rates (in the ultra-violet, i.e. assumin g no dust obscuration) of order 
10 14, yr-‘. Such star-formation rates require a full (present-day) Hubble time 
of continuous star-formation to build up to a substantial stellar population. Very 
luminous star-forming galasies at high redshift have been conspicuous by their 
absence in optical/ultraviolet surveys. 



However, in the local Universe, it has been known since the IRAS mission, 
that the most luminous galaxies locally are heavily obscured by dust and radiate 
all bu,t a few percent of their luminosity in the far-infrared, peaking around 100 

pm. The nature of the energy source in these ultra-luminous infrared galas- 
ies (ULIRGs) has been long debated. Recent data from IS0 (Genzel 19%) 

suggests that at Arp ZO-level luminosities (2 x 101’Lo) both star-bursts and 
AGN contribute, with the former dominating at the roughly 3:l level. These 
local ULIRGs are generally associa.ted with the mergers of massive gala,sies and 
the star-burst systems may well be associated with the production of elliptical 
galasies (Sanders and Mirabel 1996 and references therein). 

However, ULIRGs are very rare in the local Universe and objects with 
luminosities exceeding that of Arp 220 contribute only about 0.3% of the total 
bolometric luminosity output of the local Universe (see e.g. Sanders and Mirabel 
1996 and references therein). Thus in global terms they might be considered a 
curiosity at the present epoch. 

The discovery by two experiments onboard COBE (Puget et al 1995, Fissen 
et al 199S, Hauser et al 1998) of a far-infrared/sub-millimeter background with a 
bolometric energy content as large or larger than that seen in the optical (Pozetti 
et al 199s) emphasized that obscuration by dust is an important phenomenon 
in the early Universe. 

3.1. Deep sub-mm selected sources and the ULIRG population at 
high redshifts 

It has long been appreciated that observations at millimetre wavelengths are 
potentially an effective way of identifyin, v ULIRGs at high redshift: where the 
peak of the spectral energy distribution is redshifted into the observing band. 
Indeed, the highly beneficial k-corrections at wavelengths around 1 mm largely 
compensate for the increased distance, resulting in a flat S(Z) relation over a 
wide redshift range. For instance, at an observing wavelength of 850 IAm, Arp220 
would be appro,ximately as bright at J N 8 as at J N 0.5. 

The SCUBA bolometer array camera on JCMT, operating at 550 pm (and 
also, though more affected by atmospheric conditions, simultaneously at 450 
pm) is thus a very efficient detector of obscured high-luminosity sources at high 
redshifts. With long integrations, SCUBX has a sensitivity sufficient to detect 
sources similar to Arp 220 over a very wide rage of redshifts, and several groups 
(e.g. Smail et al 1997, Hughes et al 1998, Barger et al 1998, Eales et al 1999) 
have been undertaking surveys of small regions of sky to search for such objects. 

A411 of these surveys have succeeded in detecting individual sources that, as 
a population, represent a substantial fraction of the COBE background at 550 
pm. At Ss;e >_ 3 mJy, detectable after about S hours with SCUBA, 20-25% of 
the background is resolved into discrete sources. Deeper exposures or the use of 
gravitational lensing effects suggest that at Ssso 2 1 mJy, a half of the COBE 
background is accounted for. 

There sources have -4rp-,- 730 level luminosities as long as they lie somewhere 
in the broad redshift interval. 0.5’ < 2 < S. which they almost certainly do. 
although the precise 1uminosities;are poorly constrained at the level of a factor 
of 2-3 because of uncertainties in the spectral energy distribution through the 
peak at 100 /lm. Even without knowledge of the redshifts of the individual 
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‘sources; the fact that the sub-mm background can be resolved into a small 
number of ultra-high redshift sources immediately tells us that such sources must 
be producing a significant fraction of the bolometric luminosity of the Universe 
at high redshifts. X reasonable estimate is that 30% of the bolometric output at 
high redshifts comes from ULIRGs, whereas: as noted above. the corresponding 
fraction in the present day Universe is only 0.3%. 

A major uncertainty concerns the redshifts of the sources. Identification 
with optical/near-IR sources is rendered ambiguous because of the poor reso- 
lution of the 15m JCMT (15 arcsec FWHM at 550 ilrn). Some of the sub-mm 
sources are detectable as radio sources whose VLAA positions make the iden- 
tification unambiguous, The fraction of sources which are radio sources obvi- 
ously depends on the limiting flux in both wavebands, but in our own deep 
survey (S&e > 3mJy and S scm > 16~1Jy), it is not more than 33% (Lilly et 
al 1999a, Richards 1999, c.f. Cowie and Barger 1999). Deep integrations with 
millimeter-wave interferometers have resulted in the detection of the brighter 
SCUBA sources in some cases disproving the claimed identification (Downes et 
al) and in another confirming it (Gear at al: in preparation). In our opinion, 
none of the deepest sub-mm surveys have been securely identified past the 50% 
level. 

In our own survey (Eales et al 1999; Lilly et al 1999ab) we have been 
impressed by how many sources can be reliably identified with low redshift 
sources z 5 1. Based on our newest unpublished results, about 30% of the 
sources have z 5 1) with many more likely lying at z 2 3. This limits the 
fraction of the sample which can lie at very high redshifts. In the past, we have 
estimated Z,&ian N 2 (Lilly et al 1999ab) although we would certainly not rule 
out median redshifts as high as Zm,&ian N 3. This is consistent with the extensive 
spectroscopy of candidate identifications in the Smail et al cluster lens survey 
presented by Barger et al identification. 

-4s is well known, the strongly beneficial ,&corrections at sub-mm wave- 
lengths result in a flat flux-density redshift relation: meaning that a flux-density 
limited sample closely appro,ximates a volume limited sample in which the in- 
crease in comoving volume with redshift should produce a large number of very 
high redshift sources within samples. As we have argued elsewhere (Lilly et al 
1999ab), even quite conservative limits on the fraction of sources that can lie at 
high redshifts place quite strong constraints on the amount of high luminosity 
obscured activity that can take place at high redshifts. If 50% of the activity- 
occurs at 2 > 3 then we would expect of order 85% of the 830 pm background to 
have been produced at z > 3 - a scenario that we can to all intents and purposes 
rule out. Even a model in which the luminosity density rises to z -., 2 and is 
then constant at higher redshifts predicts that 50% of the 850 Lsrn background 
would come from z 2 4 which is already in our view uncomfortable. but prob- 
ably not ruled out. ‘Thus it appears that much of the activity represented by 
these ultra-luminous sources occurs at lower redshifts, 3 N 2. 

-Another major uncertainty concerns the nature of the energy source. Based 
on similar objects locally. it is likely that both 4GX and starbursts are responsi- 
ble. indeed the two phenomena are likely cIosely related. ‘This would mean that 
this population is both supplyin, c a significant fraction of all stars. and a large 
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-fraction of the central black hole mass, seen in the local Universe (see Lilly et al 
1999b for a discussion). 

4. Perspectives 

In seeking to synthesize the above, with also the immense amount of work on the 
high redshift optically-selected population, I believe the following things have 
been established, or at the least have not been disproved: 

1. The Hubble sequence of galaxy morphologies is in place by z N 1 and 
the number densities of large ellipticals and spirals has not changed dramatically 
since that epoch. 

2. The Hubble sequence of galaxy morphologies is probably not in place 
at s N 3: and the number densities of large ellipticals and spirals is probably 
much lower at this epoch tha,n at present. I base this statement on Dickinson’s 
beautiful NICMOS images of the Hubble Deep Field. 

3. Small, irregular, vigorously star-forming galasies of moderate mass are 
much more prevalent at z N 1 (where they dominate) than they are now. The 
present-day descendants of these galaxies is unclear as is their relationship to the 
Lyman-break population at z > 3, to which they nonetheless bear considerable 
similarities. 

4. There is morphological evidence that merging of galaxies was a more 
important (and possibly dominant) phenomenon in assembling galaxies at z 2 1 
than in the present-day Universe. 

5. Likely related to (4), ultra-luminous dust enshrouded galaxies at z > 1 
contribute a much larger fraction (about 3070) of the bolometric energy output 
of the Universe than at the present epoch (about 0.3%). These high redshift 
systems could be producing a substantial fraction of the present-day stellar 
population of the Universe, and could most naturally be associated with the 
production of the spheroids. 

6. There is some preliminary evidence that the high luminosity obscured 
ULIRGs show a similar behaviour to the quasars in declining to the highest 
redshifts , z > 3 (see Shaver et al 1996) in contrast to the luminosity function of 
the lower luminosity ultra-violet selected Lyman-break galasies which seems to 
be roughly constant between 2 < z < 5 (Steidel et al 1999). 

If we accept the above (and not all will), we can sketch out the following 
possible story to link together these disparate strands of observational evidence. 
It should be emphasized that this is largely speculative at this stage. 

(a) The first, as yet unobserved, stars form in small galasies at high redshift 
and pollute the intergalactic medium to a uniform metallicity of about 0.01 solar. 

(b) -1s time passes, merging increases the dark mass of galaties and becomes 
increasingly important in the triggering of star formation. Star-formation in 
relatively small galasies and/or steady-state star-formation at modest levels in 
larger galstAxies would be seen as the Lyman-break population at roughly constant 
number density. 

(c) However? as the masses and metahicities of galaAGes built up, mergers 
would become more violent and the obscured GLIRGs w&d appear, dominating 
the star-formation in the Universe at 1 < z < 3 and resulting in the spheroids. 
Quasars. probably arising under similar conditions: would follow a similar evo- 
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lutionary history. These ULIRGs would be responsible for the generation of a 
substantial fraction of the present-day stellar population of the Universe and, 
most reasonably, with the massive spheroids. 

(d) By z N 1 the worst of the merging would be past. Disks could survive 
and the familiar population of spirals and ellipticals would stabilize. The ULIRG 
and quasar populations would decline dramatically. 

(e) Heading towards the present-epoch, star-formation in disks and in the 
irregular population would decline, presumably as the availability of gaseous 
fuel declined. Star-formation in smaller galaxies would still be modulated by 
the feedback between gas and stars: but would be steadier in larger disks. 

In this picture, the different features of the star-formation history diagram 
are accounted for in terms of the merger history, and in particular the different 
behaviours at z < 1 and z > 1 may reflect phases when merging is and isn’t 
the dominant process. One could speculate why merging might switch off at 
this point and it could conceivably be linked to the transition from a matter to 
A-dominated Universe in h-dominated cosmologies with 0,~ = 0.2. 

I would argue that the above picture is broadly consistent with hierarchical 
models of galaxy formation. It is often remarked that the evolution back to z - 
1, being dominated by smaller galaxies, is precisely the opposite of that predicted 
from hierarchical models in which we would expect small galaxies to form first 
and be assembled into larger ones. I personally don’t find this a concern. First 
it should be remembered that the optically-selected population may represent 
considerably less than a half of the star-formation that has occurred in the 
Universe and that the bulk of the star-formation may be going on in the obscured 
high luminosity ULIRGs. Thus the evolutionary behaviour at s < 1 could be just 
an after-thought, occurring after the bulk of galaxy formation was completed. 
This makes sense especially if the hierarchical assembly of galaxies ceased at 
I N 1, perhaps due to a low-density L-dominated cosmology. 

Furthermore, the evolution of smaller gala,xies is likely to be quite complex 
with feedback from star-formation play in a very important role. Thus the 
conversion of gas into stars within low mass haloes may well be quite episodic 
and not follow simple ideas of the formation of bhe haloes (for instance, there 
is as yet little evidence that a significant fraction of the blue galaxies at z 5 1 
are in any sense primordial). If the differential behaviour between the optically- 
selected and ULIRG populations which I suspect is occurring at J >> 2 holds 
up: then in fact this would be precisely the behaviour expected in hierarchical 
models. 

This picture leads to some clear predictions that should be testable within 
the next few years. (a) The bulk of the present-day spheroid population should 
appear between 1 < ‘2 < 3 even if a few examples of quiescent gala,xies are found 
at higher redshifts; (b) The galaxies at z > 3 should have masses significantly 
below those of present-day L* galasies even if they are the pre-cursors of such 
ualasies; (c) The ultra-luminous galasies and quasars should indeed decline in 
Eumber density at the highest redshifts. 
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Abstract. DEEP is a major redshift survey of over 50,000 .Z - 1 field 
galaxies that will use a new spectrograph (DEMOS) on the Keck II 10-m 
telescope. The main scientific goals include understanding how galaxies 
form and evolve and mapping their large scale structure. Most DEEP 
spectra will be of quality and resolution high enough to extract rotation 
curves, velocity widths, age estimates, and chemical abundances. While 
waiting for DEMOS to complete in 2000, the Santa Cruz DEEP.team 
has concentrated on completing various pilot programs that combine the 
use of the current Keck spectrographs and of multiband HST images. I 
summarize highlights of our studies of early-type galaxies and bulges, spi- 
rals and disks, and compact galaxies out to 
(2 N 3) 

s N 1 as well as high redshift 
gala,xies. We confirm that measuring kinematics is a practical 

technique for distant gala,xies and that such information provide vital 
data for galaxy evolution studies. Based on these kinematic studies, the 
Santa Cruz team finds evidence for a wide diversity in the behavior of 
distant gala,xies. While massive early-type gala-xies and spirals appea,r to 
constitute a relatively stable population out to z N 1: lower mass com- 
pact galaxies exhibit more dramatic evolution. Our view is that galaxy 
evolution is complex, i.e.: not solved or dominated by a single physical 
process such as mergers or starbursts. Due to the diversity of gala.xies 
and of possible physical mechanisms that affect their formation and evolu- 
tion, galaxy evolution studies remain in their infancy, though an explosive 
growth in data and theory can be expected over the nest decade. 

1. Introduction to DEEP and DEIMOS 

The current suite of new S-10 m class optical telescopes promises to offer new 
surveys of field galaxies to unprecedented faintness. Equally tantalizing are the 
new opportunities to combine these data with high spatial resolution measure- 
ments of size: shape, and morphology from HST and NGST, as well as in new 
wavebands: such as in the infrared (SIRTF) and x-ray (CH-U’JDR-4). Besides 
fainter redshifts, large telescopes may yield S/Y gains and spectral resolutions 
high enough to enable three new. powerful diagnostics for the analysis of dis- 
tant gala,xies, namely internal velocities (and hence masses when combined ‘with 

’ size), element abundances, and age estimates. ‘These measurements are impor- 
tant, independent probes of galaxy properties in the early universe. Compared 
to the uncertainties of star formation processes needed to predict luminosities. 
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the gravitational behavior of masses are much more reliably tracked by cosmo- 
logical simulations of galaxy formation and evolution. Finally, because galaxy 
evolution and their large scale patterns are both complex (especially with uncer- 
tainties in the nature of dark matter, bias, and cosmology), field galaxy surveys 
with large samples will be essential to address these problems. 

To meet this challenge and opportunity, the Deep Estragalactic Evolution- 
ary Probe (DEEP ‘) t earn intends to undertake a new Eieck survey of over 
50,000 faint field gala,xies that uses a new instrument (DEIhIOS 2: Davis and 
Faber 1998), which is under construction at TJCO/Lick Observatory under the 
direction S. Faber. DEIMOS will provide both a wide-field direct imaging ca- 
pability as well as multi-object spectroscopy. Although originally designed for 
two optical cameras, DEMOS has one optical camera at this time, with the sec- 
ond camera slot being retained for a future upgrade to a near-infrared camera. 
Even with one camera, DEIMOS will increase the Keck throughput (sensitivity, 
spectral range, resolution, area) for faint-object spectroscopy by a factor of 7. 
DEIMOS has an active slit area of 16’ x 4’ and focuses spectra onto a CCD 
array of Sk x Sk 15pm pixels. For each field of view, slit masks containing an av- 
erage of 140 slitlets will be prepared by a computer-controlled milling machine. 
DEMOS is expected to be commissioned by late 2000 and fully operational by 
spring 2001 when the new DEEP survey begins. 

DEEP is designed to provide a detailed characterization of the nature of field 
galaxies and their clustering statistics at redshifts s w 1. In order to overcome 
cosmic variance, DEEP will target over 2 deg2 divided among four low-extinction 
fields on the sky. Each field is currently being imaged in BRI by N. Kaiser and 
G. Luppino as part of their CFHT weak lensing campaign; these images mill 
be used for sample selection, multicolor photometry, and image structure mea- 
surements. In each field: DEIMOS spectroscopy will cover a central continuous 
strip of size 16’ x 120’, with additional outrigger strips added to improve mea- 
surements of higher-order clustering statistics. Exposures will range from one 
hour for the primary strip to 3 hours for smaller subsections that will also be 
targeted for supplementary imaging from HST. By exploiting photometric red- 
shifts from the BRI photometry, we expect to screen out foreground galasies 
with J < 0.7, thus more than doubling the efficiency of the survey for the higher 
redshift regime. We will concentrate on observing 0 [II] 3727 -4 in the spectral 
range 6000 A& < X < 9500 x: which we can study with high spectral resolution, 
2.3 -& (90 km/s) FWHM, throughout the redshift window 0.61 < z < 1.55. VYth 
depths of I N 23 and over 50.000 galaxies, the DEIMOS DEEP survey will thus 
be nearly 100s larger and one magnitude deeper than the pioneering Canada 
France Redshift Survey (CFRS: see paper by Lilly). 

DEEP will gather internal kinematic data in the form of rotation curves or 
linewidths. This aspect sets DEEP apart from other faint galayy surveys. Such 
measurements are of special interest because, if the system is bound and if sizes 
and inclinations can be independently measured or estimated, the inferred grav- 

‘More details of DEEP’s prior and planned surveys, members, publications. etc. can be fouud 
at website: http://www.ucolick.org/ -deep/home.httil 

‘More details on the DEep Imagin, a Multi-Object Spectrograph (DEIAIOS) can be found at 
mebsite: http://www.ucolick.org/ -loen/Deimos/deimos.html 
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itational potential depth can be used to estimate the actual masses of distant 
gala,xies. Tracking how the volume density of galaxies with different masses (as 
well as luminosities, sizes, structure, etc.) vary with lookback time will provide 
an entirely new dimension to study the rate of galaxy merging, luminosity evo- 
lution, disk and bulge structure formation, etc. Finally, if the mass: luminosity, 
and number evolution of galaxies can be understood and corrected, the large 
sample of DEEP will provide an unprecedented opportunity to measure the ge- 
ometry of the universe, not only through the evolution of large scale structure 
but also via the classical volume test. Such volume tests are more sensitive than 
size or luminosity tests by factors of -( l+~)~ and -(ltz), respectively. 

2. Highlights from pre-DEIMOS DEEP Surveys 

While waiting for the completion of DEMOS and in order to determine its 
expected performance, we have undertaken a number of smaller, pilot-style 
projects with the eliisting Low Resolution Imaging Spectrograph (LRIS: Oke et 
al. 1995) and High Resolution Echelle Spectrograph (HIRES: Vogt et al. 1994). 
To maximize the scientific returns, we have focused our efforts in fields where 
HST WFPC2 images already e,xist, such as the Groth Survey region (52000 
14:17.5+32:30) and the Hubble Deep Field (HDF). Such HST images are crucial 
not only for determining the morphology of our galaxy samples, but also for ob- 
taining reliable measures of structure, including size and inclination, which are 
needed to convert kinematic observations into direct measures of mass. Overall, 
our pre-DEIMOS pilot programs have been gratifyingly successful, not only in 
providing vital information to support and define the DEIMOS DEEP survey. 
but also in yielding a variety of important clues on the formation and evolution 
of distant field galaxies. The following summary of highlights from the Santa 
Cruz DEEP team are meant to be complementary to the contributions at this 
workshop on pre-DEIMOS DEEP results by M. Im on the evolution of early- 
type galasies and by N. Vogt on the evolution of the Tully-Fisher relation for 
distant spiral galaxies. 

2.1. Early-Type Galaxy and Spheroid Evolution 

-4s reported in more detail in Im’s contribution, we find no evidence for rapid 
changes in either the colors or number densities of luminous E/SO and other 
early-type galasies (Im et al. 2000) or of bulges/spheroidals (Iloo et al. 2000) 
out to redshift z N 1. Moreover, for galasies bright enough to permit measure- 
ments of their absorption line velocity dispersions, we have obtained all needed 
information (surface brightness, velocity dispersion, and luminosity) to test for 
any significant evolution of the Fundamental Plane; none was found (Gebhardt et 
al. 2000). Overall, these findings support the view that most early-type systems 
were well in place by redshift 2 N 1, with little change escept for the espected 
luminosity changes due to passive evolution of an old stellar population. 

2.2. Distant Spirals and Disks _ . . 

:A major theme of DEEP is the kinematics of distant galasies. As described in 
more detail in Vogt’s contribution, we have clearly demonstrated the feasibility 
of discerning emission-line rotation curves of likely spirals out to redshifts near 
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z f-4 1. These results apply to galaxies as faint as I N 22 and need one to two 
hour exposures on Keck. To optimize the slit alignment with a galasy’s apparent 
major a,xis, the slitlets have been milled with tilts. Based on a sample of over 50 
gala,xies, we find little evidence for anv major change (< 0.6 mag) in the zero- 
point of the optical Tully-Fisher relation (Vogt et al. 1996; Vogt et al. 1997; Vogt 
et al 2000). We thus find that large, massive spirals, like the early-type gala>xies, 
constitute a fairly stable population up to redshift z N 1. This conclusion is 
supported by recent studies that show the volume density of large disk galaxies 
has not changed much to z N 0.8 (Lilly et al. 1998) and by independent rotation 
curve work at intermediate redshifts by Bershady (1997, 1998) and Bershady 
et. al. (1998). Other kinematic studies at intermediate redshifts (Z < 0.7) find 
eviclence for 1 to 2 magnitudes of evolution (Rix et al. 1997; Simard and Pritchet 
1998; Mallen-Ornelas et al. 1999). A full reconciliation of these discordant 
results has yet to be made. 

Besides kinematic studies, the surface brightness evolution of disks ca,n be 
studied directly through measurements of size and luminosity. Prior studies 
claim strong evidence for higher surface brightnesses in disks at higher redshifts 
(,.Schade et al. 199Ga, 1996b; Roche et al. 1998), and our own study to fainter 
limits show similar apparent trends (Simard et al. 1999). However, when selec- 
tion effects are taken into account, virtually all of the trends disappear, leaving 
only a relatively small population of luminous, compact gah=ies at higher red- 
shifts (Z > 0.7) showing significant evolution (Simard et al. 1999). Thus again 
we find little evidence for substantial evolution in large galaxies to z k 1. 

2.3. Compact Galaxies 

For several years, the Santa Cruz DEEP team has been studying faint blue 
compact gala-ties (B C G) with Keck and HST. These galaxies are generally of 
high luminosities, close to L", and thus do not belong to the blue compact 
dwarf (BCD) 1 c ass, which are instead typically of very low luminosities closer 
to L*/lOO. We have two samples of such galaxies. One of typically B N 21 
was originally extracted from stellar-like QSO candidates that subsequent spec- 
troscopy from KPNO showed to possess narrow emission lines and galaxy-like 
luminosities rather than broad -4GS-like lines and QSO luminosities (Koo et 
al. 1994). The other much fainter sample of I < 23 was from compact gala-ties 
chosen in the HDF Flanking Fields (Phillips et al. 1997). 

Our key discovery is that many of our compact galasies, though of high 
luminosity, have very narrow ernission lines when observed at moderate to high 
spectral resolution on Keck (Koo et al. 1995, Phillips et al. 1997). Indeed, for 
some very compact gala-ties brighter than the Milky Way, we needed the HIRES 
to resolve velocity widths smaller than 30 km-s-l (Koo et al. 1995; Guzman et 
al 1996; see Fig. 1). When combined with sizes from HST, the inferred masses 
are typically less than 10 lo UT with resultant M/L up to 100 times less than _ 
normal galasies (Guzman et a?.’ 1996. 1997). 

-1 major concern is whether the emission line widths can be trusted to yield 
reliable masses. Though minds. dust obscuration: and poor representation of the 
gravitational potential by the luminous star formation regions may reduce the 
correlation of the emission line .widths and the galaxy’s gravitational potential. 
the available data nevertheless show a good correlation between emission-line 

‘ 
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Figure 1. Emission line profiles of very luminous blue compact galas- 
ies as observed with HIRES (Guzman et al. 1996). The velocity widths 
(u) in km/s are as indicated where typical values for normal galasies 
are closer to 200 km/s. 

velocity widths and that of HI: which is assumed to trace the true galaxy po- 
tential. This has been found for normal galaaGes (Kobulnicky and Gebhardt 
1999) and even for very compact local HI1 galaxies (Telles and Terlevich 1993). 
Granting that these findings hold for our sample and to higher redshifts, i.e., 
that we are indeed measuring masses with our kinematics, the la& of correla- 
tion between luminosity and mass demonstrates the usefulness, necessity, and 
promise of kinematics as an important new dimension to discern the evolution 
of different galaxy populations. 

For both of our compact samples. the majority of these gala,xies have lumi- 
nosities, colors, surface brightnesses. sizes, star formation rates (SFR), escita- 
tions: and most importantly, velocity widths and M/L ratios characteristic of the 
most luminous nearby HI1 galaxies. ‘The more massive compact gala,xies form 
a more heterogeneous class of evolved starbursts. similar to local disk starburst 
galasies (Guzman et al. 199i’). Without additional star formation, the HII-like 
BCGs are likely to fade to resemble today’s spheroidal galaxies such as WGC 
‘205 (Koo et al. 1995: Guzman et al. 1996: 1997). By comparing the global 
comoving SFR densities to previous studies, we conclude that BCGs, though 
only -2070 of the general field population, may contribute as much as 45% to 
the global SFR density of the universe at z < 1. The importance of compact 
gala-ties to galaxy evolution is supported by the CFRS team (Lilly et al. 1998: 
Mallen-Ornelas et al. 1999). 
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Figure 2. Upper left panel shows the 2-D sky-subtracted spectra for 
the estended, or possibly two-component, L,yman-drop galaxy shown - 
in the center of the upper right panel. The bottom figure shows part 
of the spectrum of each component separately. A cross-correlation of 
the spectra yields no statistically detectable velocity shift. Adoption of 
an upper limit of 100 km/s for the differential velocity, no inclination 
corrections, and the apparent angular separation as a measure of the 
actual size of the system yields an upper limit to the mass of 101oMc~. 
This source, C4-06, was originally discovered in the HDF by Steidel et 
al. (1996b) with Keck and reobserved at higher spectral resolution to 
derive the kinematics (Lowenthal et al. 1998). This figure was kindly 
provided by J. Lowenthal. 

: 
._.. 
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..2.4. Redshift 3 N 3 Galaxies 

One of the major advances with Keck has been the dramatic demonstration by 
Steidel et al (1996a) that very high redshift (z N 3) gala,xies, originally selected 
on the basis of broadband colors, can be routinely confirmed spectroscopically. 
The DEEP team has extended the pioneering efforts of Steidel et al. (1996b) in 
the Hubble Deep Field (HDF) by pushing the faintness limits beyond I N 25, us- 
ing redder “dropouts” to reach higher redshifts and higher levels of completeness, 
and adopting higher spectral resolutions to improve kinematic measurements 
(Lowenthal et al. 1997). Based on evidence for higher volume densities, cliver- 
sity in morphologies; and emission line widths of Lyc~ being frequently narrow, 
we suggested that the high redshift galasies may be a heterogenous population, 
including small mass systems that become dwarfs today or that later merge to 
form more massive galaxies (Lowenthal et al. 1997). Additional evidence for 
these views come from findings for non-$/” profiles in some high redshift galas- 
ies (Marleau and Simard 1998), very narrow lines (<lOO km/s in 4 out of five 
targets) seen in rest-frame optical lines as observed with an infrared spectro- 
graph (Pettini et al. 1998), theoretical simulations of merger-induced starbursts 
among subclumps of massive halos (Somerville et al. 1999), and noting that the 
s +- 3 gala-xies have many of the physical characteristics of the most luminous 
of our compact gala,uies seen at z < 1 (Lowenthal et al. 1998). However the 
original view that these gala-ties are only the cores of massive galaxies (Steidel et 
al. 1996a) is strongly supported by their strong clustering (Steidel et al. 1998) 
and various other simulations (e.g. Baugh et al. 1998). 

X key discriminant among the possible nature and descendents of these high 
redshift galaxies is mass. Although Lyman-drop galaxies are generally too small 
(~0.2”) to yield rotation curves with present ground-based systems, some appear 
to have multiple or extended components, which then allow spatially resolved 
kinematics to be gathered. So far, we have results for only for two galaxies, with 
one consistent with a very low mass of less than 10r”M~ (see Fig. 2), while the 
other has a more typical mass of 3 10 ilMo for luminous gala,xies (Lowenthal et . 
al. 1998). Given the unknown inclination of the plane of their relative motions 
and t,heir true sizes or separations, more data are clearly needed to obtain the 
needed statistics to assess whether Lyman-drop galaxies are generally large or 
small mass systems. 

3. Summary and Future Plans 

Our DEEP pilot programs with LRIS and HIRES clearly show the need and 
power of kinematics for galaxy surveys: since we have evidence that M/L may 
varv bv over a factor of 100 for gala-ties. - ” Moreover, our findings suggest that 
galasy evolution is complex, and probably not mainly the result of one physical 
process such as merging or starbursts. For larger gala,xies> both of early type or 
of spirals, we find that they have largely been a stable population out to redshift 
z k 1. In contrast, we find that compact gala.xies: whether to redshift s ti 1 or 
those seen as Lyman-drop galaxies at 2 w 3. constitute an important population 
for our understanding of galaAx%, since they both contribute significantly to the 
evolution of the star-formation rate density. >-et the nature of these gala,xies and 
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Figure 3. Simulations of an emission line rotation curve with and 
without using adaptive optics on the Iieck 10-m Telescope. The tar- 
get has an exponential disk with a scale length of 0.2”, inclination of 
Go, a ma,<mum velocity in the rotation curve of 40 km/s: and 6 knots 
of intense star formation. The upper left panel shows a 0.8” slit over 
the image under seeing of 0.6”. The upper right panel shows the es- 
petted emission line using the DEIMOS instrument (Da,vis and Faber 
1998) with 0.12” pixels in the vertical direction and 0.32 _j, pixels in 
wavelength. The lower two panels show the vast improvement in both 
imaging and spectroscopy with adaptive optics. The system is assumed 
to have a Strehl of 0.33 with a 0.05” core; a much narrower slit of 0.15” 
is adopted \s-ith a hypothetical spectrograph having 0.03” pixels in the 
vertical direction and a spectral resolution of 0.05 _& per pixel. ‘The 
star formation knots are clearly visible in the direct image and those 
within the narrow slit are seen in the spectra. ‘This simulation was 
produced and generously provided by A. C. Phillips from efforts asso- 
ciated with the new NSF Science and ‘Technology Center for Adaptive 
Optics. based at University of California, Santa Cruz. 
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.their link to gala,ties today are unclear. In particular, whether those at z < 1 
are progenitors of low-mass spheroid& today or those at z N 3 are progenitors 
of more massive; evolved early-type galaAGes at 2 N 1 remain important but are 
only among many unsolved puzzles in our understanding of galaxy formation 
and evolution. 

The study of galaxy evolution is still very much in its infancy, but over 
the nest decade: we will see an esplosive growth in new data. Particularly 
valuable for galasy evolution studies will be the completion of several large 
redshift surveys. These include the 2dF redshift survey (Folkes et al. 1999) 
and the Sloan Digital Sky Survey (SDSS: Loveday 1998), which will firmly set 
the foundation for the local properties of diverse galasy types; DEEP, which 
will aim for about 50,000 galaxies at z N 1 with good kinematic information; 
and the VIRMOS survey on the VLT (Le Fevre et al 1998), which; though with 
limited kinematic data, will access both optical and near-IR. In principle, the 
kinematic surveys can be used to estimate the masses of galaxies on larger scales 
than actually observed in the luminous portions of galaxies, by measuring the 
distribution of relative velocities of galaxy pairs at different separations. More 
direct measures of dynamical mass on larger scales are likely to come from weak 
lensing surveys: several of which are already underway; some will take advantage 
of photometric redshifts to vastly improve the S/N by discriminating between 
foreground and background sources. Moreover, adaptive optics (see Fig. 3) 
along with XGST will yield spatially resolved kinematics of very high redshift 
and even the most compact galaxies. Finally, planned enhancements to submm, 
mm; and radio telescopes should provide direct measures of the amount and 
motions of various forms of gas in distant galaxies. 

Acknowledgments. DEEP was initiated by the Berkeley Center for Par- 
ticle Astrophysics (CfP-4) and has been supported by various NSF, NASA, 
and STScI grants over the years, includin, v NSF AST-9529098 and STScI AR- 
07532.01-96. The senior members of DEEP have managed the project, but I 
would like to give special thanks to our talented pool of more junior astronomers 
(see DEEP URL f or names), without whom the results presented here would not 
have been possible. R. Guzman, A. C. Phillips, and J. Lowenthal are especially 
thanked for providing the figures. 

References 

Baugh, C. M., et al. 1995, ApJ, 198: 504 
Bershady, M. -4. 1997, PXSP Conf.: 117, 537 
Bershady, M. X. 1995, PSSP Conf.. eds. Merrit? Valluri; SellJvood: in press. 

Bershady, M. -4.: et al. 1995, P-ISP Conf.? 152> 233 
Davis: M.: and Faber, S. X. 1993: Wide Field Surveys in Cosmology, eds. S. 

Colombi: Y. Xellier. B. Raban (Editions Frontieres). 333 

Folkes: S.: et al. 1999,1~14R-\S~, 398, 439 
Gebhardt. Ii. et al. 2000T -Ap.J, in preparation 
Guzman. R.? et al. 1996, =\.pJ, 460: L3 
Guzman. R., et al. 1997, ,IpJ, 489. ,539 



212 Ii-00 

..Guzman, R., et al. 199S, ApJ, 495, L13 
Im, M. et al. 2000, ApJ, in preparation 
Kobulnicky, H. A., and Gebhardt, K. 1999, Ap.J, submitted 
Koo, D. C., et al. 1994, ApJ, 437, L9 
Koo, D. C.: et al. 1995, ApJ, 440, L49 
1~00, D. C.: et al. 1999, ApJ, in preparation 
Le Fevre, O., et al. 199S, in Wide Field Surveys in Cosmology, eds S. Colombi, 

Y. Melher, B. Raban (Editions Frontieres), 327 

Lilly, S. J., et al. 1995, ApJ, 500, 75 
Loveday, J.: Pier, J. 1998, in Wide Field Surveys in Cosmology, eds. S. Colombi, 

Y. MeIIier, B. Raban (Editions Frontieres); 317 
Lowenthal, J. D. et al. 1997; XpJ, 451, 673 
Lowenthal, J. D., Simard, L., KOO, D. C. 199S, PASP Conf. , 146, 110 
Marleau, F. R.? and Simard, L. 1995, ApJ, 505, 555 
Mallen-Ornelas, G.; et al. 1999, ApJ, 515, LS3 
Oke, B., et al. 1993, PASP, 107, 375 
Phillips, A. C., et al. 1997, ApJ, 459, 543 
Pettini, M., et al. 199S, XpJ, 505, 539 
Ris, H.-W., et al. 1997, MNRBS, X5, 779 
Roche. N., et al. 1998, MNR:1S, 293: 157 
Schade, D., et al. 1996a, ApJ; 46-l; 63 
Schade, D.: et al. 1996b, ApJ: 465, 103 
Simard, L.: Pritchet, C. 199S, ApJ, 505, 96 
Simard, L., et al. 1999, ApJ, 519, 563 
Steidel, C. C., et al. 1996a, ApJ, 462, L17 
Steidel, C. C., et al. 1996b, XJ, 112: 352 
Steidel, C. C., et al. 1998, ApJ, 492, 425 
Somerville, R. S.: et al. 1999. MIIi\TRAS, Astro-Ph/SS0622S 
TeIIes, E.: and Terlevich, R. 1993, -4psL-SST 205: 49 
Vogt, S. et al. 1994; Proc. Sot. Photo-Optical Inst. Eng.: 2195, 362 
Vogt; N. P. et al. 1996: ApJ. 465, Ll5 
Vogt, Y. P. et al. 1997, ApJ, 473, L121 
Vogt, X. P. et al. 2000, -4pJ. in preparation 



The Hy Redshift Universe 
ASP Conference Series, Vol. 193, 1999 
A. J. Bunker & W. J. M. van Brevgel, eds. 

The View of Galaxy Formation from Hawaii: Seeing the 
-Dark Side of the Universe 

L.L. Cowie and A.J. Barger 

Institute for Astronomy, University of Hawaii, 2680 Woodlawn Driue, 
Honolulu. HI 96822 

Abstract. The strength of the submillimeter background light shows 
directly that much of the energy radiated by star formation and AGN 
is moved to far infrared wavelengths. However, it is only as this back- 
ground at SJ9 LLm has been resolved with direct submillimeter imaging 
that we have seen that it is created by a population of ultraluminous 
(or near ultraluminous) infrared gala,xies (‘C’LIGs) which appear to lie 
at relatively high redshifts (z > 1). Mapping the redshift evolution of 
this major portion of the universal star formation has been difficult be- 
cause of the poor submillimeter spatial resolution, but this difficulty can 
be overcome by using extremely deep cm continuum radio observations 
to obtain precise astrometric information since the bulk of the brighter 
submillimeter sources have detectable radio counterparts. However, with 
this precise position information available, we find that most of the sub- 
millimeter sources are extremely faint in the optical and near infrared 
(I >> 24 and I< = 21 - 22) and inaccessible to optical spectroscopy. 
Rough photometric redshift estimates can be made from combined radio 
and submillimeter energy distributions. We shall refer to this procedure 
as millimetric redshift estimation to distinguish it from photometric esti- 
mators in the optical and near IR. These estimators place the bulk of the 
submillimeter population at J = 1 - 3, where it corresponds to the high 
redshift tail of the faint cm radio population. While still preliminary, the 
results suggest that the submillimeter population appears to dominate 
the star formation in this redshift range by almost an order of magnitude 
over the mostly distinct populations selected in the optical-ultraviolet. 

1. Introduction 

‘The cosmic far infrared (FIR) and submillimeter (SMM) background, which is 
the cumulative rest frame FIR emission from all objects lying beyond our Galaxy, 
has recently been detected by the FIRAS and DIRBE experiments on the COBE 
satellite (Puget et al. 1996; Guiderdoni et al. 1997; Schlegel et al. 199s; Fixsen et 
al. 1998; Hauser et al. 199s) and found to be comparable to the total unobscured 
emission at optical/UV wavelengths. This result shows directly that much, of ,” 
the energy released by the totality of star formation and XGY radiation through 
the lifetime of the universe has been dust absorbed and reradiated into the rest-’ : 
frame FIR. ‘This in turn implies that. to obtain a full accounting of the history 
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Figure 1. The 850 ;lrn source counts from Barger, Cowie, and 
Sanders 1999 (solid circles) with lg error limits (jagged solid lines) 
are well described by the power-law parameterization in Eq. 1 with 
a = 0.4 - 1.0, cr = 3.2, and iV, = 3.0 x 10’ deg-” mJy-* (solid line). 
The dashed curve shows a smooth extrapolation of this fit to match 
the EBL measurements using the value a = 0.5. Counts from Blain 
et al. (1999) (open circles), Hughes et al. (199s) (open triangles), and 
Eales et al. (1999) ( p o en squares) are in good agreement with our data 
and the empirical fit. 

of the universal star formation, we must turn our attention to this dark side of 
the universe. 

2. Resolving the submillimeter background 

The first stage in this process is to locate the individual objects giving rise to 
the background. Resolution of the extragalactic submm background at 350 /in 
became possible almost simultaneously with the measurement of the background 
when the Submillimeter Common Cser Bolometer Array (SCCB-1: Holland et 
al. 1999) was installed on the 15-m James Clerk Maxwell ‘Telescope (JCMT) 
on Mauna Kea. SCUBA’s sensitivity and area coverage enabled the sources 
producing the submm background to be directly imaged for the first time. The 
current count determinations determined from blank field surveys and from clus- 
ter lensed fields (Smail. Ivison k Blain 1997: Barger et al. 1995, 1999b: Hughes 
et al. 199s: Blain et al. 1999: Eales et al. 1999).are shown in Figure 1. Barger. 
Cowie and Sanders have shown, using optimal fitting techniques combined with 
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Monte Carlo simulations of the completeness of the count determinations, that 
the cumulative counts are well fit by a power law above 2 mJy. In addition, they 
showed that, in order to match the background and fit to the very limited [one 
source!) information at fainter magnitudes from the lensed sample (Blain et al. 
1999), a differential source count law 

n(S) = iv&L + s3.2) (1) 

was reasonable. Here S is the flux in mJy, No = 3.0 x 10” per square degree per 
m.Jy, and a = 0.4 - 1.0 is chosen to match the 550 pm extragalactic background 
light. The 95 percent confidence range for the power law index is from 2.6 to 3.9. 
The extrapolation suggests that the typical SMM source producing the bulk of 
the background lies at around 1 mJy, and the direct counts show that roughly 
30 percent of the 550 /lrn background comes from sources above 2 mJy. 

Provided only that the redshifts lie near or above z = 1 (see below), the far- 
infrared (FIR) luminosity is appro,ximately independent of the redshift. Thus, 
if we assume an Arp 220-like spectrum with T = 47 K (e.g., Barger et al. 
1998): the FIR luminosity of a characteristic N 1 mJy source is in the range 
4 - 5 x 1011 hi: I,, for a 40 = 0.5 cosmology (‘i - 15 x 1O1’ for 40 = 0.02). The 
FIR luminosity provides a measure of the current star formation rate (SFR) 
of massive stars (Scoville & Youn 
1.5 x lo-lo (L 

g 1983; Thronson si Telesco 19SS), SFR N 
FIR/L~) Ma yr-r; a 1 mJy source would therefore have a star 

formation rate of r~ 70 hi: MB yr-r for 40 = 0.5, placing the ‘typical’ submm 
source at or above the high end of extinction-corrected SFRs in optically-selected 
gala,xies (Pettini et al. 199s). If we were to allow the dust temperature to go as 
low as 30 K, LJ-I~ and the corresponding SFR would be N 4 times smaller. 

3. Direct attempts at a redshift distribution 

The identification of the optical/near-infrared counterparts to the SCUBX sources 
is made difficult by the uncertainty in the 550 LLrn SCUBA positions and by 
the intrinsic faintness of the counterparts. Bsrger et al. (1999c) presented 
a spectroscopic survey of possible optical counterparts to a flux-limited sam- 
ple of galasies selected from the 350 /sm survey of massive lensing clusters by 
Smail et al. (1997, 199s). Th e advantage of a lensed survey is that the clus- 
ters magnify any background sources, thereby providing otherwise unachievable 
sensitivity in the submm, and easing spectroscopic follow-up in the optical. In 
the Barger et al. survey, identifications were attempted for all objects in the 
SCUBA error-boxes that were bright enough for reliable spectroscopy; redshifts 
or limits were obtained for 24 possible counterparts to a complete sample of 16 
SCUBA sources. The redshift survey produced reliable identifications for six of 
the submm sources: two high redshift galaxy pairs (a z = 2.5 AGX/starburst 
pair (Ivison et al. 1998) and a z = 2.6 Lyman-break-like pair (Ivison et al. 
(1999)): two galaxies showing XGN signatures (z = 1.16 and s = 1.06): and two 
CD galaAxies (cluster contamination). ‘The galaxy pairs were later confirmed as 
the true counterparts through the detection at their redshifts of CO emission in 
the millimeter (Frayer et al. 199s. 1999). Because AGX are very uncommon in 
optically selected spectroscopic samples, it is also probable that the XGX iden 
tifications are correct. and they place a rough lower limit of about 20 percent 
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on the fraction of the submillimeter sources which have AGN characteristics. 
These results suggest that, excluding the cluster objects: about a quarter of the 
submillimeter sources can be spectroscopically identified. 

However, two of the submillimeter sources in the sample have no counter- 
parts to I around 26 and, while the remaining eight sources have optical gala,xies 
within the large error circles, these are rather normal objects which may simply 
be chance projections. We shall show in the next section that this is very proba- 
bly the case. These missing sources may be at higher redshifts, or be more dust 
obscured, than the spectroscopically identifiable sources. Furthermore Smail et 
al. (1X@), using deep near IR and optical imaging of the fields, have recently 
detected two extremely red objects which may be the counterparts of two of 
these sources, rather than the nearby bright spiral gala-ties which Barger et al. 
observed as the most likely counterparts to the SMM sources. This result also 
suggests that many of the optical source identifications may be suspect. 

4. Positional determination from cm continuum radio observations 

‘To proceed further we need accurate astrometric positions, and these are most 
easily obtained using cm radio continuum observations. Because of the well 
known radio-FIR correlation, both the cm data and the submillimeter observs- 
tions are linearly dependent on the star formation rates in the galaxy (Condon 
1992), though the ratio of the 850 pm flux to the cm radio flus rises rapidly as a 
function of redshift because of the opposite signs of the K-correction in the two 
wavelength ranges. (We discuss this further in the nest section.) Because of the 
redshift dependence, a cm flus-limited sample will contain a high proportion of 
lower redshift objects; while the 850 pm sample will choose out primarily the 
high redshift objects. 

The flanking field region of the Hubble deep field (the HFF) is well suited 
to looking at the radio versus submillimeter selection. Eric Richards (1999) has 
recently obtained an extremely deep VLA 20 cm image of this region, with a 
relatively uniform (1~ = 8;1Jy) sensitivity over the whole flanking field region, 
which can be combined with the deep ground based optical and near IR (NIR) 
imaging of the HFF (B arger et al. 1999a). Richards et al. (1999c) find that 
roughly two thirds of the 5a-selected 20 cm population have relatively bright op- 
tical/NIR counterparts while the remaining third are very faint. Barger, Cowie, 
and Richards (1999) have observed a complete subsample of the radio-selected 
objects with the LRIS on the Keck II 10In telescope? and find that nearly all the 
objects with I< < 20 can be spectroscopically identified, with a masimum red- 
shift of around 1.2: however. almost none of the fainter objects were identified. 

From a total sample of 70 radio selected gala-ties in the HFF region? Barger 
et al. (199%) chose the 16 with li > 21 for follow-up with SCUB-4. However. 
because they used the JI,, “Dole map mode which provides approximately a 5 square 
arcminute field around the target. a large fraction of the remaining radio sources 
(35/54) were also serendipitously measured. 14 of the 16 targeted blank field 
sources were observed. Even-with relatively shallow SCXBX observations (3a = 
6 mJy at 350 pm) a very large-fraction of the blank field radio sources were 
detected in the submillimeter, ks is illustrated in Figure 2. Of the 14 targeted 
sources, 5 are detected above G mJy while by contrast none of the 35 optical/NR 
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Figure 2. Radio sources in the HFF: the figure shows an overlay of 
the 20 cm radio sources in a small region of the HFF on a SCGBX 
GO Llrn image on the top and 011 a near IR image of the region on the 
bottom. (3 is to the right and E to the top in these images.) In general 
it is the radio sources which are faint in the optical and near IR that 
are detected in the submillimeter. 
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Figure 3. The optical and NIR magnitudes of the radio sources in 
the HFF and the sS_113 field versus 8.4GHz flus: the whole radio pop- 
ulation is shown as crosses with sources svhich only have 20 cm fluses 
extrapolated to 8.4GHz assuming a synchrotron spectrum. Sources 
with known redshifts are shown with open diamonds and all lie at 
z < 1.2 except for two qrasars in the SS-413 field (Windhorst et al. 
1995) which are shown as triangles. Sources which have been observed 
in the 5.50 /Lm but not detected at the typical 6 mJy (30) level are 
sl~ow~~ as the small squares while those detected at 550 ,um are shown 
as the large squares. 

bright sources were detected. In the observed fields, which covered slightly more 
than half of the HEE, a further two sources brighter than 6 m.Jy were discovered 
which were not in the radio sample. Even if there are further non-radio-detected 
submillimeter sources at the same level in the remaining unobserved portions of 
the HFF. it appears that the radio selection is turning up the majority of the 
bright submillimeter sources. 

The fact that many of the bright submillimeter sources can be iclentified 
with the optical/xIR faint radio sources in this way has the extremely impor- 
tant corollar?; that many of the 850 /Ln-selected sources have extremely faint 
optical/SIR counterparts. This is illustrated in Figure 3: where we show the 1< 
and 1 magnitudes of radio-selected sources in the HFF, and also in the SS_413~ 
field (Richards et al. 1999c and references therein) where a similar submillimeter 
survey has been carried out (Cowi:; Barger. and Richards 1999). Extremely deep 
1< observations \vith XIRC on the Kecli I 1Om can yield detections of nearly all 
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the 550 pm detected radio sources, and these are found to lie in the 1< = 21- 22 
range. However, many of the sources are not detected in the I band at the 2a 
limit of 1 = 25 for the HFF, and, for the HDFS5O.Z source in the HDF proper 
(Hughes et al. 1998), the source is not seen to I = 29. The brightest sources lie 
in the I = 24 - 25 range. 

5. Millimetric redshift estimation 

While it is clear from the work described in section 3 that a fraction of the 
submillimeter sources have optical and NIR counterparts that are bright enough 
for spectroscopic identification, the results of section il show that a, very large 
fraction simply cannot be identified in this way. At the current time the small 
numbers of objects suggest that perhaps a quarter of the sources (of which a 
fairly large fraction have ,lGN characteristics) are bright in the optical and spec- 
troscopically identifiable; while the remainder fall into the optical/near IR faint 
category. For this latter category of objects we will have to rely on photometric 
estimates using the shape of the spectral energy distribution in the radio and 
submillimeter, and the submillimeter to NIR ratios (Carihi and Yun 1999: Blain 
et al. 1999). 

Carilli and >-un have suggested the use of the S50 pm to 20 cm flus ra- 
tio as such a redshift indicator. Because of the opposing spectral slopes of the 
synchrotron spectrum in the radio and the black body spectrum in the submil- 
limeter, the submillimeter to radio ratio rises extremely rapidly with redshift, 
as is shown in Figure 4, which is take from Barger, Cowie, and Richards (1999) 
where a much more extensive discussion may be found. The primary uncer- 
tainty in this quantity lies in the dust temperature dependence, which in the 
local ULIG sample produces a range in the ratio of about a multiplicative factor 
of 2 relative to Arp220. 

T;5ie can test the estimator in a variety of ways. In Figure 4 we have shown 
the average submillimeter to radio ratios for the objects in the HFF with known 
spectroscopic redshifts. While none of these sources is individually detected, the 
average values are consistent with a null result at low redshifts but a strongly- 
significant positive detection for the sources near z = 1: which is estremelv 
consistent with the -4rp220 ratio. Individual submillimeter sources with spec- 
troscopic identifications are also broadly consistent with the expected ratios, 
though there is a suggestion that, as might be expected, those with the AGK 
characteristics have slightly lower ratios,although still within the broad general 
range. 

The optically-/near IR faint radio sources in the HFF with submillimeter 
detections are shown as the horizontal lines in the figure. The redshift estimator 
places them in the same broad general z = 1-3 range as the typical spectroscop- 
ically identified sources. (For -AGX we may be systematically underestimating 
the redshifts). Radio sources without 550 /lrn detections probably lie at lower 
redshifts while the sso pm sources without radio counterparts may represent 
the high end redshift tail. 
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Figure 4. &Iillimetric redshift estimation: The solid curve shows the 
ratio of the 850 pm to 20 cm flux that a non evolving XRP220 would 
have as a function of redshift. The solid bar at low redshift shows 
the range of the 850 pm fluxes to the 8.4GHz flux at low redshift 
extrapolated to 20 cm assuming a spnchrotron spectrum with the data 
taken from Rigopoulou et al. (1996). This suggest that the ULIGS have 
a range of about a multiplicative factor of 2 relative to ARP220 which 
is shown by the dashed lines. The avera,ge submillimeter to 20 cm ratio 
of the gala,xies which have spectroscopic redshifts and also have been 
observed in the submillimeter are shown as the large diamonds with 
la errors. The lowest point is consistent with a null detection but in 
the higher redshift bin there is a strong positive detection consistent 
with an XRP220 ratio. Individually detected objects from Lilly et 
al. (1999) and Ivison et al. (1999) are also consistent within the error 
spread though those with AGX characteristics (open symbols) appear 
to fall low in the figure. The solid line show the best guess for the 
redshift range (typically z = 1 - 3) for the optically/NIR faint galaxies 
which are detected in the submillimeter. Radio objects which are not 
detected in the submillimeter are likely to lie at lower redshifts than 
this while submillimeter detected objects which are not seen in the 
radio are potentially at higher redshift. 
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6. Discussion 

We ‘can summarise the results as follows. Roughly 30 percent of the 850 pm 
background is already resolved and the slope of the counts is sufficiently steep 
(a power law index of -2.3 for the cumulative counts) that only a small extrap- 
olation to fainter fluxes will result in convergence to the background. Thus, the 
typical submillimeter source contributing to the background seems to be in the 
l-2 mJy range. Because of the direct correspondence between flux and lumi- 
nosity at t,hese wavelengths we may identify the sources with ULIGs or near 
ULIGs. About a quarter of the sources have optical counterparts which are 
bright enough to be spectroscopically identified, and a large fraction of these 
show AG% characteristics, though at least one is an extremely bright pair of 
Lyman break galaxies. However, many of the remaining sources are extremely 
faint in the optical and NIR (li = 21 - 22). Redshift estimation for these 
sources using the submillimeter to radio ratios places the bulk of them in the 
same 2 = 1 - 3 range as the spectroscopically identified sources. 

It is interesting to consider where this population fits in the overall history 
of the universal star formation. One uncertainty in doing this is the question of 
what fraction of the SAW light is powered by AGX rather than star formation. 
It has long been debated whether the dust-enshrouded local ULIGs are powered 
by massive bursts of star formation induced by violent galaxy-gala,uy collisions 
or by -AGX activity. -4 recent mid-infrared spectroscopic survey of 15 ULIGs by 
Genzel et al. (1998) f ound that 7’0 - 80 per cent of the sample are predominantly 
powered by star formation and 20 - 30 per cent by a central AGN. Thus, while 
the spectroscopic follow-up studies of the gravitationally lensed submm sample 
(Barger et al. 1999c; Ivison et al. 1998) discussed in section 3 indicate that at 
least 20 per cent of the sample show some AGN activity, we shall assume in the 
following discussion that a substantial fraction of the submm light arises from 
star formation. 

Several groups (Smail et al. 1998; Eales et al. 1999; Lilly et al. 1999; Tren- 
tham, Blain, Xz Goldader 1999; Barger, Cosvie? & Sanders 1999) have suggested 
that the submm sources are associated with major merger events giving rise 
to the formation of spheroidal galaxies. The approsimate equality of the op- 
tical and submm backgrounds supports this hypothesis; present-day spheroidal 
and disk populations have roughly comparable amounts of metal density, and 
thus their formation is expected to produce comparable amounts of light (Cowie 
1988). Since the volume density of local ULIGS is very low japproliimately 
10-n h& MPC-~ f or objects with bolometric luminosities above 5 x 1O1l h$ I$ 
e.g. Sanders and 3Iirabel 1996) it appears that the star formation rate in this 
population must have been much higher in the past and have declined very 
steeply after 3 = 1, which may also be consistent with this interpretation. For 
a cumulative source density of 4.0 x 10” dege2 required to reproduce the EBL 
with 1 mJy sources ((X) = EBL/(S) with (5) N 1 mJy) and redshifts in the 
1 - 3 range, the average space density is 5 x 10-s hi, Mpc-” for a qe = 0.5 
cosmology (10-a for y. = 0.03). This space density is rather insensitive to the 
upper cut-off on the redshift distribution, dropping by only a factor of ‘V 2 or 
3 if we extend the volume calculation to z = 3. For comparison. the space 
density of present-day ellipticals is about 10-s h& MpcP3 (Marzke et al. 1994)1’ 
Within the still substantial uncertainty posed by the dust temperatures, the 
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.estimated star formation rate from submm sources in the z = 1 - 3 range is 
h 0.3 li~,~ & yr-r Mpc-” for (1 0 = 0.5, which is nearly an order of magnitude 
higher than that observed in the optical, N 0.04 hsj Me yr-’ MpcW3 (e.g., Stei- 
de1 et al. 1999) suggesting that at these redshifts it is the submillimeter light 
which marks the bulk of the star formation. 

Acknowledgments. We would like to thank our collaborators Eric Richards, 
Dave Sanders: Ian Smail, Rob Ivison, Andrew Blain and Jean-Paul Iineib. 

References 

Barger, A.J., Cowie, L.L., Sanders, D.B., Fulton, E., Taniguchi, Y., Sato, Y., 
Kawara: I<., Okuda, H. 1998, Nature, 394, 248 

Barger, A.J., Cowie, L.L., Trentham, N., Fulton: E., Hu, E.M., Songaila, I?-.: 
Hall: D. 1999a, AJ: 117, 102 

Barger, A.J., Cowie, L.L.. Sanders, D.B. 1999b, ApJ: 518, L5 
Barger, A.J., Cowie, L.L., Smail, I., Ivison. R.J.: Blain, A.W., Iineib, J.-P. 

1999c, AJ: in press 
Barger, A.J., Cowie, L.L., Richards E.A. 1999: AJ? to be submitted 
Blain. A.W., Kneib, J-P., Ivison, R.J., Smail. I. 1999, XpJ, 512, L87 

Carilli, C.L., Yun, M.S. 1999, ApJ, 513, Ll3 
Condon: J.J. 1992, ARA&-4, 30, 575 
Cowie, L.L. 1988: in The Post-Recombination Universe, N. Kaiser & A.N. Lasenby, 

Dordrecht: Kluwer, 1 
Cowie: L.L., Barger :1...J.: Richards E.A. 1999 -A.J; to be submitted 
F&en, D.J., Dxek, E., Mather: J.C., Bennett, C.L., Shafer, R.-4.. 1998, ApJ, 

508: 123 
Eales, S. et al. 1999, ApJ, 515, 518 
Frayer, D.T., Ivison, R.J., Scoville, K.Z., YUII, >I., Evans: A.S., Smail: I., Blain, 

A.U‘., Kneib, J.-P. 199S, ApJ, 506, L7 
Frayer, D.T., Ivison, R.J., Scoville, N.Z., Evans. X.S., Yun: AI.> Smail, I., Barger, 

-4.J.. Blah, -4.W.: Kneib: J.-P. 1999, XpJ, 514, 13L 

Genzel, R. et al. 199S, ,IpJ, 498, 579 
Guiderdoni, B., Bouchet: F.R., Puget, J.-L., Lagache, G., Hivon, E. 1997, Na- 

ture: 390, 257 
Hauser, M.G. et al. 19%: 5OS, 25 
Holland, TT:.S. et al. 1999. MXR.AS. 303, 659 
Hughes, D.H. et al. 199s. Kature. 394, 341 
Ivison. R.. Smail. I.. Le Borgne, J-F., Blain. -4.U-.. Kneib. J.-P.. Bezecourt: .J.: 

Kerr. T.H.: Davies. J.K. 1998; SINR-1s. 298. 533 

Ivison. R. et, al. 1999, MSR,lS, submitted. 
Lilly, S.J. et al. 1999: -4pJ. 518, 641 
Marzke. R.O.. Geller, M.J.. Huchra, J.P., Corwin. Jr.. H.G. 19%. A.J. 10s. 437 



Seeing the Dark Side of the Universe 223 

.Pettini, &I.: Kellogg, M., Steidel, C.C., Dickinson, M.: Adelberger; I<.L.: Gi- 
avaIisco7 M. 1998, ApJ; 508, 539 

Puget. J.-L., Abergel, A., Bernard, J.-P., Boulanger, F.: Burton, T;C‘.B., Desert, 
F.-S., Hartmann: D. 1996, -4&A, 308, L5 

Richards, E.-4., Kellermann, K.I., Fomalont, E.B., Windhorst, R.-4., Partridge, 
R.B. 1998, I-1-J, 116, 1039 

Richards, E.A. 1999a, ApJ; 513, 9L 
Richards, E.A. 199910, ApJ, in press 
Richards, E.A., Fomalont, E.B., Kellermann, K.I., Partridge, R.B., 1Vindhorst, 

R.-4., Cowie: L.L, Barger, A.J. 1999c, i-lpJ, submitted 

Rigopoulou, D . , Lawrence, A., Rowan-Robinson, M. 1996, MKR-4S, 278: 1049 
Sanders, D.B., Mirabel, I.F. 1996; ARA&-4, 34! 749 
Schlegel, D.J., Finkbeiner, D.P., Davis, M. 1998, ApJ: 500, 325 

ScovilIe, N., Young: J.S. 1983, ApJ, 265, 148 
Smail, I., Ivison, R.J., Blain, :-1.w. 1997, ApJ, 490, L5 
Smail, I.: Ivison, R.J., Bla.in, A.TITi., Eineib: J.-P. 1998: XpJ: 507, 21L 
Smail, I.: Ivison, R.J., Iineib, J.-P., Cowie: L.L., Blain, A.W.! Barger, X.J., 

Owen, F.N., Morrison, G.E. 1999, MKRAS, in press, [astro-ph/9905246] 
Steidel, C.C., Adelberger, K.L., Giavalisco, M., Dickinson, M., Pettini, M. 19997 

[astro-ph/9811399] 
Thronson, H.-4.., Telesco, C.M. 1986, -4pJ, 311, 98 
Trentham: N., Blain, -4.W.; Goldader! J. 1999: M/INR,1S, 305, 61 
Windhorst, R.A.) Fomalont, E.B., Kellermann: X.1.: Partridge, R.B.: Richards, 

E.: Franklin: B.E., Pascarehe, S.M., Griffiths, R.E. 1995, Nature, 375, 
471 





The Hy Redshijt Universe 
ASP Conference Series, Vol. 193, 1999 
A. J. Bunker & W. J. M. ‘van Breugel, eds. 

_ Deep Field Surveys: The View from Pasadena 

David W. Hoggl 

Institute for Advanced Study, Olden Lane, Princeton NJ 08540, USA 

Abstract. The Caltech Faint Galaxy Redshift Survey has 1200 faint 
galaxy redshifts in two regions of the sky, with median redshift z = 0.6. 
Spectral classifications of the gala,xies is correlated with colors but not 
strongly with morphologies. NO strong evolution of galasies is found in 
their number density or characteristic luminosities or clustering proper- 
ties. Strong evolution is found only in the prevalence and strengths of 
emission lines. This can be interpreted as a dramatic drop in average star 
formation rates since redshift unity. There are several hints of significa.nt 
large-scale structure on scales of many tens of Mpc. 

1. Introduction 

The title of this talk was assigned by the conference organizers. Since this author 
now lives in Princeton, the title might more accurately contain an “of” than a 
“from.” Furthermore, the group represented in this contribution is just one 
of a wide range of galaxy survey groups working in the several academic and 
laboratory institutions in Pasadena! 

Hy Spinrad’s publications show a steady stream of discoveries, many of 
which (though certainly not all of which!) are high-redshift gala.xies, including 
z = 0.469 in 1975, z = 0.840 in 1979: 7 = 3.215 in 1983, and now z = 5.34 just 
last year (Spinrad et al 1975; Smith et al 1979; Djorgovski et al 1985, 1987; Dey 
et al 1998; Spinrad et al 1998). AS of this meeting, the Caltech Faint Galaxy 
Redshift Survey (J. G. Cohen, principal investigator) has two samples totalling 
N 1200 faint galaxy redshifts (median z = 0.6), selected in the R and Ii bands, 
in two regions of the sky (Cohen et al 199% 1999a, 1999b, 1999c). illthough the 
numbers of gala,xies in the samples may be bi,, *ver, the current effort in Pasadena 
is directed at those redshifts Hy left behind back when this author was trying 
to convince his father to let him take the day off from elementary school to go 
see Toronto’s new basebah team, the Blue Jays. One unfortunate consequence 
of Hy’s work is that the meaning of the compound word “high redshift” changes 
on an annual basis: the definition being, roughly, Yhe redshift of Hy’s most 
recent galaxy.” For this reason. the work described here will be termed a study 
of galasp evolution from “intermediate redshift” to the present day. 

Our work is motivated by the usual interests: How are the faint galasies- 
seen at intermediate redshift related to galasies we observe in the Milky JA;ay- 

’ Hubble Fellow 
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and the local IJniverse? How have gala,xies evolved with cosmic time? Can we 
confirm or refute predictions of structure and galaxy formation models? I-ire 
the observations consistent with all cosmological world models? Unfortunately, 
as will be seen below and in other contributions to this volume, the progress in 
definitively answering these questions (over, say, Hy's scientific career) has been 
significantly less marked than the technological advancement in, for example, 
our ability to observe extremely faint galaxies at a wide range of wavelengths. 
It is also less marked than Hy’s progress in pushing the redshift limit. 

There is one somewhat unusual, basic issue which was originally, and contin- 
ues to be, a motivator for this faint gala,uy research: There are a huge number of 
faint galaxies out there. The local density of galaxies (down to a few magnitudes 
below the characteristic luminosity L*), multiplied by the comoving volume of 

’ the Universe, is only a few log, maybe 10 . lo But if we believe the Hubble Deep 
Field (HDF; Williams et al 1996): there are nearly 1O1l faint gala,xies observed 
all-sky, and that number appears to be increasing at a factor of nearly of 2 for 
every magnitude fainter the observations go. Some b @alaAxies are expected to fade 
away, some are expected to merge into larger ones, some of those faint sources we 
count as separate may in fact be joined already but by galaxy appendages which 
have yet to “turn on.” But it is safe to say that no convincing and complete 
story eAxists on what happens to those sources; many of the lines of evidence 
(e.g.: searches for faded galaxy remnants near the Milky Way, measurements 
of merging rates from close pair statistics, evolution in the Tully-Fisher and 
Fundamental Plane relations, stellar population and kinematic studies of local 
galaxies) are ambiguous at best, contradictory at worst. 

In this contribution, emphasis will be placed on only three aspects of the 
Caltech Faint Galaxy Redshift Survey: (1) The scale of a practical survey as- 
sembled over a few years by a small group (new to the field but with good Keck 
access): (2) the stron g evolution in the distribution of spectral properties of 
gala-ties from redshift unity to the present, which is not accompanied by nearly 
as strong an evolution in luminosities, and (3) apparently weak evolution in 
clustering properties. 

Unless mentioned otherwise, the adopted world model is He = 60 km s-r Mpc- 
(or h = O.F), fllcr = 0.3, and R* = 0.0. -All magnitudes are Vega-relative (sorry 
Hy!). 

2. The catalogs 

The survey has redshifts in two regions of the sky, one centered on 00 53 23 
f123358 (J2000), known as the “JOO53+1234 region” the other centered on 
12 36 49 +62 12 jS (J2000), known as the .‘HDF region.” 

The JOO53-f1234 region: Redshifts were initially obtained in a 2.0x 7.3 arcmin2 
field, in which identifications of 139 galaxies and 24 Galactic stars were made 
among 195 sources to 2.2 pm flus limit li 5 20 mag (Cohen et al 1999a). The 
survey is 84 percent complete to li = 20 mag. -The redshifts go to z = 1.44: with 
median redshift z = 0.58. For adequate studies of clusrering it is preferable to 
cover transverse spatial baselines of at least 10 hlpc; in the .JOO53+1234 region. 
six patches of sky (.Lsubfields”) were observed. distributed over a 1.2 x 1.2 deg" 



area on the sky, surrounding the 50053+1234 field. The configuration of the 
subfields is shown in Figure 1. The subfields contribute another 590 redshifts 
to the .J0053+123.4 region, selected at 22 I R < 23.5 mag, but they do not yet 
represent a complete, densely sampled catalou a, given limited telescope time. 

The Hubble Deep Field region: Redshifts have been obtained and compiled 
for 610 gala,ties in a sky region centered on the HDF. The sources in this region 
are selected in the R band, to R = ‘21 mag in the deep HST-imaged portion of the 
HDF, and to R = 23 mag in a circular field of 8 arcmin diameter centered on the 
deep portion. By these criteria, the HDF survey is 92 percent complete; perhaps 
the highest completeness level ever for a survey of this type. This completeness 
is very important for inferrin, v evolutionary effects at intermediate redshift, as 
will be seen below. The imagin g data, source selection procedures, and reclshift 
catalog are described elsewhere (Ho gg et al 1999; Cohen et al 1999c). The 
HDF survey has a similar number ofgala,ties to the J0053+1234 field, with the 
advantage that the HDF survey is of a simple solid angular shape, but with the 
disadvantage that pairs of gala.xies in the HDF sample do not span as large a 
range of angular separations. 

The spectroscopic observations were taken with the Low Resolution Imaging 
Spectrograph (LRIS; Oke et al 1995) on the 10-m W. M. Keck Telescope. They 
have a resolution corresponding to z 200 km s-i. The redshifts and galaxy spec- 
tral classifications were determined as described elsewhere (Cohen et al 1999a, 
1999c); gala-ties will be referred to in what follows as “absorption” if their spectra 
are dominated by absorption lines: “emission” if by emission lines, and ‘Linter- 
mediate” when both appear. 

Just as an aside: at intermediate redshift, the broadband colors of galaxies 
are well correlated with spectral type (which is based on narrow features such 
as breaks and lines) just as they are in the local Cniverse. However, there is not 
nearly the strong correlation between spectral type and classic morphological 
type. It is not clear how convincin, (J this latter result will become before the 
advent of widely accepted quantitative morphological classification. 

3. Galaxy spectral properties 

Figure 2 shows the magnitudes and redshifts of the galaxies in the HDF sample 
as a function of spectral type. ‘The redshifts are plotted in terms of the comoving 
volume in the survey area to which they correspond: so a constant horizontal 
density of points in the plot corresponds to vanishing evolution in number density 
with redshift. The Figrire shows a drop-off of number density at s > 1. This is 
due to the selection problem that visual-band spectral features leave the LRIS 
spectroscopic window at redshifts just beyond unity (and are among sky lines 
at unity). The selection function is computed elsewhere (Hogg et al 1998b), but 
it is clear that the 3 percent incompleteness of the HDF sample must almost 
entirely be in this J > 1 range; i.e.. the sample is very close to perfectly complete 
at z < 1. 

Perhaps the most striking aspect of Figure 2 is the vertical striping. These 
stripes represent clumps in redshift space which we interpret to be galaxy groups: 
see discussion below. The esistence of these groups makes it difficult, with only 
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Figure 1. The layout of subfields in the .J0053+1243 region. 
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luminosity (and spectral energy distribution constant in v fV). 
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..a single field, to make clear statements about evolution in number density. The 
number density appears high at 3 N 0.5 in the Figure in part because, as can be 
seen, *there are a few of these groups in the HDF which appear in this redshift 
region (Cohen et al 199613). It may also appear high at J N 0.5 because at 
that redshift a wide range of intrinsic luminosities is being probed by the survey 
(and the luminosity function is dwarf-rich, or “steep” by that redshift; Lilly et al 
1995; Hogg 199Sa). TiT;hen many fields are combined: there is no strong evidence 
for evolution in number density, especially at bright intrinsic luminosities (Lilly 
et al 1995). 

Figure 2 is remarkable in the lack of evolution it shows in the cha,racteristic 
luminosity L”. If gala,ties really are significantly younger at 3 N 1, why aren’t 
they either brighter (because the stellar populations are younger), or fainter 
(because they have not yet been assembled from their component sub-galasies)? 
The Figure argues for early formation, contrary to the predictions of most adia- 
batic CDU-like models, even with low matter density (e.g., Davis, this volume, 
and references therein). This weak (or no) evolution in L” is a multiply con 
firmed result (e.g., Songaila et al 1994; Lilly et al 1995; Hogg 1998a). 

One mode of evolution which is clearly taking place in the Figure is in the 
fraction of emission-line dominated gal=& especially at intrinsically bright 
magnitudes, where they are rare at 10~ redshift (cf, Cowie et al 1996). This, is 
not a selection effect; although it is much easier to get redshifts for sources which 
have emission lines, the sample is 93 percent complete (as defined above) and 
therefore t,here cannot be a huge contamination from sources with no redshifts. 
Especially since most of the unidentified 8 percent will of necessity be at s > 1. 
This result, which would be impossible without good completeness, illustrates 
the considerable uncertainty in deriving evolutionary results from incomplete 
surveys; one of this group’s obsessions is true redshift completeness. 

A quantitative analysis of the emission lines in these samples shows a factor- 
of-ten decline in the emission-line luminosity density of the Universe with cosmic 
time since z M 1 (Hogg et al 199813). Th is is in good agreement with all other 
measures of star formation or hot star activity (e.g., Madau? this volume: and 
references therein; Y-an, this volume) and is commonly interpreted as a dramatic 
decline in the star formation rate of the Universe (but see a somewhat dissenting 
view by Cowie, this volume). It is to be strongly emphasized that this change in 
apparent star formation activity is the only convincing (i.e., many-sigma, and 
multiply confirmed by qualitatively different methods) ev-olutionary effect knowt-n 
for normal field galasies. Many other claims abound: but most are only a few 
sigma, and many require the comparison of qualitatively different data sets. It 
remains something of a puzzle how star formation rates can vary so dramatically 
since z r~ 1 while characteristic luminosities hold constant. 

4. Galaxy groups at intermediate redshift 

-411 redshift surveys. local to high redshift. show striking and undeniable clus- 
tering. Groups, redshift spikes. filaments. walls and clusters are prominent. 
Xowhere is this more true than in surveys of the type described here (e.g.. 
Crampton et al 199;: Cohen et al 1996a. 1996b. 19991)). Striking g&q struc- 



tures are found along every line of sight in abundance, from redshift 3 = 3 
(Steidel et al 1998) to the present day. 

In a typical LRIS (2 x 7 arcmin2) pencil-beam survey to redshift unity, there 
are five or six statistically significant peaks in the redshift distribution, with 
velocity dispersions in the hundreds of km S-I (Cohen et al 1996a, 1996b, 1999b). 
These five or six structures generally contain roughly half of the gala,xies. What 
is now apparent from intercomparison of the seven fields in the JOO53+1234 
region is that the structures do not span the large angular separations between 
the subfields. Their proper extents are therefore on Mpc scales. The structures 
are too abundant (roughly 6 x 10- 4 ivIpc-r in this h = 0.6 cosmology) and 
too small in velocity dispersion to be large clusters of gala,xies; they are galaxy 
groups. Virial estimates put their masses at a few 1013 Ma. Given the great 
uncertainties, these numbers are not far off typical numbers for groups in the 
local Universe. 

A tantalizing observation is that the galaxies comprising the groups show 
evidence of being related. Within a group, the colors and absorption feature 
strengths show far narrower distributions than the samples show as wholes (Co- 
hen et al 1999b). It is not yet clear that this is a generic feature of these groups, 
but certainly the richest groups show this effect. The natural interpretation 
is that gala,ties in groups are coeval: or affected by one another’s evolution in 
some important way. It is not clear that this fits into models of structure forma- 
tion which form galasies fairly late and involve constant infall of smaller mass 
concentrations into larger. 

The distribution of the peaks along the line of sight is very clearly not 
poissonian; the peaks appear to be %elf-avoiding.” Since the typical separations 
are many tens of comoving Mpc, this observation argues-perhaps weakly-for 
some power on very large scales. 

5. Correlation lengths 

Unfortunately, the conventional measurement of galaxy clustering is the two- 
point correlation function, an estremely blunt tool. The tool is blunt because 
a ZOO-g&xv pencil beam which shows undeniable; significant, strong redshift 
peaks (containing often over half of the galasies in the pencil) will often show 
a barely significant two-point correlation function. In the a.bsence of wiclelv- 
used alternatives, however, the correlation function is still the most relevant for 
comparison of observed galaxy clusterin, c with models of structure formation. 

In what follows, the three-space correlation function J(r) is not directly 
computed. Rather: a projected correlation function I is found through the 
angular correlation of galasies close in redshift, very similar to the technique 
employed by the CFRS (Le Fkvre et al 1996). The technique was complicated 
by the fact that the different individual subfields in the .JOO53+1234 region 
have somewhat different galaxy selection criteria: making the construction of 
the ‘-random” catalog non-trivial. The correlation function estimates were com- 
pared with three-space correlation function t(r) of the form (r/~o)-l.y. Results 
are shown in Figure 3. Error bars on the points are one-sigma. computed by. 
bootstrap resampling the D catalo,, v keeping track of the entire covariance ma- 
trix. It is important to note that these bootstrap-resampling error bars do not 
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include uncertainties due to sample variance, which, with a sample this small, 
are. almost certainly large; compare the JOO53+1234 and HDF results. The 
error bars do, however, include contributions from the covariances of the indi- 
vidual data points in the correlation function estimates. These covariances play 
a significant (and oft ignored) role in setting the uncertainties (Hogg et al in 
preparation). 

The HDF sample shows weaker overall clustering than the JOO53+1234 
sample. This could be due in part to the fact that the HDF was selected to be 
“empty”; i.e., devoid of large, bright galaxies, quasars, or radio sources (Williams 
et al 1996). Since this clustering analysis probes the non-linear regime, such 
selection criteria can strongly bias the results. This explanation is supported by 
the much lower clustering amplitude in the lowest redshift bin (Figure 3), which 
is the bin most affected by avoidance of bright galaxies. This emphasizes that 
field-to-field variations cannot be ignored. 

When the galaxies are separated by spectral type, the absorption-dominated 
gala,xies show stronger correlations at small separations. Of course the sample 
of absorption galasies is small (less than one third of the overall sample), so 
sample variance may make this result somewhat uncertain. One indication that 
this may be important is that the points are not well-fit by a power-law cor- 
relation function. In fact, the correlation function shows apparently significant 
power at large radius (tens of Mpc) among the absorption-dominated galaxies, 
a further hint that there is important power on very large scales (Hogg et al in 
preparation). 

6. Conclusion 

-4ll the evidence-luminosities, number densities, group abundance and prop- 
erties, clustering-points to early formation of galaxies and small amounts of 
evolution. The most strong, multiply confirmed, convincing evidence for evo- 
lution comes in the study of star formation rates. The Universe appears to be 
making stars at a rate much lower now than it was at redshift unity. It will be 
very exciting to see if this fits in with the fossil evidence in the stellar populations 
of the local group and nearby. 
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Abstract. The Hubble Deep Fields continue to be a valuable resource 
for studying the distant universe, particularly at z > 2 where their co- 
moving volume becomes large enough to encompass several hundred L” 
galaxies or their progenitors. The original HST images have been supple- 
mented by deep observations at other wavelengths using a wide variety 
of ground- and space-based instruments. Here, I present some results 
from our near-infrared observations of the HDF-North with NICMOS. 
I illustrate the photometric and morphological properties of galaxies at 
2 < z < 3.5, and consider whether there are other galaxies at those red- 
shifts that have been missed by UV-based Lyman break selection. Using 
the we&characterized .z N 3 galaxy population as a point of reference, I 
discuss color-selected galaxy candidates at 4.5 < s < S.5, as well as one 
remarkable object which might (or might not) be at z > 12. 

1. Introduction 

For the past four and a half years, the Hubble Deep Field North (HDF-N) has 
served as the most exquisitely deep, high angular resolution optical census of 
the distant universe. It has also been my major occupation (or obsession) since 
leaving Berkeley and Hy Spinrad’s tutelage. The images offer an opportunity 
to have a good, close look at the galasy population at redshifts where once 
upon a time only Hy and a few, fearless others dared to tread. It is important 
(if somewhat pedantic) to consider what the HDF is actually good for. One 
TT-FPC2 field covers 5 arcmin2, and probes a very small co-moving volume at 
z < 1, enough to hold only N 12-30 L” galasies, depending on the cosmology, 
Given small number statistics and concerns about clustering, the central HDF 
is therefore not the best place study massive galaxies in the “low” redshift uni- 
verse: despite the fact that most of cosmic time and most bright galaxies with 
spectroscopic redshifts are at z ,$ 1. There is far more volume at high redshift: 
10.5 to 40x more at 2 < z < 10 than at z < 1 for plausible cosmologies, room 
enough for several hundred L” gala.xies or their progenitors. For this reason, 
and also because it is most in the spirit of Hy’s interests, I will concentrate here 
on galaxies at z > 2. using new data which may help us to understand their 
properties, as well to ‘continue the search for still higher redshift objects. 

At z > 1: the rest-frame optical light from gala,xies shifts out of the optical 
bandpasses and into the near-infrared. Thus in order to compare z > 2 gala,xies 
to their local counterparts, and to search for still more distant objects at z >> 5, 
it is important to extend the wavelength baseline. The HDF-X was observed 
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in the near-IR from the ground in several different programs (e.g., Hogg et al. 
1997; Barger et al. 1998; and our own KPNO 4m JHK imaging, Dickinson 
1998). The depth and angular resolution (typically N 1”) of these data are a 
poor match to that of the optical WFPC2 HDF images. Two programs therefore 
targeted the HDF-N with NICMOS on board HST, providing much deeper 
images with high angular resolution. The NICMOS GTOs (Thompson et al. 
1999) imaged one NC3 field (- 2 -1”~ 51”) for 49 orbits each at FllOSV (l.lpm) 
and Fl60W (1.6bLm). Our own program mosaiced the complete HDF-N with a 
mean exposure time of 12600s per filter in FllOW and F160VV. Sensitivity varies 
over the field of view, but the mean depth is AB M 26.1 at S/N = 10 in an 0’17 
diameter aperture. The drizzled PSF has FVVHM = 0!‘22, primarily limited by 
the NIC3 pixel scale. Because most gala,xies have spectral energy distributions 
(SEDS) which brighten (in fy units) at redder wavelengths, our images detect 
Nhalf of the galaxies from the WFPC2 HDF, despite their short exposure times. 
We have also reanalyzed the KPNO ICi, images (see the contribution by Casey 
Papovich to this volume). These are not as deep as one would like, which is 
unfortunate because they provide the only access to rest-frame optical fluxes 
for objects at 3 < z < 4.4, but they are the best data presently available. 

I will use AB magnitudes here throughout: and notate the six TVFPC2 + 
XICMOS bandpasses by Usno, B-150, v606, 1814, Jr10 and Hrsn. I will often refer 
to ,7 > 2 gala,xies as Lyman break galaxies, or LBGs, after the color selection 
technicpre used to identify them. 

2. Color selection and photometric redshifts 

Lyman break color selection requires three bandpasses (2 colors): one below the 
Lyman limit and/or Lycr forest breaks at the redshift of interest, and two above. 
Gala,xies enter a color selection box at redshifts where one of these breaks reddens 
one color, and exit at some higher redshift where the breaks redden the other. 
In reality, gala,xies do not all have the same intrinsic SEDs, nor is the opacity of 
the IGM (or the galaxies’ ISX) uniform. This, along with photometric errors, 
introduces scatter so that objects move into and out of the box at somewhat 
different redshifts depending on their intrinsic SEDs (cf.: Steidel et al. 1999). 
For these reasons, the method’s selection efficiency is a function of redshift, 
intrinsic galaxy SED, and magnitude, i.e.; f(z,SED,7n), and is not a uniform 
top-hat in Z. The advantages of the 2-color selection method are simplicity of 
application and relative robustness. With a large enough sample of spectroscopic 
calibrators, as we now have from our ground-based survey, and with realistic 
Uonte Carlo simulations to understand detection efficiencies and photometric 
errors, one can reliably model f( 3, SEED, m): and derive the intrinsic distribution 
of galaxy colors and luminosities (e.g.. Adelberger et al., in prep.). 

-4s an alternative. full-up photometric redshifts fit the SED of each galaxy 
using all available bands. If they are well calibrated over the full range of galaxy 
types, phot-zs avoid the “hard edged” boundaries of the 2-color selection tech- 
nique, i.e. there is no strict ?edshift selection function.” Phot-2 fitting can 
also potentially identify objects whose intrinsic colors place them outside the 
conventional 2-color boundaries. Of course the photometric Z’S will have uncer- 
tainties: both random and occasionally systematic (i.e.> due to poorly matched 
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~templates or multiple x2 minima in z+t). Thus g a a.xies 1 may scatter in with 
some error distribution Sz+t(m, SED). Both color selection and photometric 
redshift fitting are occasionally subject to degeneracies, when objects at very 
different redshifts have similar observed colors, especially given real photomet- 
ric errors. For example, galactic subdwarfs are the main contaminant for our 
ground-based U,GR color-selected survey, while M dwarfs have have optical- 
to-near-IR colors which resemble those of Z N 4.5 gala.xies (cf. experience from 
QSO searches). Early type galaxies at z N 0.8 contaminate our GR selection for 
z N 4 gala,xies (Steidel et al. 1999) and must be weeded out spectroscopicaRy.l 
In general, however, the successes of both methods have been impressive. 

In this discussion, I will occasionally use both 2-color selection and pho- 
tometric redshifts. For the latter, I take phot-zs fit to our T-band HDF pho- 
tometry by Budavari et al. (1999) using an “adaptive template” method (see 
also Csabai et al. 1999). The details of the technique are not important here: 
essentially, it is a modification of an otherwise straightforward SED template 
fitting scheme? like that used by many other groups. 

3. Galaxy SEDs and colors at 2 < 3 < 3.5 

Figure 1 shows a compendium of photometry for spectroscopically confirmed 
HDF galaxies at 2 < J < 3.5, all shifted to the rest frame and normalized to 
a common flux at X02000,~. The shaded envelope is defined by local UV-to- 
optical starburst galaxy spectral templates from Kinney et al. (1996), which 
span a broad range in optical/UV extinction. The HDF LBGs scatter between 
these envelopes. -4s an ensemble, the galaxies have relatively blue (but not flat 
spectrum) UV continua, with a flux increase and spectral “inflection” around 
the Balmer/4000_$ break region that indicates the presence of older (A and 
later) stars which apparently contribute a significant fraction of the rest-frame 
optical light. Considered individually, the large majority are reasonably well fit 
by the Kinney et al. “SBl” or “SB2” templates (0 < E(B - 17) < 0.21); A few 
match YSB3,” but very few approach the more heavily reddened SEDs. There 
is partially true by definition/selection: of course, since we are considering the 
brighter objects for which redshifts were successfully measured, and which were 
selected for spectroscopy by their UV colors. 

Using a NICMOS-selected catalog! we may then ask what gala*xies might 
be missed altogether by Lyman break color selection keyed to the rest-frame 
UV light. In particular, one might expect some red high redshift galasies. ei- 
ther because they are not actively formin, u stars or because of extinction! that 
would “drop out” of the dropout samples. I restrict the analysis to H1eO < 26, 
where we believe our catalogs are highly complete, uncontaminated by spurious 
sources, and where the NICMOS photometry has S/iv 2 10. The typypical LBG 
at H1sO M 26 has r/&s % 27, the practical limit for HDF LTaoo-dropout selec- 
tion using standard 2-color criteria, but red galaxies with similar rest-frame 
optical luminosities might be fainter or absent in the UV. -At H1sO < 26 there 

‘These objects are less of a problem for conservative B~soVX~I~~+ color selection criteria in the 
HDF due to the small photometric errors in the WFPCI! data. 
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Figure 1. Photometry for 27 HDF gala,ties with spectroscopic red- 
shifts, shifted to the rest frame and normalized at 2OOOA. The shaded 
region is that spanned by the library of empirical starburst templates 
from Kinney et al. (1996). This SED sequence is primarily defined by 
reddening up to E(B - V) ,$ 0.7; the blue envelope is set by NGC1705. 

is only one object which is undetected with S/N < 2 in P&s or 1814 (both, in 
this case): the so-called “J dropout” object HDFN-JD1 (Hrsu = 23.2), which 
I will discuss further in $6. In fact, this is the only NICMOS-selected object 
with Hreo < 26 and S/N(lsr,) < 6.5. Two other objects have S/N(&us) < 3; 
both are z 2 5 .‘Vsus-dropout” candidates identified by Lanzetta et al. (1996) 
and Fernandez-Soto et al. (1998); one of which (3-951 j was spectroscopically 
confirmed at 2 = 5.34 (Spinrad et al. 1999). Thus the only possible candidate 
for a KICi\iIOS-selected, “UV-invisible” galaxy at J N 3 is HDFN-JDl. 

Xest let us consider UV-bright objects which might nevertheless have been 
missed by the LBG color criteria, using the ‘I-band photometric redshift esti- 
mates for all gala-ties. In principle, these may identify plausible candidates at 
2<2 < 3.5 that otherwise fall outside a given set of UV color criteria, as long 
as their intrinsic SEDs are “recognizably similar” to those of galaxies at lower 
redshift which define the templates used for the phot-s fitting. In practise. the 
calibration of the HDF phot--3s at z N 3 is based on the spectroscopic redshifts 
in this range, which are almost all for o WalLties that were selected by 2-color 
dropout methods, and so there may be a bias for the phot-ss to work best 
for objects most similar to those selected by the standard dropout methods. 
Severtheless, there are few better alternatives. 

Figure 2 shows the ZPhOt distributions for all HDF gala-ties with 21 < Hlso < 
26: and for those that meet the ~‘xx “dropout” criteria (Usco - &n) > (BAsc - 
If&s) + 1 (D’ h rc -inson 1998). There are 43 objects with 2 < Zphot < 3.5 which 
do not meet the LBG color criteria. Nearly all are at 2 < Zphot < 2.2 or 
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Figure 2. Photometric and spectroscopic redshift distributions in the 
HDF at 1.5 < z < 4. The open histogram shows the zphot distribution 
from Budavari et al. (1999). The hatched histogram indicates gala,xies 
which obey the Lyman break criteria defined in the text, while the 
filled histogram marks spectroscopic redshifts. 

3.2 < z&t < 3.5, and lie just outside color selection boundaries defined here: 
either slightly too blue at low z, and some slightly too red at high z. This is 
expected, as discussed in $2 and in Steidel et al. (1999). Only 7 objects fall at 
intermediate photometric redshifts, 2.5 < zphot < 3.1, and most of these are also 
just outside the color selection box. Some are quite interesting, including a p,Jy 
radio source with very red J rre - H1eO colors which may be a dusty starburst or 
a fading post-starburst galaxy at ,z N 2.6. Others may be scattered out of the 
box by photometry errors (especially in ljseu), or might not be at the indicated 
zphot. Overall, there is no evidence for a substantial population (by number) of 
oalaxies at 2 < 2 < 3.5 that are missed by UV Lyman break color selection but cl 
which are detectable in the NICMOS data. 

4. Morphologies 

The SICMOS Hiso images sample rest-frame wavelengths in the optical B-band 
or redder out to z = 2.8. This is about the midpoint of the redshift range where 
traditional “Use”-dropout” Lyman break selection is most efficient. Therefore, 
at 2 < z < 2.5 we mav use the NICMOS data to study the morphologies and 
photometry of LBGs ai wavelengths where long-lived stars, if they are present, 
may dominate the light from the galaxy, and where dust obscuration should 
play a significantly lesser role than it does in the ultraviolet. For higher redshift 
LBGs: the NICMOS Hiso bandpass slips into the rest-frame ultraviolet. 

Figure 3 compares WFPC2 and NICMOS images of a set of HDF-Y LBGs 
with spectroscopic redshifts 2 < z < 3. The NICMOS data have somewhat 
poorer angular resolution (O!‘Z compared to O/(14 for VVFPC2). but otherwise 
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in some specified color-color box to the actual number of similar objects that 
are found in the HDF data set. 

Figure 4 shows a series of Z-color diagrams for the HDF, each using combi- 
nations of three adjacent bandpasses, from UBV (i.e., z N 3 selection) through 
IJH (i.e., z N 7 selection). In each case, I define somewhat arbitrary selection 
boxes based on the expected location of high redshift gala-uies in color-color 
space: then count the gala,xies in those boses and compare this to the “no evo- 
lution” (NE) model predictions (Figure 5). 

The Usee-dropout counts agree well with the models by construction, since 
the input luminosity function is partially based on HDF data. The B-l.ju- 
dropouts fall somewhat below the NE predictions. This is just the original 
Madau et al. (1996) result revisited: the HDF-X appears to have fewer galaxies 
at z N 4 than at s N 3. Steidel et al. (1999), who surveyed larger solid angles in 
several fields, suggest that the bright end of the z N 4 LF is actua.lly compatible 
with that at s N 3. The HDF may just be an anomaly, indicating the impor- 
tance of field-to-field fluctuations, or perhaps there are differences in the faint 
end LF slopes. For the V&-dropouts, there rv 7 candidates with Jrru < 26.5 
(including the two with spectroscopic confirmation), compared to a prediction 
of N 17. Careful inspection of their images and SEDs suggests that they are all 
very plausible 4.5 ,$ z s 6 candidates. There are no Isr4-dropout candidates 
with HIGO < 26, and only two with HI60 < 26.5, one of which clearly has Bqju 
and V&, flux and thus is probably not at z > 6. The models predict 9 to 13 
objects to this magnitude limit. Some of the fainter objects may be real z > 6 
gala-ties: but on visual inspection many are rather dubious, with very low S/:V. 
At these magnitudes: we are reaching or passing the useful depth limits of the 
HDF for this purpose. It may be that cosmological surface brightness dimming 
is the strongest limiting factor. We have examined this by taking the HDF 
images of z N 2.5 LBGs? artificially shifting them to higher redshifts, and re- 
inserting them into the NICMOS data to assess their detectability. The highest 
surface brightness objects should be detectable to z M 8 at the depth of our GO 
NICMOS images, and more easily in the GTO field which reaches 1 magnitude 
deeper: but a general census may indeed be woefully incomplete, a point that 
has also been stressed by Ferguson (1998) and by Ken Lanzetta at this meeting. 

6. An object at 2 2 12? 

-Although the few I-dropout candidates in the HDF-N are very faint, paradosi- 
tally there is a comparatively bright, easy to spot “J-dropout” object which we 
call HDFX-JDl: shown in Figure 6. Lanzetta et al. (1998) identified five candi- 
date objects in the MPYO KS images which were invisible in the JJ’FPC2 data. 
Of these, one has a very robust NICMOS 1.6Ll.m detection (H~FXI “N 25.2). but 
is at best only marginally (< 20) detected at l.lprn and shorter wavelengths. 
These marginal optical detections, if real: would be important. as they would 
most likely exclude the most exotic hypothesis for this object. i.e.: that it is a 
galaxy or QS 0 at s 2 10. It will be difficult. however: to obtain much deeper 
optical data needed to provide a more firm measurement. ‘The red Hrsu - Ici, 
color of HDFX-JDl suggests z z 12.5 under the high redshift LBG hypothesis, 
with the Lya forest partially suppressing the HIso flus. We obtained H-band 



242 Dickinson 

-1 0 3 

B 450 L v60f32 

0 

Figure 4. Z-color diagrams for 
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combinations of adjacent HDF 
TVFPC2+NCMOS filters. Known and suspected stars, plus a few 
bright galaxies, have been excluded for clarity. Symbol size scales with 
magnitude; triangles mark ~CJ lower color limits. The lines show the 
nominal color-vs-z tracks for various unevolving galaxy SEDs, and 
the shaded region shows the approsimate range of colors expected for 
ualasies in redshift ranges appropriate to each color pair (LTIV: 2-3.5: 0 
BVI: 3.3-4.5: VI.]: 4.5-6; IJH: 6-8.5). Filled symbols indicated 
objects with spectroscopic redshifts. The color selection boxes used for 
the comparison with Mont,e Carlo simulations are indicated. 
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Figure 3. Cumulative number counts of objects satisfying the high 
redshift color criteria shown in Figure 4: for each color combination. 
The irregular; jagged histograms are from the HDF data, and the 
“smoother” histograms are predictions from the Monte Carlo simu- 
lations which assume that the galasy population at high redshift is like 
that observed at z E 3. Models were computed for two ,I = 0 cos- 
mologies: !JJ, = 1.0 and 0.2 (tl le open cosmology is the lower model in 
the VIJ and IJH plots). The vertical dashed line indicates a rough 
“confidence Limit” in magnitude for each plot: below which the data 
should become significantly incomplete and/or contaminated by-spuri- 
ous sources. 
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"300 B450 V606 '814 JllO H160 KS 
Figure 6. HST and Iieck images of HDFN-JDl at 0.332.16pm. The 
field of view of each panel is 4” X 8”. HDFN-JDl is identified by 
tick marks in the Hrsu and I<, panels. The NIRC I{, image has been 
smoothed by a Gaussian with FWHM = 0!‘38. 

spectra of HDFN-.JDl with CRSP at the KPNO 4m, and to our surprise saw 
a moderately convincing “ghost line” (in Spinrad terminology) at 1.65pm with 
S/Y z 4 that could plausibly agree with Lycr at that very large redshift. The 
line did not reproduce, however, in a subsequent reobservation at higher disper- 
sion (see Dickinson et al. 2000 for the spectra and further discussion). 

If this is not a Lyman break object, then it may be either a heavily reddened 
galaxy or AGN at arbitrary redshift (but most likely z > 2, given the colors), or 
possibly a maximally old elliptical galay at 3 < z < 4, although it is probably 
too red for that without additional obscuration from dust or an unusual IMF. Ifit 
is really at z Z 12.5, then it is either a galaxy whose unobscured star formation 
rate (computed from the UV luminosity) is several hundred Ma/year, or an 
AGN, possibly part of the population responsible for re-ionizing the universe. 
If so, however, such objects are rare at 2 < z < 13, with a space density several 
hundred times lower than that of present-day L” gala.xies, and it is unlikely that 
most of today’s galaAGes began their life in such a way. 

Overall, these new infrared data demonstrate both the promise and chal- 
lenges which lie ahead for opening up the z > 6 universe to scrutiny. The NIC- 
MOS HDF images are the deepest, widest-field near-IR data presently available. 
They- do include plausible candidates for galaxies at 6 < s < 9, but they are 
relatively few and are may all be too faint for spectroscopy. While the one 
XICMOS-detected 3 > 12 candidate is surprisingly bright, it may also be too 
faint for confirmation. Surface brightness dimming may limit our ability to see 
much more with NICMOS, and ground-based near-IR imaging may never go 
deep enough. Wider field near-IR imagin, p with the HST WFC3 infrared channel 
(coming circa 2003) may offer the best survey tool until NGST, but a substan- 
tial investment of HST time will be needed to survey adequate solid angles to 
sufficient depth. These data are offering a first glimpse into the so-called “dark 
ages,” and giving hope that there may be luminous things there to find and” 
study, but the effort will not be easy. However? galasies at z > 1 seemed all 
but unreachable when Hy Spinrad started chasin, e them: but with his wonderful 
persistence he has helped take US out to : = 3 and beyond. With similar per- 
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sistence, I suspect that we will continue to esplore the universe at still higher 
redshifts as long as there are galaxies left to find. 
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Abstract. Surveys of the distant Universe have been made using the 

SCUBA submillimeter(submm)-wave camera at the JCMT. 450- and S50- 
pm data is taken simultaneously by SCUBA in the same 5-arcmin’ field. 
Deep SSO-pm counts of high-redshift dusty galasies have been published; 
however, at 450~~rn both the atmospheric transmission and antenna effi- 
ciency are lower, and the atmospheric noise is higher, and so only upper 
limits to the 450-pm counts have been reported so far. Here we apply 
the methods used by Blain et al. (1999) to derive deep S50-pm counts 
from SCUBA images of lensin g clusters to the 450-pm images that were 
obtained in parallel, in which four sources were detected. We present the 
first 450-/Lrn galasy count. This analysis has only just become possible 
because of the volume of data and the difficulty of calibration are both 
greater for the GO-pm array. In light of recent work, in which the identi- 
fication of two of the galaxies in our sample was clarified, we also update 
our deep 850-pm counts. 

1. Introduction 

Submm-wave surveys are sensitive to high-redshift dusty galaLees. By exploiting 
the gravitational lensing effect of rich foreground clusters. the efficiency of these 
surveys is enhanced as compared with those made in blank fields (Blain 19%). 
In addition,. follow-up observations are significantly easier in the lensed fields as 
compared with true blank fields because of the typical magnification, a factor of 
2.5. of the detected sources at all wavelengths (Ivison et al. 1995~ 1999; Frayer 
et al. 1998: 1999; Smail et al. 199S, 1999a.b). 



Surveys using the 850/450-pm SCUBA (Holland et al. 1999) have provided 
deep 85O-pm galaxy counts and upper limits to the 450-Llm counts (Smail, Ivison 
si Blain 199’i; Barger et al. 1998,1999a; Hughes et al. 1998; Blain et al. 1999; 
Eales et al. 1999). Here we use the detections of four high-redshift dusty galasies 
in the 450-pm SCUBA lens survey data (Smail et al. 1998) to yield the first 
galaxy count at a wavelength of 450~m. 

The relative number counts at different wavelengths depend on the dis- 
tribution of both the redshifts and dust temperatures of the submm galaxy 
population. It is possible to impose more rigorous constraints on the form of 
evolution of high-redshift dusty galasies if accurate galaxy counts are available 
at several submm wavelengths. 

2. Obtaining counts at 450~m 

Recently we published counts of galasies detected at a wavelength of 850,~~rn 
through the cores of seven massive cluster lenses (Smail et al. 1998) to a depth 
of 0.5mJy (Blain et al. 1999). We used accurate mass models of the foreground 
lenses. which are constrained using the properties of lensed arcs detected in 
deep optical images and the spectroscopic redshifts of multiply-imaged back- 
ground galasies (for example Kneib et al. 1993; Bezecourt et al. 1999), to recon- 
struct the background sky. The robustness of the method was verified by esten- 
sive Monte-Carlo simulations. Here we apply the same method to the 450-I-m 
SCUB-4 maps of the seven lensin, 0‘ clusters observed in the survey; C10024+16, 
A370, MS0440+02, C10939+4i’/A851: A1835, -42390 and Cl2244-02. The data 
was taken in a range of (generally exceptional) atmospheric conditions, and so 
the thresholds for the detection of a 450-pm source vary from cluster to clus- 
ter. The 3~ flux density limits for detection are about 60, 30, 60, 20, 20: 60 
and 60mJy in each cluster respectively. Four sources were detected: one be- 
hind A.370 (SMM JO2399-0136, the brightest source in the sample: with a 450- 
pm flus density of 85 3 15mJy); two behind A1835 (SMM J14009+-0252 and 
SLIM .J14011+0252; Ivison et al. 1999); and one behind C10939+&‘?/=1851 (an 
extremely red object or ERO - SMMJ09429t4658; Smail et al. 1999a). The 
450-pm counts that result from the analysis, which is described in detail in Blain 
et al. (1999)) are listed in Table 1 and El,. ‘0 1. The 450./lrn count at about 10mJy 
is equivalent to the 85O-pm surface density at 3mJy. 

3. Updating the 850-/Lm counts 

In our earlier analysis of the i7 sources detected in the SCUBA1 lens survey to 
yield 850-pm counts, we first removed 2 submm sources identified with cluster 
CD galasies from the sample (Edge et al. 1999). We also removed one other 
submm galaxy from the sample. which was identified with a spiral galaxy in the 
foreground of the cluster C10933-t47/A851. and identified one further submm 
galaxv with a spiral galaxy fall& s into MSO440f02. We now know that these 
two SCUBA detections are more likely to be identified with EROS discovered in 
our deep near-infrared follow-up images (Smail et al. 1999a) t,han with the low- 
redshift spiral galaGes. Here we repeat the earlier analysis of the counts (Blain et 
al. 1999). but notv include these two gala-ties as lensed high-redshift background 
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L Table 1. New 450-pm and updated 850-/lrn integral counts of galas- 
ies. Our previous direct 850-p” counts are listed for comparison. 
Our Monte-Carlo method (Blain et al. 1999) yields a 4%-p1ri count 
of the form fV(> S) = iTi(S/Sn)” as a function of flus density S. with 
I< = 530 f 300 degP2, (y = -1.8 i 0.5 and Sn = 20 m.Jy. 

Wavelength Flux density 

(Pm) (~JY) 
4.50 10.0 

25.0 

550 0.25 
0.5 
1.0 
2.0 
1.0 
8.0 

16.0 

count Previous count 
( IO3 deg-‘) (103 deg-‘) 

2.1 f 1.2 
0.5 f 0.5 

51 f 19 
27 zt 9 22 f 9 

9.5 5 3.3 7.9 f 3.0 
2.9 i 1.0 2.6 f 1.0 
1.6 * 0.7 1.5 i 0.7 

0.92 + 0.53 0.8 i 0.6 
0.34 + 0.34 . . . 

sources. The updated 850-pm counts that result are shown in Table 1 and Fig. 1. 
The new results are within the lc~ errors of our previous analysis of the 850-pm 
counts, and are modified at only the 10% level if the redshift distribution of the 
source population is assumed to be given by the results of either Barger et al. 
(1999b) or Smail et al. (1999b). 

We emphasize that three of the 850-pm galaxies used in this analysis have 
flus densities less than 3 mJy, after correcting for lensing magnification. Further, 
two of these sources have flux densities less than the blank-field confusion limit 
for identification (about 2 mJy). and one has a sub-mJy flux density. 

‘The lower limits to the background radiation intensity (VI,,) obtained from 
the flux densities of the detected galaxies are (5.0 f 1.5) x 1O-1o and (1.1 i: 
0.6 j X lo-’ W mm2 sr-l at 850 and 450Llm respectively, 94% and 34% of the 
COBGFIR4S values (Fissen et al. 1998). 

4. Conclusions 

We present the first count of galasies at the short submm wavelength of 450 /lm, 
and update our deep 850-/lm counts in the light of improved optical identifica- 
tions (Smail et al. 1999a). The relative counts of gala,xies at 450 and 850 pm are 
consistent with both the spectral energy distributions and the forms of evolu- 
tion of distant dusty gala>xies that were derived and discussed in our modeling 
papers. 
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1. Introduction 

The search for high-redshift galaxies in the near-IR is important for several 
reasons: including that it extends the range at which such objects may be pho- 
tometrically identified to z > 7. sear-IR images of gala,xies in the approximate 
range 1 < z < 4 also cover their rest-frame optical emission; which should better 
trace their underlying structure than that of the rest-frame ultraviolet. An op- 
portunity to study a large number of high-redshift galasies in the near infrared 
and at high spatial resolution has been presented by the archive of parallel im- 
ages obtained by the Hubble Space Telescope NICMOS instrument during its 
initial lifetime. The NICMOS parallel images taken in the high-resolution cam- 
eras (1 and 3) cumulatively cover an area several times larger than the Hubble 
Deep Field, and reach a depth that should be sufficient to detect the recently 
discovered population of star-forming galaxies at z N 3 (Steidcl et al. 1996). 

2. Results 

We have identified 98 high-redshift galaxy candidates in the NICMOS Camera 
1 and Camera 2 parallel images under the criteria that the objects have an 
extended structure but a small angular size (< 2.3”). A representative sample 
of twelve objects is shown in Figure 1. We find a wide range of morphologies: 
including apparently normal spirals, ellipticals, and peculiar galaxies, some of 
which appear to be in the process of merging. In the case of the peculiar galasies: 
by observing in the near-IR we can be more confident that we are seeing their 
=enuine structure; as opposed to that revealed in the rest-frame ultraviolet by 0 
isolated regions of star formation. 

The NICSIOS parallel images mere taken in the FllOW, FlGO‘CTi and F22241 
filters: which are analogs of the J: H and Ii bands. We obtained deep V and 
R band images of the fields containing 60 of the candidate objects using the 
Steward Observatory 90” and 61” telescopes. The combined data were used to 
estimate photometric redshifts of the objects by fitting Bruzual si Charlot (1993) 
population synthesis model spectra for the case of an instantaneous burst of star 
formation. Four examples are of these fits are shown in Figure ‘2. We find a 
range in these photometric redshifts of z N 0.2 - 5. with a peak between z k 1 - 2. 
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Figure 1. Tmelve candidate high-redshift galasies discovered in the 
NICMOS Camera 1 and Camera 2 parallel fields. Images are in the 
F160JV filter. and are 3” square. 
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Figure 2. Observed-frame spectral energy distributions of four ob- 
jects from our sample, along with the best-fitting Bruzual SL. Charlot 
instantaneous burst model and the associated redshift and age. The 
object NPF 024757.82f194626.3 appears to be a spiral, while the other 
objects appear to be ellipticals. 

‘This distribution of redshift values also differs with morphological type, with the 
number of spirals peaking below z N 1: the number of peculiar galasies peaking 
at z k 1 - 2, and the number of elliptical gal&es staying roughly constant with 
redshift to z cu 5. 

r). Discussion cl 

Our results are very consistent with those for more complete samples of high- 
redshift galasies, including the Hubble Deep Field and the Hubble Medium Deep 
Survey (see. e.g., Glazebrook et al. 1995; Driver et al. 1998; Im et al. 1999). 
Specifically, these studies also find that the fraction of peculiar galaxies rises 
sharply with redshift, while the fraction of spirals declines. In all samples. ellip- 
tical galasies shosv no evidence of strong density evolution. These results support 
top-down models of galaxy formation such as Balland: Silk si Schaeffer (1998) in 
which more massive galaxies such as ellipticals form first. The peculiar galasies 
we find also appear similar to recent numerical simulations of disk galasies’ in 
the process of formation (Contardo: Steinmetz si Fritze-s-on -Alvensleben 19%). 
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.If their redshifts are spectroscopically confirmed, the eIliptica1 galasies we find 
at z > 4, including NPF 011634.53+333305.8 (Figure 3), would represent the 
youngest eIIipticals yet discovered. 
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Abstract. We present the contribution of the galaxies detected in the 
ISOCAM extragalactic surveys to the extragalactic background light at 
15 /Lrn and we discuss its repercussion on the cosmic infrared background 
(CIRB) measured by the COBE satellite as well as their consistency with 
other surveys at l75pm (ISOPHOT) and S50Llrn (SCUBA). 

1. Contribution to the 15 pm Extragalactic Background Light 

The number counts resulting from the ISOCAM 15pm extragalactic surveys 
have been presented in Elbaz et al. (1999, these proceedings and paper accepted 
in ,1&X; hereafter Paper I). By integratin g the differential number counts pre- 
sented in the Fig.2 of Paper I, one can derive the 15 pm estragalactic background 
light (EBL) produced by these galaAGes and use it as a lower limit to the total 
15 LLrn EBL. We performed this calculation by taking into account a large number 
of surveys overlapping in flus density, hence including large scale fluctuations in 
the error bars, for a total of 614 galaxies in both the Northern (Lockman Hole, 
Hubble Deep Field-sorth: -42390) and Southern (Marano Field, HDF-South) 
hemispheres. We find that the sum of all galaxies brighter than S15pm 10.05 
mJy produce a ljpm EBL of: 2.2 i 0.95 nW ,mp2 ST-~ (see Fig. 1). 

This is already as high as -60 % of the B band EBL (3.7+::5 nW m-” ST-‘) 
and -30 % of the V or I EBL (respectively 6.71::: and 7.8:;:: nW nx-2 sr-r) 
measured in the HDF-X by Pozzetti et al. (199S), while for 1000 gala>xies brighter 
than I(AB)=29, only 3 are brighter than 0.1 mJy at 15pm. This ratio must be 
compared to the one found by Soifer & Yeugebauer (1991) in the local universe 
(~~0.2) where the light radiated by galasies in the full infrared range, from S to 
1000 kern. makes only 30 % of the optical light, with a 12 ~~1~1 contribution of -10 
% onlv. ‘Phe bulk of the 15i~rn EBL measured by ISOCXM comes from galaxies 
of a few lOOp.Jy with a median redshift around z--0.7-0.5, as inferred from a 
sub-sample of 33 galaxies with spectroscopic redshifts from the HDF-T (-Mussel 
et al. 1999a.b) and the CFRSlLTl5 field (Flares et al. 1999). Hence, the first 
conclusion suggested b:y this lower limit to the 15~~rn EBL is that the ratio of 
the mid-IR over optical light globally emitted by gala,xies has strongly decreased 
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Figure 1. Cosmic background from UV to mm. Open squares give 
the lower limits from IS0 (ISOCAM-15h.m and ISOPHOT-175 pm) 
and SCUB.1-850~~m (the two thick crosses correspond to the recent 
values at 430 and 350pm from Blain et ~2. in these proceedings). The 
Opticd-UV points are from Pozzetti et al. (1998). The COBE FIRAS 
(grey area) and DIRBE 140 & 240pm (filled circles) data are from 
Lagache et al. (1999). 

from Z-O.? to z<0.2. Consequently, the luminous infrared galaxies discovered by 
IR_AS (Sanders & Mirabel 1996) can hardly be considered anymore as peculiar 
cases producing a tiny fraction of the energy content of the universe. The same 
conclusion can be derived from the shape of the number counts presented in 
the Paper I. Direct observations of the far-IR to sub-mm EBL from COBE 
(references in Paper I), as well as the integration of the EBL produced by the 
850pm SCCB-4 galaties (Blain et al. in these proceedings) or 175pm ISOPHOT 
galxxies (ISOPHOT, Puget et al. 1999, Dole et al. 1999), also reach the same 
conclusion. We svill address in the following the question of the consistency of 
these different measurements with the ISOCX;I\f 15 pm results. 

2. Comparison to the COBE background 

-&,uming that the median redshift of z-0.7-0.8 previously quoted applies to 
the bulk of the 15p.m galasies, one can .estrapolate the contribution of these 
cala.Sies to the EBL at any other wavelength with the assumption of a given 0 
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.-SED. VVe showed two examples of such a calculation by overplotting SEDs in 
the Fig. 1, where we normalized each galaxy SED to the 15pm EBL measured 
by ISOCAM above 0.05 mJy. The dashed line peaking around lOOpurn is the 
SED of the extreme ultra-luminous IR galaxy Arp220 (Lb01 = 2 lOI L,, H, = 
70 km s-l Mpc-l). Such an extreme SED can already be rejected since it 
would produce a 140pm EBL in excess with respect to the COBE-DIRBE value 
(Hauser et al. 1998, Lag-ache et al. 1999). Another argument against ArpZ?O- 
like SEDs can be derived from the number counts plots as presented in Paper 
I. -4 SED like the one of the more moderate infrared starburst galaxy MB2 
(-?&[ = 4 loI L@) would give a contribution of about one third of the DIRBE 
140pm EBL. Only Seyfert 2 galasies could both be detected by ISOCAM at 
such redshifts and exhibit a much flatter SED than the one of M82, and hence 
produce a smaller contribution to the 140 pm EBL. The only argument against 
Seyfert 2’s being the dominant population of galaxies detected by ISOCAM 
surveys comes from the study of nearby ultra-luminous IR galasies by Genzel 
et al. (1993), who showed that only 20-30 % of the energy radiated by these 
galasies came from the active nucleus. Since this contribution gets weaker for 
the lowest luminous objects and that ISOCXM galaAxies have typical luminosities 
lower than 1Ol2 Lr, ( see Paper I), our guess is that accretion is not the main 
source of energy of these gala,ties but instead star formation. But this question 
will require ground-based and S-ray follow-ups to be definitively answered. If we 
assume that our guess is right, then the galaxies detected at 15pm by ISOCAM 
could produce an important contribution to the global cosmic IR background. 

3. The consistency of the ISOCAM results with ISOPHOT & SCUBA 

We would like to briefly comment on the results that were obtained nearly simul- 
taneously by the far-infrared photometer on-board ISO: ISOPHOT at 175/lrn, 
and by the sub-millimeter camera mounted on the JCM’T telescope, SCUBA4 at 
850 /Lrn. ,111 three instruments, ISOClllM, ISOPHOT and SCUBA, seem to have 
separately unveiled a strong evolution in a wavelength range where dust emission 
dominates over other sources of radiation, of a population of luminous infrared 
o.alasies which produces a strong contribution to the cosmic infrared background 
TCIRB). Vv e wish t,o show that even though few galaxies have been detected at 
all three wavelengths, these results are consistent but that each instrument probe 
a different region of the luminosity function due to &correction and sensitivity 
limits. In the Fig. 2: we show that a 2 101r L,- ti galaxy with a spectral energy 
distribution (SED) similar to that of M82. but 5 times more luminous! would 
be detected at l~prn up to z~l .2: but not at 175pm or 850pm, whereas it 
would be the reverse for a 2 1O1’ L 0 galaxy with a larger optical depth like A4rp 
220. On the contrary, b qrla,xies with such a large far-IR over mid-IR ratio would 
easily be detected at 850,um above 3 m.Jy. by SCUBA1. ‘They would be detected 
at z>O.5 above ~100 mJy at 175~~rn by ISOPHOT if they were typically three 
times brighter than -4rp220. In a region of l/ii of square degree in the Marano 
Field surveyed by both ISOCAAI at 15 ~~111 and ISOPHOT at 175 pm. -50 % of 
the li’jpm galaxies have 15pm counterparts with flus densities around a few 
hundred /lJy. Such a high 175Llrn over 15 /lrn flux density ratio can only be re- 
produced by a SED like the one of -4rp220 and with redshifts below 1. The little 
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Figure 2. Detection limits at 15pm (ISOCAM), 175 pm (ISOPHOT) 
and 850 him (SCUBA) for a 2 1Orr La galaxy with the SED of MB2 (5 
times brighter)(left) and llrp 220 (right) as a function of redshift. 

overlap between the source lists of these three instruments when they observed 
the same fields (SCUBA-C-4iVI: HDF, Hughes et al. 1998; CFRS? Lilly et al. 
1999) would then naturally be explained by a different selection effect: SCUBA 
selects the heavily extincted galaxies at the bright end of the luminosity function 
while ISOCllM selects more moderate galaxies and ISOPHOT is intermediate 
between the two. 
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Abstract. The NOllO Deep Wide-Field Survey is a deep optical and 
near-IR (B~VRIJHli) imaging survey. We are mapping an unprecedent- 
edly large area (two 9 0’ regions) to faint flux limits (I3wR1 2 26 AB 
mag. and J,H = 21; K = 21.4 AB mag; 5-a detection limits in a 2” 
diameter aperture). The primary goal of the survey is the study of the 
evolution of large-scale structure from 2 N 1 - 4. The images should also 
enable investigation of the formation and evolution of the red-envelope 
galaxy population and the detection of luminous? very distant (Z > 4), 
star-forming galaxies and quasars. 

1. Survey Goals 

We have completed the first two years of observations for a deep wide-field 
optical and IR imagin, (r survey designed to investigate the extent, nature, and 
evolution of large scale structure at redshifts z M 1 - 4; to identify luminous 
z 2 4 star-forming galaxies; and to find the cosmologically important z > 1 red- 
envelope galaxy population (e.g., old ellipticals and dusty protogalaxies). While 
there are tantalizing hints of small-scale clustering in the z > 2.5 starburst 
population (e.g., Steidel et al. 1996), the detection of large-scale structures at 
z > 1 will provide unique constraints on hierarchical clustering theories and 
galaxy formation models. In addition, there is growing evidence that massive 
elliptical galaxies form first at z > 4 (in apparent contradiction to hierarchical 
scenarios) and are already old (>4 Gyr) at z > 1.5, providing a strong lower 
bound to the age of the Universe (e.g.. Dunlop et al. 1996, Spinrad et al. 1997, 
Francis et al. 1997). Our survey will probe the evolution of the large scale 
clustering properties of the z > 1 galaxy population, is designed (with an IR 
component) to identify the z h 1 luminous red galaxy population, and will trace 
the evolution of luminous star-forming galaxies to J N 5. The survey occupies a 
unique region of parameter space (Figure l)? providing both optical (Figure 3) 
and IR coverage over a large area and to great depth in the optical bands. 

2. Survey Design 

We are observing two independent 9 0’ fields, selected for their low IRAS cir- 
rus emission, low 1~~1: lack of very bright stars. and the availability of radio 
data from the VLA FIRST Survey for these fields. Both fields have f1001r7n < 
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Figure 1. 1-1 comparison of the NOAO Survey with selected recent 
and proposed surveys of the sky. The survey detection thresholds (in 
a 2” dia. apt.; =1B units) shown are for the deepest band, which pro- 
vides a comparison for the surveys’ sensitivities to a flat-spectrum star- 
forming galaxy. Completed surveys are represented by filled triangles 
and those planned or in progress by open symbols. The points labeled 
“NOAOnow” represent the status of the NO-10 Survey through the 
end of our Semester 1998B observations. 

l.+M..Jy/sr, XHI s 1.75 x 10”cmY2, corresponding to E(B-V)<O.OG. The north- 
ern field is 3’ x 3’ centered at (J2000) RA =14:32:06, DEC =+34:16:45 and the 
southern field is 2O x 4.~~ centered at (J2000) R-4 =02:10:00, DEC = -04:30:00. 
The optical imaging is currently being done with the new wide-field (36’ x 36’) 
MOSAIC cameras on XOAO’s 4m telescopes. The IR imaging is being done 
with the Ohio State/NO:-lO Imaging Spectrograph (ONIS) at the KPNO 2.lm. 
Using a 2-quadrant InSb detector, this imager provides a 2.9’ x 5.8’ field of view. 

Attempts to study the evolution of the high- 2 galasv population must begin i 
with a survey that reaches well beyond the depths probed by recent wide-field 
surveys (Table 1). The successes in detecting z > 3 galalcies by their Lyman 
break (Steidel et al. 1996; Madau et al. 1996) suggest that this method can be 
extended to higher redshifts by looking for (B-band dropouts’. Our initial data 
demonstrates that we are able to find such candidate objects (Figure 3). Our 
optical detection limits ensure identification of the > L” star-forming galaxy 
population at z 2 3.5. The IR component of the survey is critical to the iden- 
tification of the old: high-z (>l) elliptical a palasy population (missed by most 
current optical survevs), and to the discrimination against low-z contamina- 
tion in our search for .B-band dropouts’. The IR limits allow the detection 
of the entire (passively?) evolving L 2 L” elliptical gakuy population out 
to z 2 2 (I< = 21.2 -4B mag. for a I” = 1.5 ILrleVOhed _>I, = -21 etipti- 
cal: H” = 63. go = 0.1). Th e planned depth should also permit the study of 
the Galactic halo stellar populations, the coolest high-latitude white dwarfs to 
1.3 kpc. young (bright) field brown dwarfs (like GL229B) to about ‘73 pc. distant 
supernovae, and distant radio sources. 
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Figure 2. The optical filters used in the survey are all from the Kitt 
Peak Harris set with the exception of the custom Bw filter. The ef- 
fective transmission curves (includin g the effects of the quantum effi- 
ciency of the MOSA41C CCDs and the throughput of the 4m prime- 
focus corrector) for each filter are shown superimposed on the spectra 
of Z = 3 and z = 4 star-forming gala-ties. The galaxy spectra were 
constructed from a redshifted Bruzual-Charlot model spectral energy 
distribution, with the intervening cosmic absorption estimated using 
Madau et al. (1996) appro.timation. 

The large areal coverage of the survey (2~9U“) is critical to the realization 
of many of our scientific goals. It allows the detection of large scale structure in 
the forming galaxy population at early epochs and the study of the passively- 
evolving red-envelope galaxy population at 3 > 1. The redshift distributions 
of galaxies are clustered to z N 1, with measured o,, of coherent structures 
comparable to that of the Great Wall (Cohen et al. 1996a, 199613). A4 3O x 3O 
survey area corresponds to % 94 X 94 kIpc2 at 3 N 2 (Ho = 65; cl0 = O.l), which 
will allow us to we&sample the cluster-cluster correlation length and connect it 
with shallower (low-z) wide-field surveys (e.g.: 160’ Postman et al. 199s 15, = 
23.7; i.e., to 2 ++ 1). In add t’ i ion, the large area of the survey allows us to find 
rare objects. An example are luminous galaxies at high-z (red, gEs at s > 1.3 
and luminous forming galasies at z > 4), which are rare enough (e.g., there are 
no L, >_ L." 3 > 4 candidates in the HDF) that large area1 coverage is required to 
find them. Finally, since our fields lie within completed FIRST survey (Becker? 
White; 8~ Helfand 1995) regions. we will identify almost all the radio sources in 
these regions (~9O/CP with S’ccnL > 1mJy) and produce a large sample of faint 
high-s radio-loud QSOs candidates. The lSO” area should yield -100 4 < z < 5 
radio-quiet QSOs and the IR observations will allow us to search for the elusive 
red QSO population (Webster et al. 1993) and characterize their space density. 
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Figure 3. Shown in these panels is a 40” x 40” sub-region of our 
survey (approsimately O.5h;o MPC on a side for z N 3) in which several 
candidate high redshift objects (Bw-LLdrop-outs”) can be seen. 

Table 1. Survey Detection Limits 

Observed 5-g Detection in 
Band 2” dia. apt. 

AB mag. Vega-mag. 
B-cv 26.6 26.6 

R 26.0 25.8 
I 26.0 25.5 
J 21.0 20.2 
H 21.0 19.6 
A- 21.4 19.5 

l-a surface brightness 
limit ner 0” 

25.4 25.2 
25.4 27.9 
23.4 22.6 
23.4 22.0 
23.3 21.9 
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Abstract. We describe an ongoing experiment to search for the meta- 
galactic Lyman-continuum background at z M 2 - 3. We are obtaining 
one of the deepest optical spectra ever, using LRIS/Keck-II to search 
for the fluorescent Ly-cr emission from optically thick HI clouds. The 
null results of our pilot study (Bunker, Marleau & Graham 1998) placed 
a 3a upper bound on the mean intensity of the ionizing background of 
Jvo < 2 x 10p21 eru s-l cme2 HZ-’ sr-r at z z 3. This constraint was more 
than two orders obf magnitude more stringent than any previously pub- 
lished direct limit. Our results excluded the possibility that decaying relic 
neutrinos are responsible for the meta-galactic radiation field. We have 
recently greatly extended our search, obtaining a 15hour spectrum which 
is sensitive to UV background fluxes below 10W2r erg s-l cme2 Hz-r sr-r 
(3a, ,7 “, 2.3). We describe how the results of this study can be used 
to constrain the quasar luminosity function and the contribution of high- 
redshift star-forming gala,xies to the ambient ionizing background. 

1. Introduction 

The meta-galactic ultraviolet (UV) b k ac ground has a central astrophysical role. 
The absence of a Gunn-Peterson trough at 2 z 5 implies that the inter-galactic 
medium (IGM) must have been highly ionized by the UV background at even 
greater redshift. This Lyman continuum background is responsible for maintain- 
ing the Lycr forest clouds in a highly-ionized state, and may also cause the sharp 
edges of HI disks in nearby spirals (Dove & Shull 1994). It is widely believed 
that the meta-galactic UV flux is the integrated light of QSOs, or hot massive 
stars in young galasies, or both. However, this ionizing background has never 
been directly detected. We present here the interim results of an observational 
program designed to achieve this goal. 
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-2. Seeking the Ultraviolet Background 

Hogan & Weymann (l%i’) proposed that long-slit spectroscopy of “blank sky” 
should reveal patches of fluorescent Lye emission, excited by the meta-galactic 
ionizing background, from the population of clouds whose absorption produces 
the Lycr forest in QSO spectra. A measurement of the surface brightness of this 
fluorescent emission puts limits on the incident ionizing flus at high redshift. 
Gould & Weinberg (1996) present a detailed treatment of the transport of Lye 
in clouds with NH1 = 1017 - 102’ cm -2. For optically thick clouds (r9i2 > 6, 
NH I > 1 x 1Ol8 cmM2) the flux of Lyu photons from recombination cascades is 
equal to 0.6 times the flux of incident ionizing photons; this fraction is robust and 
independent of cloud geometry. The Lya photons are absorbed and re-emitted 
until scattering from an atom with a velocity (U - ;U) = *40, at which point 
it can escape. A typical Lya cloud with a velocity dispersion of c = 30 km s-i 
(Kim et al. 1997) would have double-peaked fluorescent Lycv line with a width 
of 240 km s-i. Hence, moderate resolution spectroscopy (X/AXFWH~~ 2 1000) 
of an optically thick cloud, known to e-xist from a QSO absorption system, gives 
a direct measurement of the energy in the ionizing background. Moreover, since 
there are a few Lyman-limit systems per unit redshift interval at z N 2, the 
same long-slit exposure would also detect tens of serendipitous clouds making it 
possible to make a two-dimensional (2D) map of the Lya forest. 

3. Our Survey 

The calculations of Gould si Weinberg (1996) suggest that it should be possible 
to detect fluorescent Lya emission from optically thick Lycr clouds at 3 N 3 
with a deep (> 10 hour) long-slit spectrogram on a 10-m telescope. Motivated 
by this, we have embarked on an extremely sensitive spectroscopic search with 
the I<eck II Telescope. Our pilot study (detailed in Bunker: Marleau & Graham 
1998) showed that it is possible to reach the required line fluxes with the Low 
Resolution Imagin, w Spectrograph (LRIS: Oke et al. 1905). Over the past year, 
we have greatly extended our program, obtaining a total of 15 hours of integra- 
tion time. This constitutes one of the deepest optical spectra ever obtained. 

The data for our extended program was taken towards the quasar DMS 2139.0- 
0405 (Hall et al. 1996) and a l/‘-wide long-slit was used with a blue-blazed grating 
of resolving power X/AXFWH&~ M 2000. Our observations sample the wavelength 
range 3’i50-5500,&: corresponding to Lye in the redshift range 2.1 < J < 3.5. 
Our most recent data was obtained using multiple parallel slits with a 10% 
bandwidth filter to cover a much larger solid angle while concentrating on those 
redshifts (* * z 2.4) where our sensitivity to J,o is greatest (see Fig.. 2). 

4. Data Reduction and Analysis 

The details of the data reduction are presented in Bunker: Marleau, & Graham 
(1993). Great care was taken in removing the spectrum of the night sky lvhile 
preserving any cosmological signal (espected to be spa.tialiy-extended line emis- 
sion of low surface brightness. ivith a velocity spread <--500 km s-l). Rather 
than doing the sky-subtraction in the usual manner by fitting a polynomial to 
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..each column (which might subtract the extended emission we are looking for), 
we first rectified the sky lines usin g a distortion matris. We then subtracted off 
a high signal-to-noise ratio (SNR) sky spectrum from each detector row, scaled 
to the slit illumination at that point along the slit. We search for extended 
Lycr emission by smoothing along the spatial a-xis of the background-subtracted 
composite 2D spectrum (e.g., Fig. lb) on various scale lengths between the size 
of the seeing disk (;; 1”) and the length of the slit (Y-7’). To amplify any signal 
present in our data, we calculate the 2D power spectrum. This may potentially 
reveal the combined signal for a population of clouds that are too faint to be de- 
tected individually (see the simulation in Fig. Id). Finally, we use the SExtractor 
algorithm (Bertin & Arnouts 1996) to catalogue objects and we determine the 
completeness of our search method via artificial-clouds experiments. 
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Figure 1. A simulation of an LRIS long-slit 2D spectrum containing 
50 clouds, each with a FWHM in the dispersion direction of 250 km s-l 
and a length of 10" (Fig. la). Xoise is added to the image with the peak 
of a cloud corresponding to SXR = 1 per resolution element (Fig. lb), 
which renders individual clouds invisible to casual inspection by eye. 
However, when the noisy image is convolved with a 2D Gaussian kernel 
of comparable size to the clouds, their signal is revealed (Fig. lc). 
The 2D power spectrum of the noisy image is calculated in order to 
combine the signal of the population of clouds (the central peak in 
Fig. Id). Simulations show that when single clouds are not visible, the 
combination of many clouds is enough to make the detection possible. 

5. Our Limits on the UV Background 

Our pilot study (Bunker, Marleau & Graham 1998) failed to find Lycr fluores- 
cence from optically-thick clouds. A lack of Lya emission constrains the UV 
flux. The upper limit on the ambient GV background at 2.7 < z < 3.1 (where 
our constraints on J,u are most stringent) is equivalent to a flux at the Ly- 
man limit of JvO < 2.0 x 10P2* ergs-i cmP2 Hz-l sr-l (Fig. 2). This assumes 
optically-thick clouds with dimensions z 10” - the size of such systems derived 
from Mg II QSO absorber studies (Steidel si Dickinson 1995). This limit on Jvo 
is almost two orders of magnitude lower than any previous direct limit (Lowen- 
thal et al. 1990: &Iartinez-Gonzalez et (II. 1995) but is still three times above ’ 
the expected contribution of known QSOs for 40 = 0.5 (Haardt & Madau 1996). 
This implies that the completeness of optical QSO catalogs is better than 30% 
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.and that the contribution to Jyo at 2 M 3 from star-forming gala,xies (Songaila 
et al. 1990) cannot exceed twice that from known QSOs. We calculate that the 
escape fraction of Lyman continuum photons from star-forming gala,xies at these 
redshifts must therefore be less than lo-SO% (depending on the dust obscuration 
of the rest-W; continuum for Z E 3 galasies). Based on our extended program, 
our sensitivity thus far on the ambient UV background at z N 2.5 probes down 
to a flux at the Lyman limit of J,o < 10P2i erg s-l cme2 Hz-’ sr-i (see Fig. 2). 
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Figure 2. Our 3 g upper-limits on the flus density at the Lyman 
edge, J,(-,,) = Jyo / 10e21 erg s-i cmM2 Hz-’ sr-r, as a function of 
redshift (solid line) from our 1.5hour pilot study (Bunker, Marleau & 
Graham 1998). The null results of this preliminary search mean that 
the region above the heavy solid curve is excluded. -41~0 shown are 
the previous 30 upper-limits from the 1X-T (Martinez-Gonzalez 1995) 
and the 4IWT (Lowenthal et al. 1990), converted to the same assumed 
projected cloud size (Z 10”). We also plot the 3 cr sensitivity reached in 
our recently extended program: we have obtained a 15 hour spectrum 
with LRIS/Keck-II (dotted curved), and we are currently processing 
this enlarged data set to look for the signature of the ionizing back- 
ground. reprocessed as Lye. The shaded region is the lower-limit on 
Juo from the QSO prosimity effect (Espey 1993). The estimated con- 
tribution to Jvo from the luminosity function of known high-z QSOs is 
also shown as the dashed line (Haardt & Madau 1996). The equivalent 
Lyman continuum flus from decayin, c relic neutrinos is plotted as a 
dot-dash line. adoptin, w the parameters of Sciama (1998) and assuming 
these neutrinos form the bulk of the dark matter in an f2,, = 1 Uni- 
verse. Such a scenario is strongly ruled out by the null results of our 
pilot study, as we would have detected Lya fluorescence from the flus 
of ionizing decay photons. 
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,6. Conclusion -\ 

-4 search with LRIS/I<eck-II is used to constrain the fluorescent Lycy emission at 
z M 2-3 from the clouds which produce the higher-column-density component of 
the Lycr forest. The null results of a pilot study by Bunker, Marleau & Graham 
(1998) provided the best upper limit yet on the ionizing UV background of 
JvO s 2 X 10p21 erg s-i cm -2 Hz-r sr-i (3g limit at 2.7 < z < 3.1). T;Ve have 
now extended our integration time to 15 hours, attaining a 3~ sensitivity of 
Jvo < lO-“l erg s-l cme2 Hz-’ sr-’ at z z 2.3 - one of the deepest optical 
spectra ever obtained. We are currently conducting a power-spectrum analysis 
to detect the signature of the ionizing background at high redshift. 
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Abstract. VVe present results from a complete HST/NICMOS map of 
the Hubble Deep Field North (HDF-N). We briefly illustrate the pho- 
tometric properties of the galaxy population with near-infrared (NIR) 
color-magnitude and color-redshift distributions. Fainter than HlBo = 

23.5. the large majority of galaxies have very blue optic&NIR colors. 
We illustrate the NICMOS counterparts to VLA 8.3 GHz and SCUBA 
%O/Lrn sources. The optical-IR properties of objects near the SCUBA 
positions are unremarkable, and no new candidate counterparts are de- 
tected for the “blank field” SCUBA or VLA sources. 

1. Introduction 

The HDF-S (Williams et al. 1996) has provided an invaluable resource for the 
study of galaxies at high redshifts. The original WFPC2 HDF-N observations 
provided four-band photometric coverage with high resolution from 0.3 - O.Spm. 
Optical rest-frame light from galaxies at z > 1 is shifted out the WFPC2 pass- 
bands into the near-infrared (NIR). This population includes many (or even 
most) of the HDF galasies and it becomes difficult to reliably compare the 
morphological and photometric properties to low-redshift galaxies without sup- 
plementary observations in the near-infrared. 

The installation of NICMOS on board HST permitted NIR observations 
with high resolution and strong sensitivity. TWO complementary programs stud- 
ied the HDF-N with NICMOS. The 1\TICMOS IDT (Thompson et al. 1998) ob- 
served a single NIC3 field with the J 110 and H160 filters with long (> 100 ksec) ex- 
posures. Our GO program mosaicked the entire HDF using eight pointings with 
a 12.6 ksec exposure per filter, reaching (on average) S/N E 10 at HIGo = 26.1 
(we use :1B magnitudes throughout) in a 0!‘7 diameter aperture. The data 
reduction and analysis will be presented elsewhere (Dickinson et al. 1999. in 
prep.). The images are E 2.1 and 2.8 magnitudes deeper than the best avail- 
able ground-based data at J and H. Our IR-selected catalog contains E li’O’0 
objects: compared to the zz 3200 objects detected by Williams et al. (1996). 
We has-e also extended the catalog photometry to 2.2LLrn where possible using a 
I<PNO I<-band image (e.g.. Dickinson 1995). 
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Figure 1. vio6 - HIso vs. Hlso for the NICMOS HDF-N. Circles 
indicate the identified counterparts to 13 VLA 5.5 GHz HDF sources, 
and filled squares have spectroscopic redshifts as indicated. 

2. Statistical Photometric Properties of Galaxies 

We illustrate the photometric properties of the HDF/NICMOS sample with 
&,s - HlGo color-magnitude (Figure 1) and color-redshift (Figure 2) diagrams. 
iln interesting split in the galaxy population is seen in Figure 1: At HleO & 23.5, 
gala,xies span a wide range of color with a “red envelope” which is nicely visi- 
ble in the color-redshift diagram (note the z = 1.01, gE radio galaxy 4-742.1 
[VLX 3644+1133]). At HI60 2 23.5, the color range collapses and is dominated 
by the archetypal, “faint blue galasies” even for a NIR-selected sample. The 
blue galasies span a wide redshift range, 0 & z ,$ 4. 

3. Near-IR Counterparts to Radio and Far-IR sources 

The HDF-N has been the target of longer-wavelength surveys including the VLA4 
(Richards et al. 1998) and SCUBA (Hughes et al. 1993). These wavelength 
regions are important as tracers of star forming activity, either directly [cm) or 
through dust reprocessing (sub-mm). 

In Figure 3 we show MCMOS H160 images of the VLll 5.5 GHz sources 
within the NICMOS field. In general: the NIR morphology of the radio sources 
is similar to the optical, although 3641+1142 (redshift uncertain) transforms 
radically from “fragments” in the optical images to a unified bulge + arms disk 
system in the near-IR. Richards et al. (1998) reported one source, 3646+1226; 
with no optical counterpart: nor is there one in the NICXOS data. 3651+1221 
has a very red counterpart in the XCMOS data. This was uncataloged from 
optical data due to confusion with the foreground spiral, although there is faint 
optical flus. This object has a strong discontinuity, Jzlo - HI60 = 1.6: which ‘-( 
may be the Balmer/-lOOOAi break, and which corresponds to the photometric ,‘,, :, 

redshift, zph = 2.6: from Budavari et al. (1999, in prep.). 
Due to the negative li-correction of the far-IR, SCTJ;BA observations are. > 

in principle, sensitive to star-forming gala,xies out to z N 10: where galasies 
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Figure 2. 

. . 
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0 e 4 
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V,,, - El60 vs. redshift. The VLA sources are plotted as 
filled squares, or diamonds where only photometric redshifts are avail- 
able. The curves are fiducial tracks for model galaxies. The reddest 
curve is a passively evolving elliptical formed at z = 15, while the 

bluer curves are various non-evolving, late-type galaxies; the bluest is 
an unreddened, young (10 Myr) starburst. 

would be invisible to the optical HDF. At any redshift, starbursts may be dusty 
and red, and indeed some faint, non-HDF, sub-mm sources have been identified 
with very red objects in infrared images (Dey et al. 1999; Smail et al. 1999). 
However, the NICMOS images (Figure 4) reveal no new counterparts for the 
“blank field” HDF SCUBX sources, and the plausible counterpart candidates 
do not have particularly unusual colors. 
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Figure 3. Gray-scale NICMOS H160 images for 16 of the 17 VLA 
8.5 GHz sources within the NICMOS HDF-N field of view, excluding 
3651+1321 (J = 0.199 spiral) for lack of space. Each cutout is 16”~ 16”, 
except 36~+ 1133 which is 24” x 24”. Contour levels correspond to the 
8.5 GHz data at ?fia, 4g: and then increase by factors of 2. 

Figure 4. Gray-scale SICMOS H160 images showing fields of the 
SCUB-A 85OiLrn sources. The circles show the la and 2~ SCUBA4 posi- 
tion uncertaillties from Hughes et al. (1995). The cross for 850.1 shows 
the IRAM 1.3mm pdsition frond -Downes et al. (1999) 
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Abstract. T;ve present an initial analysis of the star formation rates in 
the deep NICMOS field of the Hubble Deep Field. The analysis utilizes 
template photometric redshift and extinction techniques on the combina- 
tion of six optical and near infrared fluxes available for this region from 
observations with both NICMOS and WFPC2. Our results are consistent 
with a constant star formation rate for a redshift range of 1 to 6. 

1. Introduction 

The history of star formation in the universe is a matter of intense current study. 
Early observations eg. Madsu et al. 1996 found an order of magnitude increase 
in star formation from the present epoch to a redshift range of appro,ximately 
1.5 then a decrease in star formation out to a redshift of 4. Since that analysis 
used the 1500 -1 flux as a star formation indicator it is subject to uncertainty 
due to extinction. Far infrared studies in the HDF eg. Hughes et al. 1995 
detected several far infrared sources and suggested that significant amounts of 
star formation can be hidden by dust obscuration. The combined NICMOS 
and VVFPC observations cover a factor of 5 (0.3 - 1.6 microns) in wavelength; 
therefore, it is possible to determine both the redshift and the extinction by 
photometric means. The data for this analysis comes from the HDF observations 
of Williams et al. 1996 and Thompson et al. 1999. 

2. Methodology 

Since there are no good polynomial fits for very high redshift galasies and near 
infrared fluxes we utilize the template fitting method of photometric redshifts. 
1t-e take 11 different spectral energy distribution templates that span the range 
from early galaxies to very recent starbursts. The templates also include two 
low metallicity templates. Each template is then numerically redshifted and 
estincted to provide a very large a wid of templates. The extinction law is taken 
from Calzetti et al. 1994. 

The observed fluxes are then matched against the template fluxes to deter- 
mine the fit with the minimum chi squared value. The redshift and extinction 
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for that template is then considered the correct redshift and extinction for the 
source. 

The chi squared value for the fit is given by 

x( 
z, 

E)2 = 5 (fi - A . .fmNJ. q;)” 

i=l @q 

where i is the flux band, f; is the observed flux, fmod(z, E) is the tem- 
plate flux numerically altered for the redshift z and extinction E and X is the 
normalization that minimizes the chi scprared value given by 

Xote that in addition to the usual errors given by 0’1 we also divide through 
by the flux fi. This takes into account that at larger fluxes the main error is a 
systematic fraction of the flux rather than the formal 1 u error from the noise. 

3. Star Formation Rates 

Following Madau, Pozzetti and Dickinson 19% we determine the star formation 
rate from the 1500 -1 flux by 

SFR = S.0 x 102’. UV&,iW~/yr (3) 
In our case we utilize the UV flux from the unextincted template since we 

wish to correct for the extinction effects. The star formation rate as a function 
of redshift for the XICMOS deep observations of the HDF appear in Figure 1. 

The error bars on this figure are determined from an analysis of the effect 
of photometric errors on the star formation rate not by number statistics. This 
is appropriate since we are measurin, D the star formation rate that esists in the 
NICXOS region of the HDF and are not trying to extrapolate it to other regions 
of the sky. Except for the excess near a redshift of 2 the star formation rate is 
roughly constant at all z values out to 6. The bump at redshift 2 is probably 
due to the very narrow line of sight passing through a z = 2 cluster of gala,xies. 
JV-e do not try to determine the star formation rate at low redshifts due to the 
very small number of galasies in our sample at low redshifts. The inclusion of 
extinction raises the rate by roughly a factor of two at all redshifts. 

4. Conclusions 

Our observations do not show a decrease in the star formation rate as a function 
of z out to a redshift of 6. This conclusion is not due to the inclusion of extinction, .: 
but extinction does reduce the rate determined by optical means by about- a ,: “, 
factor of two~at~all redshifts. ‘These results are consistent with the recent results ’ --. . . 
of Steidel-et al. 1999 that find no fall off in star formation rate out to a redshift 
of 5. 
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Abstract. We present results from the Canada-UK deep sub-millimeter 
survey with the JCMT. We have resolved 20% of the far-In/sub-mm 
background (to 3 mJy) and have identified a population of objects which 
appear similar to Arp220 although significantly more luminous. These 
objects span a redshift range of ~~0.5 to 2~3, peaking at z-2. At these 
redshifts these objects are responsible for -30% (to 1 mJy) of the bolo- 
metric background and are therefore an extremely important phase of 
galaxy evolution. 

1. Introduction 

Over the last few years we have made great strides forward in our understand- 
ing of the evolution of the universe. However? the current picture is based 
primarily on optical/UV studies while recent results from COBE (Hauser et al 
1998, Fixsen et al 1998, Dmek et al 199s) have shown that the bolometric en- 
ergy densitv in the far-IR/sub-mm background is at least as large as that of 
the optical/IX/near-IR background (determined from integrated galaxy counts 
(Pozzetti et al 1998)). The far-IR/sub-mm background is produced by the ther- 
mal emission from low-temperature dust that has absorbed and reprocessed op- 



.tical/IJV radiation. Understanding the sources responsible for this background 
is essential to a complete view of the evolution of the universe. 

The recent commissioning of the SCUBA bolometer array on the James 
Clerk Maxwell Telescope (JCMT) has made deep sub-mm surveys possible for 
the first time and there are a number of independent surveys currently underway 
(e.g. Smail et al (1997), Hughes et al (1998), Barger et al 1995 and ourselves). 
These surveys have the advantage that at 550 pm the k-corrections are such 
that the flus from an Arp,, ?‘Wlike object (i.e. thermally radiating dust) remains 
constant between redshifts of approsimately z=l to z=Q, for R=l. Thus, deep 
sub-mm surveys are not limited by the usual correlation between distance and 
luminosity. 

2. The Canada-UK Deep Sub-millimeter Survey 

Our group is mapping two SX S arcmins 2 regions of the CFRS redshift survey 
(1417+52,0302+00) to a detection limit of 3 mJy (at 3~). Because we are 
working at low signal-to-noise we create a mosaic of one-hour pointings such 
that each location in the map is observed nine separate times: but never with 
the same area of the array, producing cosmetically clean maps with uniform 
noise properties. We have completed just over one half of the survey area (Eales 
et al 1999: Lilly et al 1999) and we expect to have two 6xS arcmins2 
complete to 30 by the end of the year 2000. 

regions 

A great deal of data already esists for these CFRS fields. The CFRS survey 
determined spectroscopic redshifts for thousands of gala-ties down to a limiting 
magnitude of 1.4~ -22.5. As well, these fields have been observed with HST, IS0 
(Flores et al 199Sab) and the VLA (Fomalont et al 1992, Hammer et al 1995). 
Thus: many sources already have morphological information, spectroscopic or 
photometric redshifts and information about their spectral energy distributions 
available. Our group has several initiatives currently underway increase the 
amount of information available for each source. We plan to determine spectro- 
scopic and photometric redshifts for the remainin, = optical identifications with- 
out redshifts (with CEHT and UKIRT). Deep infrared imaging will improve the 
photometric redshifts and provide morphological information as will more HST 
ima.ging. Of extreme importance are observations at 1.3mm with the IRAN in- 
terferometer which \vill greatly reduce the positional uncertainties of the sources 
and secure our identifications. 

3. The Identifications 

The 13 arcsecs beam of the JCMT makes the optical identifications difficult. We 
have adopted a probabilistic method in which we estimate the probability that a 
sub-mm source is randomly associated with a galaxy selected from a population 
vAth surface density n and located a distance d from the source. This probability 
is given by: 

I .P =,I - ezp(-?rnrl”). ,, . 

Thus, ,for a given source we can only estimate the probability that the iden: 
tification is correct. It is the distribution of P values for the entire sample,’ 
rather than for a single source which is meaningful. That is: the distribution of 
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.probabilities must be compared to what is expected from randomly associated 
populations. 

For faint galaxy populations, which have a high surface density, the success 
of this method is limited. However, the surface density of radio sources is very 
low and are identified with at least one half of the sub-mm sources. Colour and 
morphological information can also be used to secure an identification as many 
of the identifications appear disturbed with merger-like morphologies and red 
colours. 

4. Results 

We have completed approximately one half of our survey area and have detected 
-30 sources. Twelve of these have been published in Eales et al (1999) and Lilly 
et al (1999) and the remaining sources are in various stages of identification. 
The redshifts of the identified sources span a range of z=O.5 to z=3; peaking 

at z~2 and they are extremely luminous (i.e. LIR > 3~10’~ LO). As well, the 
spectral energy distributions, when multi-wavelength data is available, indicate 
that these sources are very similar to -4rp220. 

The internal energy source responsible for these high luminosities is still 
unknown. However, if we assume it is star formation then these objects have 
star formation rates of >600 &/year. This massive star formation rate cou- 
pled with the large amounts of dust present and the predominance of disturbed 
morphologies makes it attractive to associate these sources with formation of 
the metal-rich spheroids of today, through highly dissipative mergers of gas-rich 
o.ala-ties. It is also possible that these objects are powered by black holes, which 0 
could account for the large number of black holes in the local universe and may 
indicate that the formation and evolution of black holes is closely linked to that 
of the spheroids. 

At 3 mJy we have resolved -20% of the far-IR/sub-mm background, with 
-50% resolved at 1 mJy (Hughes et al 199S, Blain et al 1999). Thus; these 
super--4rp22O objects are responsible for -30% of the bolometric background. In 
fact, the bolometric luminosity density in the infrared of these objects is greater 
than the bolometric luminosity density in the UV of the entire UV selected 
population. -4 comparison with the local universe, in which Arp220-like objects 
contribute N0.37~ to the bolometric light: indicates that these ultra-luminous 
infrared galasies are much more important at z ~2 than today. -Approximately 
one third of the sources are classified as empty-field sources (i.e. they have no 

optical counterpart) and may lie at z>3. However, because f,,lyr,@ for these 
dusty objects, the flus is weighted by (l+~)~.‘, SO that the production of the 
background is not directly proportional to the production of mass. Thus: even 
if these sources are producing 30% of the resolved background they are likel) 
producing less than 10% of the stellar (or black hole) mass. 
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Abstract. The MORPHS group has studied 10 rich clusters of galax- 
ies in the range 0.37 2 z 5 0.56, using HST imaging and ground-based 
spectroscopy. The principal conclusions of this study are: (1) The ellip- 
tical galaxy populations of clusters were fully in place prior to J = 0.5; 
the disk galasies are a much more loosely bound population, probably 
produced by later infall onto the E-galaxy core. (2) ‘The SO population 
has increased dramatically since 2 N 0.5, due to the transformation of 
spiral gala-ties. (3) Gravitational interactions and starbursts play an im- 
portant role in this process, but other factors, operating only in clusters; 
are necessary to complete the transformation to SO’s. 

1. Introduction 

The UORPHS collaboration (-4. Dressier, R. Ellis, I. Smail, B. Poggianti, TV. 
Couch, H. Butcher, R. Sharples, -4. Barger, and A. Oemler) formed with the 
goal of making significant progress in understanding cluster galaxy evolution. It 
has been known for many years that star formation was much more prevalent in 
clusters at z N 0.5 than it is today (Butcher si Oemler 197S)> and that much of 
this star formation occurred in bursts (Dressler & Gunn 1952). The first cycles of 
HST observations showed that the spectral peculiarities indicative of starbursts 
are often accompanied by morphological peculiarities: many cluster galaxies 
at z rv 0.5 show strong distortions su,, osestive of mergers or tidal interactions 
(Couch et al. 1994, Dressler et al. 1994). 

It was tempting at this point to consider the problem solved: galaxy evolu- 
tion in clusters is driven by dynamical interactions; these interactions precipitate 
starbursts, and the combined effects of dynamical shocks and rapid star forma- 
tion drive galaxies towards the early end of the Hubble sequence. This is a tidy 
picture, but the supporting evidence has been no more than suggestive. Fur- 
thermore: mergers are an awkward means of driving cluster galaxy evolution: 
the merger rate in a high-velocity cluster environment should be very low. and 
the outcome of major mergers is generally expected to be ellipticals, while the 
dominant galaxy population in nearby clusters is SO’s. 

Given the sparse and fragmentary data, it was clear that many more were 
needed. ideally a large, homogeneous data set covering many clusters with a 
wide range of properties. The SIORPHS study includes HST and ground-based 
observations of 10 clusters of galasies in the range 0.37 5 z 5 0.56. Their 
selection was not based upon a rigorous system. Many were included because 
they had been previously observed; they were observed before because they were 
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..among the few high-redshift clusters known at the time. However, this set of 
clusters does have the virtue of spannin g a wide range of structural properties 
and richness; therefore they sample most of the parameter space occupied by- 
clusters. 

The HST data consists of WFPC2 images of the fields listed in Table 1. 
They cover the central regions of all clusters except i-lbell 370, and images of 

Table 1. The Cluster Sample 

Cluster Region 3 Description 

Abell 370 outer 0.37 rich, concentrated 
C1144’7+23 center 0.37 rich, irregular 
C10024+16 center 0.39 very rich, concentrated 
C10939+47 center 0.39 rich, mod. irregular 

outer 
C10303+17 center 0.42 mod. rich, irregular 
3c295 center 0.46 mod. poor? concentrated 
c10412-65 center 0.51 mod. poor, irregular 
C11601+42 center 0.54 mod. poor, mod. irregular 
C10016+16 center 0.55 very rich, concentrated 
C10054-27 center 0.56 mod. rich. concentrated 

fields 3’ - 5’ from the centers of Abell 370 and C10939+47. Exposure times 
range from 4 to 23 kiloseconds, and are- mostly- in either the F555W, F702W, 
or FSl4W bands. Six of the fields have observations in at least 2 bands, allowing 
us to derive colors. From these data we have obtained photometry of about 7000 
galaxies, and morphologies of about 1800 galaxies brighter than T N 23.5. We 
have also obtained ground-based spectroscopy of 657 gala,xies (424 cluster mem- 
bers and 233 field galaxies), of which 275 (204 cluster/71 field) are within the 
HST fields and therefore have morphological types. The imaging and spectro- 
scopic data sets are described in more detail in Smail et al. (1997) and Dressler 
et al. (1999). Most of the analysis described below is contained in two other 
papers, Dressler et al. (1998) and Poggianti et al. (1999). Unless otherwise 
noted, all of the discussion below refers to the subset of objects for lvhich we 
have spectroscopy, and can, therefore, assign membership to either clusters or 
field. Although the field objects have a wide range of redshift, most are within a 
few tenths of those of the clusters. It seems reasonable: then. to consider them 
as representative of the field population at the same epoch as that observed in 
the clusters. 

2. Galaxy Properties 

Morphological types were assigned to galaxies within the HST fields by visual 
inspection, using the standard Hubble system. VVe also assigned two additional. .’ ’ 
parameters: the first describin, v the degree of apparent disturbance of the galaYy,x 
and the second our best guess for its nature: I- tidal interaction wit,h a neighbor; 
II- merger: T- tidal tail with no obvious interacting galaxy, and C- chaotic. The 
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Figure 1. The spectral classification system 

overwhelming majority of objects can be assigned a standard Hubble class. The 
majority of these could be considered %ormal” , but only when judged against a 
rather looser standard of normality than that applied today. As has been noted 
before, (e.g. Oemler et al. 1997) most disk galaxies look less symmetric and less 
well-organized than nearby examples of their Hubble type. 

-4 significant fraction, about 13% of the cluster members: show signs of 
strong dynamical disturbance. We have labeled most of these (those denoted, 1: 
T: or A/I types) as mergers or tidal interactions. However, as a group their prop- 
erties are rather different than nearby tidal encounters and mergers. Extended 
tidal features are quite uncommon: and tidal bridges between pairs of cluster 
galaxies almost none-&tent. It is plausible that such estended features cannot 
long survive in the violent cluster environment. However it is also possible that 
we are simply misinterpreting the origin of the observed peculiarities. For es- 
ample, it has been su,, wrested (Smail et al. 1999) that dust is responsible for the 
unusual light distributions in some of these objects. In my opinion, however, 
the light distributions of most do not look like dust is responsible. 

Galaxies with spectroscopy have been divided into classes based on the 
strengths of the [OII]X3737 and HS lines. This has become standard practice 
(Couch si Sharples 1987); [011] is a reasonable measure of the present star 
formation rate; while HS is an indicator of the star formation over the past 
billion years or so. Figure 1 defines our classification system7 which is based, 
in large part, on observations of local gala,ties (Kennicutt 1992). ,111 additional 
type, e(n), was assigned to 0 Galasies whose emission lines suggested an i-1GN. The 
k-type spectra are typical of old. metal-rich stellar populations, like those seen 
in nearby E and SO galasies. The galaxies called “kta” and “a4-k” have balmer 
lines which are too strong to be consistent with a purely old population. These 
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.objects have been called, variously, “E+A”: “H&strong”, 01‘ “poststarburst” 
objects. Spectral model& w has demonstrated that such strong balmer lines 
can only occur in the aftermath of a rapid drop in the star formation rate. 
While the weakest examples can be explained by the truncation of a steady 
level of star formation, the stronger examples can only be explained as the 
aftermath of a starburst . =1ll of the other spectral types, e(c), e(a), and e(b), 
require continuing star formation. The e(c) galaAGes span the range of normal 
star formation seen locally (Iiennicutt 1992). Luminous normal gala>xies are not 
seen with EW( [OII])> 40& thus the e(b) gala,sies were assumed to be starbursts. 
The e(a) gala,xies: with emission lines und stron g balmer lines? are most easily 
understood as a starburst whose aftermath has continuing star formation. The 
populations of each type in the clusters and field are summarized in Table 2. 

With this classification scheme we can neatly pigeonhole every galaxy ac- 
cording to its star formation history, and construct a simple picture in which 
“normal” spiral galaties begin as e(c)‘s. Some process precipitates a starburst, 
moving the galaxy into the e(b) class. If star formation continues after the burst, 
the galaxy moves into the e(a) class and later back to the e(c) class: “normal” 
once again. Xlternatively~ if the event removes the galaxy’s gas supply, star 
formation will end with the burst: and the galaq- will move first to the a+k, 
then the k+a class, finally settling down as a k type. 

Table ‘2. Proportions of Spectroscopic ‘Types 

k 186 36 
kfa 60 7 
a+k 1s 0 
44 44 37 
44 64 71 
$4 20 39 
44 r 3 

Gnfortunately, a little examination reveals problems with this picture. We 
should expect the e(b) phase to be the most luminous; galaxies should fade as 
star formation ends and they move through the afk and k+a phases. Figure 2 
presents the luminosity functions of cluster members of each spectroscopic type. 
The e(b) galaxies are, in fact: fainter than any of the other types. Indeed: since 
the sample is very incomplete fainter than Mv 5 -19.0: the da,ta suggests that 
the e(b)‘s are much fainter than any other group. 

However, their faintness su,, umests an alternate interpretation. There is one 
nearby population of normal, non-burstin, b c Galasies with very strong emission 
lines: low-metallicity dwarf irregulars. Most of the e(b) galasies with HST 
derived morphological types have been classified as very late spirals or Irr’s. 

.I._ Furthermore7 analysis of the ratio ([OII]+[OIII])~H~3 shows,that .their metallic- 
>. ities are quite low: consistent with those espected for dwarf irregulars. Thus: 

rather than being starbursts. apparently most of the e(b)‘s are merely the low- 
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Figure 2. The luminosity functions of the spectroscopic types 

luminosity, low-uretahicity estension of the secprence of normal gaIaAxies repre- 
sented by the e(c)‘s. 

Where, then. are the starburst progenitors of the numerous post-starburst 
oala,xies seen in Table a? Several lines of evidence suggest that they lie amongst c, 
the e(a)‘s. PO,, ooianti & Wu (1999) h ave found that the majority of very luminous 
IR galasies have e(a) spectra. Excludin, (+ those with Seyfert I spectra, 62% are 
e(a)‘s; 28% are e(c)‘s, and only 10% are e(b)‘s. Similarly, among a sample of disk 
calasies in C10939+26 observed to have stron, 0 p radio continuum emission Smail 
et al. (1999) found 1 or 2 e(a)‘s and 4 a+k and k+a’s, but no e(b)‘s. Finally, a 
substantial fraction of high-redshift IS0 sources are found to have e(a) spectra 
(vid. Poggianti & Wu 1999). 

Why should starbursts produce weakish emission and strong balmer ab- 
sorption lines? There is evidence that e(a) gala,xies are very dusty. The ratios 
of far infrared to fin: flus and of Ha to [OII] line strengths (Poggianti 8~ TVu 
1999) and the relation between optical continuum color and radio continuum 
flux (Morrison 1999) all imply very high dust extinction. If the lifetime of a 
starburst is long compared to that of OB stars: and if the dust preferentially 
enshrouds the regions of current star formation (see, e.g. Calzetti 1997). the 
-4 stars formed earlier in the burst will be less obscured than the HI1 regions. 
producing the characteristic features of the e(a) spectrum. 



256 Oemler 

It is worth noting that, since the emergent optical/near IR flus is dependent 
on the complex geometry of the dust as well as on its reddening law, there 
is no way of correcting the optical/near IR flus for extinction. Thus: optical 
observers are left with a perhaps reliable indicator of the presence of a starburst, 
the e(a) spectral type, but with no reliable measure of its strength. SiTiithout 
either radio continuum or far-infrared observations, we cannot hope to perform 
any cluantitative analysis of the star formation rate in these gala,xies: or in any 
population of gala.<es in which such starbursts are an important component. 

3. Galaxy Populations 

With reliable measures of structure and stellar content in hand, some very in- 
teresting patterns emerge when one examines the distributions of morphological 
and spectroscopic types. Although both the cluster and field gala,xies span the 
same range of Bubble types as do nea,rby populations, the distribution of types 
is markedly different, as may be seen from Table 3, where the z N 0.5 numbers 

Table 3. Frequency of Galaxy Types 

J c-” 0.3 J - 0.0 

Tvpe Cluster Field Cluster Field 

E 
so 
Spiral 

36% 13% 28% 10% 
17% 3% 47% 20% 
47% 84% 25% YOYO 

are from our sample, and the z N 0.0 numbers are from Dressler (1980). As 
expected, the fraction of cluster spirals is higher at high than low redshift, and 
higher in the field than in the cluster. However. the relative proportions of E 
and SO galaxies are rather surprising. The E fraction in the high z clusters is 
quite high, higher even than it is today. This does not require that ellipticals 
be destroyed between z = 0.5 and today; one expects the elliptical fraction in 
clusters to be steadily diluted by an infalling field population which contains 
very few ellipticals. However, it does suggest that most or all of the elliptical 
population was in place by z = 0.5, rather than being formed- by mergers for 
example- during intervening epochs. This is also consistent with what we think 
we know about the ages of the stellar populations in cluster ellipticals; studies 
based on their colors (Ellis et al. 1997), luminosities (Barger et al. 1998) fun- 
damental plane (Iielson et al. 1999); and line strengths (‘Trager 1997. Trager S; 
Dressler 1999): among others, have all deduced an early epoch of formation for 
their stellar populations. 

There is also strong kinematical evidence that the ellipticals represent a 
population which is distinct from disk types. Khile the velocity dispersions 
of the various subsets of disk galaxies, in&din, D SO’s: are not significantly dif- 
ferent from each other3 that :of the ellipticals is much lower. In the z N 0.5 
clusters CT~;,~/CTE = 1.49 4~0.10, suggesting that the ellipticals represent a much 
more tightly bound population than the disk galasies: as they would if the disk 
galasies arose from later infall onto a preexisting core of predominantly elliptical 
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Figure 3. The distribution of morphological types for each spectral type 

gala,xies. The radial distribution of the morphological types within the clusters 
is consistent with this; the central concentration of the ellipticals- at least within 
the concentrated clusters-- is much higher than that of any of the other types. 

In contrast to the E’s; SO’s are not very numerous at z N 0.5, either in 
clusters or the field, suggesting that many or most have been formed since that 
epoch. This is, of course, consistent with the old idea that cluster SO’s have 
been formed by the transformation of spirals. Almost direct evidence of such 
transformation may be seen in Figure 3: which summarizes the mix of spectral 
and morphological types in the cluster and field populations. Nearly all of the 
post-starburst a+k and kta objects are disk galaxies. It is very hard to avoid 
the conclusion that these are objects currently making the transition from star- 
forming spiral to quiescent SO. At least some of the very numerous k-type 
spirals may be the next and penultimate stage of this transformation. It should 
be noted, however, that the transformation of spirals into SO’s is not just a 
cluster phenomenon. While about half of the cluster spirals present at s = 0.5 
have become SO’s today, the same has happened to about one quarter of the 
field spirals. 

Direct evidence on the ages of SO’S is contradictory. Ellis et -al. (1~~7) 
find no evidence for a larger color spread for SO’s than E’s at J = 0.5, but van 
Dokkum et al. (19%) find that SO’s in the outer parts of a z = 0.33 cluster 
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-are bluer than either ellipticals of the central SO’S. Jones et ~1. (1999) find no 
evidence from their spectra that the stellar populations in z = 0.5 SO’s are any 

younger than those in E’s, but Trager et al.( 1999), using very high signal-to-noise 
Keck spectra, do see such a trend. 

One conclusion implicit in the above is that the evolution of a galaxy’s stellar 
population occurs on a faster timescale that the evolution of its morphology. 
The e,xistence of post-starburst and k-type spirals implies that galaxy disks can 
retain the characteristic features of spiral galasies well after all star formation 
has ceased. Indeed, we cannot assume that k-type spirals will ever evolve into 
SO’s on their own. It is possible that the morphological transformation to SO is an 
independent event, requirin, 0 other processes? rather than merely the inevitable 
outcome of gas depletion. Resolving this point is essential if we are to understand 
SO formation. 

If spirals are bein, v transformed into SO’s, in either one or two steps. what 
are the evolutionary processes driving that transformation? Whatever they may 
be. starbursts are apparently often involved, given the association we have just 
made between proto-SO’s and poststarbursts. Dynamical disturbances are also 
implicated, given the connection between disturbed morphologies and starburst 
spectra. However, major mergers are not an attractive solution, for the reasons 
mentioned at the beginning of this article. Some hint about what is happening 
may be derived from Table 4, which presents the distribution of spectral types 

Table 4. Spectral Types of Spiral Galasies 

z N 0.5 z - 0.0 
Tvpe Cluster Field Cluster Field 

Sormal 20% 3% . 67% 
k-type 40% 24% lS% 
Starburst 14% 16% : lS% 
afk 6% 0% 0% 
k+a 20% 2% 7% 

of spiral gala,xies at low and intermediate redshifts. I have taken e(c) and e(b) 
spectra to be “normal” and e(a)‘s to be starbursts. ‘The low redshift field data 
are a bit of a cheat. The distribution of spectral types are from Hashimoto’s 
( 1999) analysis of the Las Campanas Redshift Survey- spectra. Because there are 
no reliable morphological types for these galasies, .I have assumed that SO’% of 
the galaxies were ~‘s and SO’s, and that all had k-type spectra. The remaining 
gala-ties were assumed to be spirals. Although a bit rough, the result is unlikely 

low redshift clust eZh 
to be far wrong. ere are insufficient spectral data to construct numbers for 

This table contains several quite striking results. Firstly, the z = 0.3 clus- 
ters: in contrast to the field at both epochs, contain few spirals with normal 

: star formation. (Fragmentary data 011 nearby rich clusters suggests the same is 
~..~__ true today.) One must conclude that a spiral galaxy cannot long survive undis- 

turbed in the very stressful environment of a rich cluster. Secondly, starbursts, 
manifested as e(a)‘s. are quite common in both field and cluster. at low and 
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higher redshift. These data, at least, provide no evidence for an evolution in the 
starburst rate of gala,xies since z = 0.5, nor for an environmental dependence of 
the starburst rate. These are rather suprising results, given the expectation of 
conventional wisdom (see, however, Carlberg’s article in this volume). Since the 
e(a) spectral class we are using as a starburst indicator is an imperfect measure 
of starburst strength, I would hesitate to draw very strong conclusions from this 
result. 

Nevertheless, this result does imply that starbursts are common everywhere: 
which makes it particularly interesting that, postst~rbursts are common only in 
clusters (most of the 2 N 0 k-l-a field objects are very marginal examples). This 
suggests that the different environment of cluster and field affects profoundly the 
after-starburst history of gala,xies, directing field gala,xies back towards normal 
star formation, and cluster members away. It also suggests, however, that the 
starburst -+ poststarburst route is not the only route through which SO's are 
produced, since the SO population has been growing over time in the field as well. 
This should serve as a reminder that there are many possible ways in which a 
disk galaxy can loose its gas. Perhaps the simplest, gas exhaustion through star 
formation, is sufficient to account for the increase in field SO’s. 

4. Conclusions and Worries 

One can summarize the picture emerging from the above discussion as follows. 
The core of a cluster forms at early epochs. Whatever their original properties, 
the galasies in this core have evolved into ellipticals before z = 1. Infall from a 
more loosely-bound population of field galaxies: composed predominantly of disk 
galasies, steadily adds to the cluster population at later times. Galaxy-galaq 
interactions within the field and infalling populations produce a high rate of 
starbursts. -4mong the field galaxies: the starburst phase is often transitory, after 
which galaxies return to their previous state, but in clusters other processes- 
ram pressure stripping: perhaps- remove the remaining gas from the starbursts, 
setting them on an evolutionary path towards SO’s. Additional processes, such 
as galasy harassment, may play a role in completing that transformation. 

This little story is consistent with most or all of the observations of z N 0.5 
clusters, but there are lots of loose ends. What kinds of interactions precipitate 
the starbursts, and how can they be as prevalent in clusters as in the field, 
as they must given the relative starburst rates? Can any stripping process 
be so efficient at removing the gas from cluster starbursts? A very old and 
still unresolved worry: do cluster SO’s really look like stripped field spirals? 
Xre their luminosities and bulge-to-disk ratios consistent with this origin? If 
not! does this support the idea that the transformation of spiral into SO is 
a two-step process, the first removing the gas and the second modifying the 
diskfbulge structure’! Hashimoto and collaborators (Hashimoto et al. 1993. 
Hashimoto & Oemler 1993) have recently presented evidence for this in local 
o-alasv populations. ‘2 The morphology-density relation seems, in fact, to be two 
distinct relations: galaxy structure and star formation rate seem to be influenced 
by different environmental factors. If this is so: one must ask why the two 
independent transformations so frecluently d 0‘0 hand in hand. One final awkward 
fact: at 2 = 0.5: cdisb/cr~ = 1.-19&0.10. -4nalysis of the data on nearby clusters 
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in Dressler & Shectman (1988) shows that today gdisk/gE = 1.10 f 0.06. How 
can this be? It is hard to imagine any process that could radically alter the 
kinematics of the cluster populations without destroying the morphology-density 
relation. 

It is clear that our story has lots of gaps. It is less clear how to fill them, 
though some things are obvious. One key lies in the infalling population, which 
is the link between the original spiral-dominated field population and the spiral- 
poor population forming in the cluster core. Only the cores have been well- 
studied so far, but the outer parts of the clusters must be where much of the 
action is. HST observations of these regions, and of the smaller groups which 
are the form in which the infalling population is assembled, are the essential 
next step. 

The other key will be more elusive. We have little evidence of the trans- 
forming processes actually at work: some suggestive galaxy distortions and some 
starbursts. It will be hard to do better with what we can hope to obtain: low 
signal-to-noise snapshots of one instant in the history of a cluster population. 
Even nearby it has been exceedingly difficult to obtain unambiguous evidence 
of, for example: stripping of disk gas in clusters. It may be that the best we 
can do is build a circumstantial case from more extensive higher-redshift data, 
buttressed by more and better observations of processes occurring in nearby 
galasies. 

Acknowledgments. Thanks to my MORPHS collaborators, who actually 
did all the work that I have written about in this article. 
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Abstract. We present a principal component analysis of galaxy spectra 
from the CNOC sample of rich X-ray luminous clusters at 0.15 < z < 

0.5~. Composite radial distributions of different stellar populations show 
strong gradients as a function of cluster-centric redshift. The composite 
population is dominated by evolved populations in the core, and gradually 
changes to one which is similar to coeval field galaxies at radii greater than 
the virial radius. We do not see evidence in the clusters for an excess of 
star formation over that seen in the coeval field. Within this redshift 
range, significant evolution in the gradient shape is seen, with higher 
redshift clusters showing steeper gradients. This results in larger numbers 
of younger galaxies seen towards the inner regions of the clusters- in effect, 
a restatement of the Butcher-Oemler effect. Luminosity density profiles 
are consistent with a scenario where this phenomenon is due to a decline 
over time in the infall rate of field galaxies into clusters. Depending 011 

how long galasies reside in clusters before their star formation rates are 
diminished, this suggests an epoch for ma,ximal infall into clusters at 
z > 0.7. IF-e also discuss alternative scenarios for the evolution of cluster 
populations. 

1. Introduction 

The evolving populations in galaxy clusters offer a unique opportunity to ob- 
serve galaxy evolution in action, and particularly the effects of environment on 
star forming gala<es. Present-day rich clusters have strikingly different popu- 
lations from galasies in poorer environments7 suggesting that some mechanism 
is at work transforming normal field gala>xies into the cluster population. Many 
recent investigations have focused on the details of how this transformation oc- 
curs (Couch si Sharples 1957. Barges et al.: 1996. Poggianti et al.: 1999, Balogh 
et al.: 1999). The emerging picture is that there may be a population of galax- 
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ies which were formed very early in the cluster’s history, corresponding to the 
ellipticals often seen in cluster cores. (e.g. Bower, et al., 1992, Ellis, et al.: 
1997) Subsequent generations of infalling field gala-xies have had their star for- 
mation disrupted, possibly with an associated starburst. -4s this transformation 
progresses, these galasies might be identified with normal-looking spirals, then 
gala,xies with strong Balmer absorption spectra: and finally SO galasies which 
have retained some of their disk structure but have ceased active star formation. 

Most of these insights have been obtained by observing distant clusters, as 
higher redshift clusters have been shown to contain a higher fraction of star- 
forming galaxies- first described as the Butcher-Oemler effect (Butcher & Oern- 
ler 19%). Ostensibly, the processes which create present day clusters are at a,n 
earlier stage of their work at these epochs, and these clusters provide a time 
sequence for observing the growth of the cluster structure. Here we describe an 
investigation into the relationship between galaxy evolution and cluster struc- 
ture: based on a we&defined and fairly homogeneous sample of intermediate 
redshift clusters, and coeval field galaxy measurements. In an approach comple- 
mentary to that of looking at galaxv properties in detail, we instead focus on y 
building smooth composite spatial distributions within the cluster of the various 
stellar populations. With these distributions, it is possible to chart the relation- 
ship between the evolution of galaxy populations and the growth and evolution 
of the cluster. 

2. The CNOC Cluster Sample 

The CNOC (Canadian Xetwork for Observational Cosmology) Cluster Redshift 
Survey targeted 16 rich X-ray luminous galasy clusters with 0.17 < z < 0.53. 

Deep Gunn g and ‘r imagin, w and multi-slit spectroscopic observations from the 
Canada-France-Hawaii 3.6m telescope were used to map the cluster sample to 
radii of 1-3 h-r Upc from the cluster cores (see Yee et al., 1996). Wavelength 
coverage was h 3500 - 4500 -1 in the rest frame of each cluster, with resolution 
of about 15 A. 11 total of 1200 cluster galasies were spectroscopically identified. 
Particular care was taken to quantify selection effects and the completeness of 
the sample as a function of galaxy magnitude, color: redshift and position. The 
wide field coverage and careful attention to the empirical selection functions are 
crucial for buildillg an accurate portrait of cluster structure. 

Dynamical and spatial analyses of the clusters (Carlberg et al., 1996, Carl- 
berg, Yee 8~ Ellingson 1997. Carlberg et al.; 1997a:b ) yielded cluster masses. 
mass-to-light ratios and density profiles. Lewis et al., (1999) presented the ;Y-ray 
sas profiles from ROSAiT HRI a.nd PSPC observations of much of the sample. n 
Balogh et al.. (199~; 1999) analyzed spectral line indices for cluster galasies. 
Here we combine measurements of the stellar populations in the cluster galaAxies 
with the dyna.mical and S-ray properties of the clusters to address the issue of 
gala-xv evolution in terms of the spatial distribution of different populations. Y 

3. Prindipd Component Analysis :,,~.k; .._’ !.’ 

I 
Principal component analysis (PCA) provides a sensitive method for measuring 
the strengths of different stellar populations from spectroscopic data. This tech- 

- 
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Figure 1. Principal Component Vectors derived from the Las Cam- 
panas Redshift Survey. Four vectors are defined: two which are com- 
bined to form our “Emission” vector, “Balmer,” and “Elliptical”. 

nique has been used by other groups (e.g. Connolly et al., 1995? see also Zaritsky, 
Zabludoff & Willick 1995) to determine galaxy populations. It is especially ap- 
plicable to the fairly noisy high-redshift data of the CNOC survey, because the 
entire spectrum, rather than a narrowly defined range of line indices, contributes 
to the measurement. We project each spectrum as the sum of four orthonormal 
galaxy “vectors.” These vectors are derived from relatively high quality galaxy 
spectra in the Las Campanas Redshift Survey (Shectman et al., 1996) at low 
redshift. Figure 1 shows the four original vectors: which correspond roughly to 
two “Emission line” components ([011] and [OIII], which we combine to a single 
vector because our spectra do not extend to the H-P/[01111 region), a “Balmer 
component” featuring strong Balmer absorption lines indicative of intermediate 
age stars? and an “Elliptical” spectrum showing the standard old-population 
features. The power in each of the three components provides a measurement 
of the stellar population. 

The combination of these three PCX components are adequate to separate 
most types of normal galasies. Figure 2 shows PCA components for galasies in 
the Kennicutt Spectral -Atlas of low redshift galaxies (Kennicutt, 1992). Xormal 
elliptical and spiral galaxies are well separated on this plot. Note that the 
Kennicutt Atlas does not populate the region of the plot with large Balmer 
values and low emission line values. 111 this region we plot high signal-to-noise 
ratio examples of K+-A galasies from the CXOC clusters. 
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Figure 2. PCA Decomposition of Galasies from the Kennicutt Spec- 
tral -Atlas. Morphological types of the low redshift galaAxies are labeled. 
Open circles denote K+A galaxies from the CNOC clusters. The nor- 
malization of the sum of the three components to 1 means that non-zero 
data occupy a triangular region on this plot. 

4. Population Gradients in Galaxy Clusters 

X composite average population gradient from 15 clusters was constructed from 
galasies with k-corrected Mr < -19 (Ho=100 km S-I Mpc-‘, qo=O.l). Cluster 
membership was delineated by a redshift within 3 times the line-of-sight velocity 
dispersion from the mean redshift. Galaxy positions were scaled by a charac- 
teristic radius, rzoo; determined for each cluster by Carlberg et al., (1996); to 
normalize for differing cluster richness: and SO that values at a given r/rzoo rep- 
resent those at a fixed overdensity. Typically, ~200 N 0.75-1.5 h-r Mpc for these 
clusters, and virial radii are 1.52 rzeo. These dynamical parameters are well 
determined for these clusters by 30-200 cluster members each: and have been 
found to yield results consistent with X-ray determinations of the cluster masses 
[Lewis, et al., 1999). The CNOC cluster MS0906+11 was omitted because it 
shows strong binary substructure in both X-ray and velocity data, and robust 
values for dynamical parameters were not possible. 

Weights for each galaxy were calculated as inverses of the completeness 
functions for magnitude, color and position within each cluster field based on 
deep two-color galaxy photometry in the fields (see Yee et al.? 1996 for details 
on completeness functionsj. Usin g weights such as these ensures that our spec- 
troscopic sample yields a result representative of the entire cluster. 

-4 clear spatial gradient is seen, with the elliptical-like population declining 
from the cluster core towards the outer parts of the cluster. and an accompanying 
increase in emission line gala,xies (Figure 3). There are between 20 and 294 
galasies in each bin; uncertainties were estimated via bootstrap techniques. : -4 
self-consistent correction for projection effects was tested. assuming an average 
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R/R200 

Figure 3. Composite radial gradients from 15 clusters based on the 
vectors shown in Figure 1. Normal field galaxies at these redshifts have 
values approximately equal to [0.30, 0.40, 0.301 for Elliptical, Emission 
and Balmer: respectively. 

spherical galaxy distribution, but is not included in the figures shown here. This 
correction tends to steepen the gradient very slightly but is very small, generally 
raising the innermost point for the older populations just a few percent. 

Morphological and spectral gradients similar to this are seen in low-z clus- 
ters (e.g. Oemler, 1974; Dressler, 19SO; Whitmore et al., 1993). Similar gradi- 
ents over large scales at higher redshifts have also been noted by Abraham et 
al., (1996), Couch et al., (199s) and Dressler et al., (1997). Balogh et al., (1997) 
traced the star formation gradients in this CNOC sample via measurements of 
the [OII] emission line and also found a similar trend. Such gradients are consis- 
tent with the infall of field galaxies in hierarchical clustering models of cluster 
growth (e.g. Gunn & Gott, 1972; Kauffmann et al., 1995a,b) and suggest that 
gala,xies which have more recently fallen into the cluster potential preferentially 
inhabit its outskirts. 

The PCA components can be transformed to measure a galaxy’s match to 
any specific stellar population. In Figure 4 we plot a weighted composite for 
the sample, where the components are redefined. “Cluster” values were chosen 
to match ellipticals in the Kennicutt Atlas (1992)> and agree with the reddest 
galaxies in these clusters. Spectral synthesis models (Charlot & Bruzual, 1993) 
indicate that any population more than about 3 Gyr old will yield similar PCA 
values. .The new “Field-like” vector is calculated separately for each cluster, -m .- ” 
based on the average for field gala,xies at these same magnitudes at the cluster 
redshift from the CNOC2 Field Redshift Survey (Carlberg et al., 19%). On.’ ‘. ... : ’ 
average, values are similar to a present-day Sbc, but with additional power in 
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Figure 4. Composite radial gradients in transformed coordinates (see 
test). 

Balmer absorption lines. There is a mild increase in the “Emission” fraction 
between z=O.2 and ~~0.6. “Post-Star-Formation (PSF)” values are determined 
from a spectral synthesis model of a galaxy whose star formation is constant for 
3 Gyr and then is abruptly stopped. The new vector corresponds to the time 
of the masimum Balmer component: about 0.5 Gyr after the truncation: and is 
in general agreement with PC-4 values from the strong I<+-4 spectra of galaxies 
seen in the clusters. 

Note that these components are not strictly orthonormal, though they are 
normalized to a sum of unity, as before. Thus, the equivalent of total flux is 
conserved: but the component values are dependent on the choice of all three 
vectors. While the ‘Cluster” and “Field-like” components are robustly deter- 
mined empirically, the “PSF” component is more arbitrarily defined. Choosing 
a slightly different recipe for this component will raise or lower all three values 
slightly. 

Despite this potential degeneracy, the overall cluster structure is well illus- 
trated by this transformation. Old population gala*xies preferentially occupy the 
cluster interior, and a smooth gradient towards younger populations is seen until 
the properties of cluster galaxies [defined from their redshifts) asymptotically 
approach those of the coeval field population at 2-5 rsue, well outside of the 
virial radius. 

.‘_ - 
/. . 

The post-star-formation component appears relatively flat, with a compo- 
nent fraction of about 10%. This is larger than the fraction of identifiable I<+-4 
oalasies seen in the same dataset by Balogh et al., (1999); but smaller than the 
Fractions seen by Poggianti et al.: (1999) in the MORPHS sample of clusters at 
similar redshifts. The PCA technique. of course, is sensitive to smaller fractions 
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Figure 5. Composite radial gradients in the “Cluster” component as 
a function of cluster redshift. 

of galaxy light in the post star formation state, so higher fractions are expected 
than for studies which count only galaxies with extreme signatures. Thus the 
comparison with Balogh et al., appears reasonable. However, the comparison 
with the MORPHS clusters is more troubling, and may signify true differences 
in cluster populations for X-ray selected clusters such as the EMSS sample, ver- 
sus the optically selected MORPHS clusters. One possibility is that the former 
sample is likely to be more relaxed and centrally concentrated, whereas opti- 
cally selected clusters may include objects with more recent infalling structures, 
which may explain a higher fraction of gala,xies which have recently had their 
star formation truncated. 

In Figure 5 we examine the trend in population gradients in clusters over 
our redshift range of 0.15 to 0.55. Plotted are the ‘Cluster” components versus 
radius for samples at 0.18 < z < 0.3 and 0.3 < z < 0.55. The PCA values, 
weights and uncertainties are calculated as before. While the cluster cores ap- 
pear to be similarly dominated by old populations, a significant change in the 
cluster gradient is seen between the two redshift bins. At lower redshift, the 
old population appears to dominate to larger radii, whereas at high redshifts, 
the field galaxies are more noticeable in the inner portions of the cluster. This 
steepening of the population gradient can be thought of as a more detailed 
restatement of.the Butcher-Oemler effect, which describes the increasing blue 
fraction in higher redshift clusters, typically measured inside of 0.5 h-l Mpc. 
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Figure 6. Composite luminosity density profiles from 15 clusters 
based on the transformed vector coordinates. The profiles show an 
increasing spatial extent from “Cluster” to “Post-Star-Formation” to 
“Field-like.” 

5. Luminosity Density Profiles 

From the principal component analysis, relative luminosity surface density pro- 
files can also be constructed, to trace the total light associated with the various 
stellar populations. Figure 6 shows the profiles for the transformed vector co- 
ordinates described above. The fractional gradients seen in Figures 3 and 4 are 
shown here to be caused by light distributions which increase in extent from 
older to younger. This is quite consistent with what is expected from the accre- 
tion of field galaxies into the cluster. At first, infalling galaxies should have a 
relatively flat distribution, and as the galaxies become dynamically incorporated 
into the cluster, their distribution will appear more virialized, with a tighter pro- 
file. This dynamical evolution occurs in tandem with spectral evolution, causing 
the observed population gradients. 

In Figure 7 we illustrate a possible explanation for the evolution in clus- 
ter populations and population gradients in clusters by constructing luminosity 
profiles as a function of cluster redshift. Figure 7a shows the relative luminos- 
ity surface density for the old Y%ister” component for 0.18 < z < 0.3 and 
0.3 < z < 0.55. The two curves are normalized to have the same total number 
of gala,xies with 0.5 h-r Mpc in both bins. It appears that the old population 
has not changed in shape significantly over this timescale, which is in agree- 
ment with the idea that these galaxies are in a stable dynamical equilibrium. 
This population contains light both from any elhptical gala,xies which may have 
formed early in the cluster history, as well as once star forming gala.xies which 
have had their star formation truncated 3 Gyr or more ago. 
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Figure 7. Composite luminosity density profiles from 1.5 clusters as 
a function of redshift. Figure ia (left) shows profiles for the “Cluster” 
component for clusters with 0.18 < z < 0.30 (solid) and 0.30 < z < 0.55 
(dash). Figure 7b (right) shows the profiles for the sum of the “Field- 
like” and “PSF” components and the same redshift bins. 

Figure 7b shows the sum of the “Field-like” and “Post-Star-Formation” 
light profiles, representing b 0 palasies which are newer introductions to the cluster 
potential. ‘These curves are normalized identically to those in Figure 7a. Here 
the Butcher-Oemler effect is again obvious, with a higher density of younger 
populations being seen at higher redshifts. Outside the core region (> 0.X rzoo) 
these curves also appear to be similar in shape, suggesting that dynamical state 
(i.e. time since entry to the cluster potential) and age of the stellar populations 
are fundamentally linked. This is a reasonable assumption if the mechanism 
which transformed the population is due to the cluster environment. The main 
difference in these curves is then a simple vertical shift, and these results can 
thus be interpreted as a decline in the infall rate of new galaxies into the cluster. 

Linking this interpretation to cosmological models remains uncertain be- 
cause of the unknown timescales of both virialization and population evolution 
in these environments. For example, the mechanism which affects ongoing star 
formation in clusters may operate quite gradually, and the “field” gala.xies we 
see in the cluster may have been introduced to the cluster a billion or more 
years earlier than the observed epoch. The observed epochs are at z N 0.23 and 
s N 0.43; a rough estimate of at least 1 billion year delay between infall and the 
start of the spectral transformation would place the epoch of masimal infall into 
clusters at z > 0.7> in agreement with predictions from a low-density universe. 

6. Other Scenarios for Galaxy Evolution in Clusters 

An alternate viewpoint to a declining infall rate is that some physical property 
of the cluster environs has evolved over these timescales, driving the observed 
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Figure 8. *‘Cluster” component value versus X-ray gas density, (units 
of cm3) as measured at 0.5 ~200. direct link between cluster population 
evolution and 1Y-ray gas evolution would predict a positive correlation. 
None is seen, suggestin, u that other factors drive the observed evolution. 

evolution in the populations. Possibilities include evolution of the infalling field 
population, differing rates or efficiencies of galaxy-galaxy interactions, and evolv- 
ing gas densities in the cluster, which would affect the efficiency of ram-pressure 
stripping of gas from infalling galasies. We have essentially removed the effects 
of field galaxy evolution by constructing vector components which are based 
on the observed field population at the same magnitudes and redshifts as the 
clusters. 

Global evolution in the X-rav i gas is also probably not a strong driving force 
in the observed evolution. All of the clusters in our sample are luminous X-ray 
clusters, and there does not appear to be a strong correlation between the X-ray 
o-as and the galaxy populations. Figure 8 shows the old “Cluster” component 
?or S clusters versus azimuthally averaged X-rav v gas density, each measured at 
0.5 r2oo from the cluster core. While there is some variation in each parameter, 
they do not appear positively correlated, as would be expected if gas density 
evolution mere driving the overall population changes. (xote that gas stripping 
may still be responsible for the transformation of individual gala,xies, while a 
cosmologically changing condition drives the population evolution.) 

-inother possibility is that at higher redshift, infalling galasies have a larger 
reservoir ofinterstellar gas, and hence are more resilient to stripping. If this were 
the case, we would expect to see that the “Field-like” population would have a .’ 
tighter, more evolved spatial distribution at higher redshift than at lower red- 
shifts. Figure 7 cannot quantitatively rule out this possibility; however the data 
appear to be more consistent with the distributions keeping the same shape. 
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.with a simple vertical shift, rather than the higher redshift distributions hav- 
ing a higher peak towards the inner regions due to a dynamically relaxed but 
spectroscopically unevolved population. 

Galaxy-galaxy interactions remain a possible mechanism for galaxy evolu- 
tion in clusters, although morphological evidence for this remains mixed (e.g. 
Oemler et al., 1997). Since the effects of cluster richness and dynamics are 
normalized in this analysis, any evolutionary effect must come from either a 
cosmological change in the clustering of gala>xies as they fall into the cluster 
(i.e. a declining rate of infalling pairs or small groups which might preferentially 
inhabit the regions near clusters), or in the resiliency of galaxies at continuing 
to form stars in the wake of a collision. 

7. Conclusions 

We have carried out a principal component analysis of galaxies in 15 clusters 
at intermediate redshift to investigate the relationship between cluster popula- 
tion and global spatial/dynamical structure. Composite population gradients 
show a smooth transition from the infalling field galaxy population to the older 
populations seen in the cluster core. The gradients are corrected for the evolu- 
tion of the field population and cluster richness. Evolution between z=O.6 and 
0.2 is manifest in a flattening of this gradient at later epochs, consistent with 
the Butcher-Oemler effect. This phenomenon is most consistent with scenarios 
where the mechanism which truncates star formation in individual galasies re- 
mains constant, but the cluster population evolution is driven by a declining rate 
of infall into the clusters. Scenarios in which gala.xies at earlier times are more 
resilient to destructive environmental effects of the cluster may also be possible. 
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Abstract. I review recent research on the galaxy populations in mod- 
erate and high redshift clusters. Most studies using the high resolution 
capability of HST find that the fractions of late-type and disturbed galax- 
ies increase with redshift up to z N 0.5. I present new results on galaxy 
morphological types determined from HST ima.ging of 4 J > 1 galaxy 
clusters in K-band selected samples. The trends seen at lower redshifts 
appear to continue past 2 N 1, with an increasing number of disturbed 
galaJxies and a decreasing number of early-type gala.xies: on average after 
a statistical field correction, in clusters at z N 1.2. These results suggest 
that some elliptical galaxies in high redshift clusters are being constructed 
at z < 1.2. 

1. Introduction 

Early-type galaxies completely dominate the core region of the nearby Coma 
cluster in the central -1 Mpc. There are almost no late-type disk galaxies nor 
disturbed systems. Naturally the question arises: were clusters always domi- 
nated by ellipticals and SOS? Clearly if we want to study the evolution of galaxy 
populations in clusters, the only choice for an observer is to compare clusters at 
a variety of redshifts. Its important to remember that there may be at least two 
major problems with this approach. First, clusters in the present epoch may be 
fundamentally different from the clusters we find at higher redshifts because of 
the growth in large scale structures on such mass scales. Second, currently we 
have no complete and well-defined samples over a sufficiently large range in z. 
Great progress has been made recently to construct well-defined cluster samples, 
particularly using the Rosat archive (e.g. Rosati et al. 1998), but even in these 
samples much work remains to be done on spectroscopic membership within the 
individual clusters. 

With these caveats in mind. let us consider one of the most distant galaxy 
clusters known, 3C 324 at 3 = 1.206. This cluster was discovered by Dickinson 
et al. by virtue of a large number of very red galaxies around the central radio 
galaxy which have the R - K colors of E/SOS at s N 1.2 (Dickinson 1996). 
The cluster was the target of a deep HST WFPC2 exposure, which roughly 
samples the rest frame i7 band and covers the central -1 Mpc, that shows a 
large number of very peculiar galasies, at least some of which are no doubt in 
the cluster. So a simple comparison of the galaxy populations in the cluster - 
around 3C 324 with those in Coma suggests that there have been large scale c ‘:. 
morphological transformations of cluster gala,xies since 3 N 1. 

304 



Morphological Evolution in High-z Gala.xy Clusters 305 

2. Moderate-Redshift Galaxy Clusters 

Now this is not exactly news to anyone who has been working in the field. With 
the advent of WFPC2 in HST, a number of studies were conducted of the galaxy 
populations in moderate-redshift clusters, mostly at J < 0.5, which have already 
found similar results regarding a change in the morphological types of gala,xies in 
clusters. I’d like to briefly review these results, which have been the work mostly 
of various permutations of the MORPHS group involving Dressler, Oemler, Ellis, 
Couch, and collaborators. Their WFPC2 imaging of the core regions of about 
10 clusters at 0.3 < .Z < 0.6 has shown a number of very interesting changes 
occurring in the galaxy populations of clusters. First, the well-known Butcher- 
Oemler effect is primarily due to the disappearance of normal late-type galasies 
in clusters at the present epoch (Oemler et al. 1997). A secondary cause of 
the Butcher-Oemler effect is a decline since z N 0.5 in the number of disturbed 
gala,xies. Third, the fraction of ellipticals remains constant with redshift, while 
that of the SOS declines dramatically to the present epoch (Dressier et al. 1997). 
Taken together, these results may be understood by a model for the evolution 
of cluster galaxies wherein ellipticals formed at z > 2 as the core of a cluster, 
followed by the infall of late-type galasies from the field which are converted into 
SO galaxies by interactions with each other and with the intracluster medium 
(Couch & Sharples 1957). 

3. High Redshift Clusters 

Next let us examine the highest redshift clusters known to see what happens to 
the trends described above in the morphological distribution of galaxies within 
clusters. -kt z > 1 very few clusters are known, and even fewer have been 
imaged by HST. So we must work with what we have if we wish to determine 
the morphological types of gala,xies in clusters at these redshifts. I will present 
here results on four such clusters for which my collaborators and I have obtained 
HST imaging. One of these clusters was found serendipitously in a near-IR field 
survey, while the other three have been found by targetting known high-z radio 
galasies. ClG JOS45+4453 was confirmed to be at z = 1.27 by Keck spectroscopy 
of galaxies in a compact group of very red galasies found in the imaging survey 
of Elston et al. Subsequently, it was discovered that a deep Rosat exposure 
had been obtained of this field and that a faint X-ray source coincides with 
the spectroscopic members (Stanford et al. 199-i). Although not appreciably 
extended in the PSPC data. the X-ray source is probably due to hot gas in 
the intracluster medium, indicating an L, = 1 x 10”“ ergs s-r. To date, 14 
members have been spectroscopically confirmed in this cluster, many of which 
fall within a well-defined early-type sequence, which, by comparison with the 
predicted no-evolution color-mag lines based on early-type galasies in the Coma 
cluster: indicates color evolution on the order of e.g. 0.5 mag in R - Ii. 

Although large telescopes such as Keck and now the VLT are capable of 
obtaining spectroscopic redshifts of galasies in clusters at z N 1.3; such work is 
very difficult and slow. Until such time as complete spectroscopic identification 
of magnitude-limited samples are available, we can use statistical techniques to 
correct Ii-band selected galaxy samples in z > 1 clusters for field contamination. 
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Figure 1. I-Ii vs K diagram for ClG .JO848+44% at z = 1.27. Each 
gala.xy is represented by the letter corresponding to its morphological 
type, where E stands for eaxly-types, L for late-types, P for peculiar, 
and C for compact. The dashed line is the predicted no-evolution 
colors for early-type galasies. The dotted lines represent contours of 
the isodensity of field gakies. 
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We have made use of the Elston et al. survey which covers 100 arcmin2 down to 
K = 21 in the BRIzJK bands to perform a correction in color-magnitude space 
rather than just by K magnitude. By calculating the density of field galaxies 
at any one position in a color-magnitude diagram, we can assign a probability 
to each galaxy detected in a cluster field as to its likelihood of being a cluster 
member. The technique is illustrated in Fig. 1 for 0545+3453. Morphological 
types in a li < 20.1 sample were determined from HST imaging using the broad 
categories of early-type (E); late-type (L), peculiar/disturbed (P), and compact 
(C). Overlaid in the I- f{ vs fi diagram are contours of isodensity of objects in 
the Elston et al. field survey. Its clear by visual inspection of Fig. 1 that the E 
types in the red sequence are very likely to be cluster members (which we know 

to be true in many cases because of the available spectroscopy for these objects 
at 1< < 19), while the bluer objects at fainter li have a stronger probability of 
being field gakies. Weighting by these probabilities enables us to calculate the 
morphological fractions of likely cluster members in OS48+4453. 

We have performed a similar analysis on the other three z > 1 clusters for 
which we have HST imaging. These include 3C 324, 3C 210 at z = 1.169: and 
3C 267 at z = 1.140. The results are shown in Fig. 2? Fig. 3, and Fig. 4. In 
these color-magnitude diagrams we again see the well-defined early-type galaxy 
sequence, except for in 3C 267 where very few such gala-ties are found. This 
may be related to its optical appearance as an irregular cluster which may be 
early in its formation. The morphological fractions for the galasies in li < 20 

samples, after weightin, (r by the field probability, were then determined for each 
of the radio galaxy clusters. 

-After averaging over all 4 of the z > 1 clusters, the morphological fractions 
for the three main groups are shown in ‘Table 1. We have also included the 
fractions for z < 1 clusters as determined from HST imaging of the core regions 
of the clusters reported on in Stanford, Eisenhardt, si Dickinson (199S), after 
averaging over similar A--selected samples and grouping in the listed redshift 
bins. The trends found at z < 1 in the declining numbers of early-type galasies 
and increasing numbers of late-type and disturbecl/peculiar galasies appear to 
continue towards higher redshifts. While we did not attempt to classify ellipticals 
and SOS separately in the J > 1 clusters, it is of interest to attempt to constrain 
the fraction of ellipticals in the highest redshift clusters. Even if all the early- 
types are ellipticals in the z N 1.2 clusters, then the number of ellipticals appears 
to be increasing with decreasing Z> which suggests that ellipticals are still being 
created in clusters at z < 1. 

Table 1. Galaxy Morphological Percentages in Clusters 

redshift Early Late Disturbed 

present S5 13 2 

0.35 65 23 10 
- 

-. 67 31 12 , : .O.% 

i -. ,023 49 37 20 

‘. ,’ 1.2 I 31 23 31 
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Abstract. We report the direct detection of extended X-ray emission 
around five powerful 3CR quasars at 0.4 < z < 0.73. The ROSAT 
HRI images of the quasars have been corrected for spacecraft wobble 
and compared with an empirical point-spread-function. The spatial pro- 
files of the extended component are consistent with thermal emission 
from the intracluster medium of moderately rich host clusters to the 
quasars. The bolometric luminosities of the clusters are in the range 
N 6 x 10”” - 3 x 10“” erg s-l : assuming a temperature of 4 keV. The inner 
regions of the intracluster medium are, in all cases, dense enough to be 
part of a cooling flow. 

1. Introduction 

The clearest way to determine the presence of a cluster of gala,xies is to de- 
tect thermal X-ray emission from its hot intracluster medium. A certain de- 
gree of success has been achieved in detecting and spatially resolving the X-ray 
emission around distant (0.5 < J < 2) radio galaxies using ROSAT (Craw- 

ford St- Fabian 1993; Worrall et al 1994; Crawford si Fabian 1995, 1996a,b; 
Dickinson 1997; Hardcastle et al 1995; Carilli et al 1998; Dickinson et al 1999; 
Hardcastle & Worrall 1999). The inferred bolometric luminosity of the X-ray 
sources associated with the radio gala-ties is N 0.7 - 15 x 10” erg s-i (assuming 
Ho = 50 km s-r Mpc-* ). easily compatible with that expected from moderately 
rich clusters of galaxies around the radio sources. 

In the case of radio quasars, however, the X-ray detection of the spatially ex- 
tended environment is complicated by the presence of bright spatially-unresolved 
X-ray emission from the active nucleus. We have obtained ROSAT HRI data 
to spatially resolve the estended emission from the intracluster medium around 
each of a small sample of intermediate-redshift radio-loud quasars. The detection 
of such a component is. however. complicated by the wobble of the spacecraft 

336 



X-ray Emissiorl from the Host Chsters of‘3CR Quasars 337 

during the observation which leads to smearing of the point-spread function 
(PSF). We have corrected for this using the new technique derived by Harris et 
al. (1998). 

2. Radial profile analysis 

We extract a background-subtracted radial profile from the wobble-corrected X- 
ray source associated with each quasar. We assume that the spill-over of quasar 
nuclear light will follow the instrumental PSF, which is modelled by a good an- 
alytical characterization obtained empirically from observations of bright stars. 
For each quasar we first fit the profile by the HRI PSF alone; we then fit this 
PSF in combination with each of two models chosen to represent any extended 
emission (a broken power-law or a projected King law). The fits show a sig- 
nificant improvement for those models that include a component of extended 
emission. In all this analysis we necessarily assume that any extended compo- 
nent is both centred on the quasar and derive its properties such as scale and 
luminosity assuming that it is at the redshift of the quasar. A summary of the 
properties of the spatially extended component is shown in Table 1. 

Table 1. Quasar sample and summary of results. 
Q uasar z R % Lbol 

(bc) ( 10d3 erg s-r ) 
3c215 0.412 (King) 33 26 89 

(BPL) 49 19 68 
3c254 O.i34 94 Ii 141 
3c275.1 0.555 2io 24 62 
3C281 0.602 (King) 38 6-1, 2’i6 

(BPL) is 47 213 
3c334 0.55, 49 17 117 

Columns 3-5 present the average best-fit properties of the extended X-ray com- 
ponent, deduced from fitting the X-ray radial profile. Two sets of values are 
given for 3C215 and 3C281 as the t-it-o models assumed (PSF+King law and a 
PSF+broken power-law) give consistently different parameters. R is the core 
radius of the cluster, 70 shows the fraction of the total luminosity represented 
by the extended component, and Lbol is its bolometric luminosity. 

3. Discussion 

TS;e plot the bolometric luminosity of the extended cluster component against 
quasar redshift, in Fig 1: along with that associated with distant 3C radio galaxies 
(from Crawford St Fabian 199613, Car% et al 1998). and the clusters surrounding 
the two nearby FR II radio.galaxies Cygnus X (Ueno et al 1994) and 3C295 
(Henry &z Henriksen 1986). The inferred bolometric luminosities of the extended 
components around the quasarsare compatible with those of moderately rich 
clusters of galaxies at low redshift. ‘They are, however, more luminous than 

.‘. 
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Figure 1. The bolometric luminosity of the extended component of 
emission associated with the quasars plotted against redshift (circle 
markers). The open circles mark the luminosities of the host clusters 
of the nearby FR II radio galasies Cygnus A and 3C3295, and the lumi- 
nosities of the X-ray source associated with the distant radio galaxies 
are also plotted (,triangle markers). 

the extended X-ray emission detected around more distant 3CR radio galaxies. 
Whether this indicates evolution, a problem for radio galaxy/quasar unification: 
or is a result of small number statistics awaits the compilation of a complete 
sample. 

All the extended models imply a central cooling time considerably shorter 
than a Hubble time. We therefore explore the properties of the implied cooling 
flows occurring around these quasars by derivin g some appro,ximate parameters 
from the fits to the profiles. We attribute all the X-ray luminosity of the extended 
component within radius R to thermal bremsstrahlung from gas with electron 
density n (where n K r-r) at a temperature of 4 keV. The cooling time of the 
gas at R is then between about l-3 billion yr. We then estimate the cooling flow 
radius rCF at which the cooling time is lOlo yr and obtain a rough indication 
of the mass deposition rate within that radius from the ratio of the mass of gas 
within rCF to 1Oro yr. The derived values range over 100-500 M,z yr-r i although 
they should be regarded as uncertain by at least a factor of 2. 

Inverse-Compton scatterin, 0 of quasar radiation could still contribute to our 
extended component of X-ray emission (Brunetti et al 1997). If a significant 
process, the X-ray source would appea.r asymmetric and lop-sided, as (back) 
scattering by the electrons in the more distant radio lobe should be stronger 

_. than in the nearer lobe. The quality of our current data is insufficient to show 
any significant asymmetry, and so we are unable to assess the contribution from 
this process. Observations of these sources with Chandra and A2U.J should 
clarify its relative importance to the total emission. 
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.4. Conclusions 

The powerful radio-loud quasars presented here are surrounded by luminous 
extended S-ray emission. The spatial properties of the emission are consistent 
with a thermal origin from an intracluster medium. The radiative cooling time 
of the gas within r~ 50 kpc of the quasars is only a few billion years or less: 
indicating the presence of strong cooling BROWS of hundreds of A& yr-r . The 
high pressure of that gas is sufficient to support the extended optical nebulosities 
seen around many of these quasars and may play a role in shaping the properties 
of the radio sources, such as structure, depolarization and possibly even fuelling 
and evolution (Fabian si Crawford 1990). 

A. small number of luminous clusters without central AGN have so far been 
found beyond redshift 0.5, and the discovery of a cluster at z N 0.8 with lu- 
minosity 10“’ ergs ml (Donahue et al 1995) provides strong evidence for a low 
density universe. We have shown that the study of the environment of powerful 
radio-loud quasars is a promising way of extending the discovery of similarly 
luminous clusters both in numbers and to higher redshifts. 

Acknowledgments. CSC and ACF thank the Royal Society for financial 
support. This work has been supported in part by the DLR (format DxRA 
GmbH) under grant 50 OR 9403 5 (GH and IL). 
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Abstract. The M/L ratios and absorption line-strengths of distant 
cluster galasies can be used to directly study their stellar populations, 
determine their redshift of formation, their scatter in ages, and any depen- 
dence of their ages on such internal properties such as velocity dispersion 
or mass. Comparin, (+ the zero-point the fundamental plane in the z = 0.33 
cluster CL1358+62 to that in Coma, we conclude that the redshift of for- 
mation for the stars in massive cluster E/SOS was z 2 2. The fundamental 
plane in CL1358+62 has the followin, (T form. re oc &31f0.13 I -0.86f0.10 . 0, 7 
indicating that the last epoch of star-formation has very little dependence 
on galaxy mass. The scatter in the CL135Sf62 fundamental plane is also 
very low, equivalent to a scatter in ages of N 15%.We have also analyzed 
the M/LI/ ratios of gala-xies of type SO/a and later. These early-type 
spirals follow a different plane from the E and SO gala,xies, with a scatter 
that is twice as large as the scatter for the E/SOS. These residuals also cor- 
relate with the residuals from the color-magnitude relation. Preliminary 
analysis of the absorption line-strengths of the CL1358+62 early-types in- 
dicate that they are well-described by uniformly old, single-burst stellar 
populations with metallicity varying as a function of velocity dispersion. 

1. Introduction 

The fundamental plane (FP) is an empirical relation between galaxy half-light 
radius: r,: surface brightness, (I)e: and central velocity dispersion, CI for early- 
type galasies. Locally. 

r, cx ,1.24(qh0.8” 

in Gunn rs (Jorgensen et al. 1996). T;nder the assumption of homology, this I .,,1 

implies M/ Lrg cx &f1/4r;0.02. The fundamental plane is very thin. with an rms 
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.scatter of f23% in Coma in M/Lv ratio for a given galaxy mass, M (Jorgensen 
et al. 1993). With its low scatter, the FP is a very powerful tool for measuring 
the evolution of galaxy MJL ratios as a function of redshift, AI, etc. 

tiecause reasonable stellar populations evolve as M/Lv oc t” (Tinsley St- 
Gunn 1976), evolution in the properties of the fundamental plane directly probe 
the star-formation histories of cluster galasies. Measurements of the evolution 
of the FP zero-point, scatter, and slope can be used to constrain the mean epoch 
of star-formation, the spread in early-type galaxy ages; and the dependence of 
galaxy age on, e.g.) M. 

We exploit high resolution Keck spectroscopy for velocity dispersions and 
line strengths, and WFPC2 imaging for the structural parameters, colors, and 
morphologies. Details can be found in Nelson et al. (1999abc). 

2. The Fundamental Plane of Early-Type Galaxies in CL1358+62 
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Figure 1. The left-hand panel shows the fundamental plane of E/SOS in CL1358+62. The 
early-type galaxies clearly form a tight relation. The intrinsic scatter is 14% in re. In the 
right-hand panel, the full sample of 53 d ralaxies is shown, including the early-type spirals. 

The left-hand panel of Figure 1 SLOWS the tight fundamental plane relation 
in the z = 0.33 cluster CL135StG 2. The 30 E/SOS in this sample are fit by the 
following plane in Johnson V (Nielson et al. 1999c): 

T 
e 

c( ~1.31~0.13(~)~0.86+0.10 

This sample has comparable depth to the FP samples of Coma: ensuring that the 
comparison of these FP exponents with those determined in nearby clusters is 
reasonably free from selection effects. We draw the following three conclusions: 

o Mild evolution in the FP zero-point, of A:lI/Lv = -0.13 * 0.03 (40 = 0.1). 
indicates a mean redshift of formation of (of) 2 2 for the stars in cluster E/SOS. 

o The scatter in the color-magnitude relation and FP suggest a 1-D scatter in 
ages of 15%. For q0 = 0.05 and (of) = 2. &l-a is equivalent to 1.5 g of ,$ 3.5; 

o Xo evolution in the FP slope is seen. indicating that the mean luminosity 
weighr;ed ages of the stellar populations do not depend significantly on a or M: 

log M/L /z=O,33 - log M/L 1 -=u x (0.01 zt 0.23)10&7 - (0.16 rt O.lG)log re 
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.3. The Spiral Galaxies of CL1358+62 

Our sample contains many galaxies of type SO/a through Sb. These early-type 
spirals are shown with the E/SOS in the right-hand panel of Figure 1. The 
spirals show large scatter about the FP and have systematically higher surface 
brightnesses for a given g and T,. The scatter for the early-type spirals is twice 
as large as that for the E/SOS. For the spirals, the FP residuals correlate strongly 
with residual from the color-magnitude relation (see Kelson et al. 1999c). 

Correcting the surface brightnesses of the spirals for their young stellar 
populations using their residuals from the color-magnitude relation, one obtains 
a new plane for the spirals which follows that of the E/SOS. We conclude that 
after several Gyr: these spirals, including the low-mass E+As, may evolve into 
present-day, low-mass SOS and appear in nearby FP samples. 

4. Absorption Line Strengths of Early-Type Galaxies in CL1358+62 

The CL1335+62 spectra are of sufficiently high S/N that one can accurately 
measure absorption line strengths, and use stellar population synthesis models, 
such as those of 1;azdekis et al. (1996), to constrain the systematic variation of 
the stellar populations along the FP and color-magnitude relations. 

Figure 2. Measurements of the Lick/IDS C24668a in- 
dex are plotted against restframe (B-V) color for the 
E/SO galaxies. The Vazdekis et al. (1996) single-burst 
stellar population models predict the slope shown by 
the dashed line if metallicity is the sole cause for vari- 
ations in these colors and indices. The dotted line 
shows that expected for age alone. The best-fit slope 
in our preliminary analysis, shown by the solid line, 
is nearly identical to the slope defined by metallicity 
variations at fixed age (Vazdekis et al. 1996). 

0.8 0.85 09 
fB- VIZ (mad 

In Figure 2, we show that the sequence of E/SO galaxies in CL1358+62 is 
defined by a tight correlation between C24668 x and restframe (B - V) color. 
The best-fit slope of the correlation is nearly identical to that predicted for a 
sequence of single-burst stellar population models of constant age, in which only 
metauicity varies. Even with these preliminary measurements, this conclusion 
is reinforced by the correlations of the metal-sensitive C2i166SA& index with the 
high-order Balmer lines. In the first panel of Figure 3; the C2466S,& index is 
shown to systematically correlate with the H6.4 index in a manner which is also 
consistent with the line of constant age. ‘The scatter in these two diagrams is 
consistent with the small scatter in ages that has been estimated using the FP 
and color-magnitude relations (Kelson et ~1. 1999c. van Dokkum et al. 199s). 

The latter two panels show the correlations of C&66S-$ and HS,i with cen- 
tral velocity dispersion, indicating that metallicity is strongly correlated with the 
depth of the galaxy potential. The solid lines are the best-fit slopes, with the 
*l-a uncertainties indicated by dotted lines. Csing the Vazdekis et al. (1996) 
models. these correlations with velocity dispersion imply :ld/L1/ ‘x M”~‘4*o~02. 
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,Preliminary analysis using Monte Carlo simulations of real data (Kelson 1999) 
indicate that this correlation can produce an observed FP of the approliimate 
form:. T, LY a1.3(1);0.8, though the precise shape depends on sample selection 
criteria, and the underlying distribution of bulge-to-disk ratios. 

2- 1 
x 

-2 
-2 2 2.2 2.4 2 2.2 2.4 

logo (km/s) loga (km/s) 
Figure 3. Using the E/SO galaxies we show, in the left-most panel, the observed correlations 
of the metal-sensitive ~~4668 .k Lick/IDS index with the H~A index of Worthey & Ottavianni 
(1997). The two right-hand panels show these two indices plotted against central velocity 
dispersion for the same galaxies. 

5. Summary 

We have found that the slope of the fundamental plane has remained constant 
with redshift. Together with the absorption line strengths and restframe colors: 
these data suggest that early-type galaxies in clusters have very uniform stellar 
population ages, and chemical abundances which are strongly determined by 
the depths of their potential wells, assuming that the stellar populations of 
cluster E/SOS can be adequately modeled by simple single-burst models. The 
implied correlation of metallicity with 0 appears to be the physical basis behind 
both the color-magnitude relation and the fundamental plane: though further 
work is required to fully understand the nature of the selection biases and other 
systematic effects. 
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Abstract. We have discovered an excess of extremely red objects (EROS) 
surrounding the J = 2.69 quasar QSO 1213-0017 (UM 435). Optical/IR 
colors for these galaxies are consistent with 3 = 1 - 2 ellipticals, and 
there are at least 5 galaxies with spectroscopic redshifts at z M 1.31. 
Keck optical spectra for 3 of the red galaxies show rest-frame UV breaks 
resembling local elliptical galaxies. Our initial results suggest a coherent 
structure in redshift, possibly arising from a massive galaxy cluster. 

1. Introduction 

The nature of extremely red objects (EROS) remains an open question in un- 
derstanding the faint galaxy population at z > 1. First identified by Elston 
et al. (1988)! the identity of these objects, defined by their extreme optical/IR 
colors (R - 1< 2 6), has proven elusive due to the optical faintness of the popula- 
tion. The few EROS with spectroscopic redshifts form a motley z 2 1 collection, 
including both ultraluminous dusty star-forming gala,xies like HR 10 (Graham 
QL. Dey 1996; Dey et al. 1999) and passively-evolving luminous ellipticals like 
LBDS 33v1;091 (Dunlop et al. 1996). Both of these types of systems are of great 
utility in learning about the formation of galaaxies and clusters of galasies. 

We are conducting an on-go& u study of EROS, using ground-based optical 
and near-IR imaging to assemble large samples amenable to statistical stud- 

‘Hubble Fell&v _. . . 

2Visiting Astronomer, Kitt Peak Xational Observatories, National Optical Astronomy Obser- 
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Figure 1. Rs and K-band images of the field. Each is 3!5 x 311. 
Objects with Rs - Ii > 6 are circled and those with Rs - Ii = 5 - 6 

are marked with a square. The z = 2.69 quasar is marked with a white 
cross and a “Q”. Objects with spectroscopic redshifts are labelled by 
their redshift. 

ies and Keck optical/near-IR spectroscopy to determine redshifts and physical 
properties. Decipherin, w the identity of EROS from broad-band colors alone is 
ambiguous - spectroscopy is essential. In addition, given the population’s ap- 
parent heterogeneity, a reasonably large sample of objects needs to be studied 
to understand the nature and relative abundances of the subsets, instead of the 
spectroscopy of individual EROS which has been done to date. 

We have discovered a concentration of EROS in the field of QSO l213-OOli’, 
a quasar at z = 2.69. In this proceedings, we highlight some of our results. The 
complete analysis and its details are presented in Liu et al. (1999). 

2. Optical/IR Imaging: An Excess of EROS 

Figure 1 shows optical and IR images obtained from KPNO of the 1213-0017 
field. A population of objects with red (Rs - K > 5) colors are seen, with the 
brightest ones being 1< z 13. These are as red as the expected appearance of 
3 2 1 passively evolving ellipticals. Most of the sources are resolved in HST 
FSlilt’ imaging so they are certainly galaxies and not M stars. We also have J 
and H-band images for a subset of the galaxies; their optical/IR colors are also 
consistent with z = 1 - 2 ellipticals (Liu et al. 1999). 

To gauge the significance of these red galasies, we compare with field ERO 
counts of Thompson et al. (1999). After accounting for the difference between 
our Rs filter (A, z 6930 -L) and the Rc.4~1~ filter of Thompson et al. (A, z 
6480 -1). we find i gala-ties with R-Ii > 6 and li 5 19 in the deepest 6.2 arcmin” 
of our images. Compared to the 0.24 objects expected from the field counts, this 
is a factor of ~15 excess, with a factor of 6 being the 95% confidence value. 
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Figure 2. Spectra of the 3 continuum-break galalcies in the 1213- 
0017 field, averaged in 7 pixel bins. The R8 spectrum is offset by +13 
along the y-axis and the R10 spectrum by f26. Overplotted with the 
thick lines are IUE spectra of F dwarfs, which have been normalized 
to the galaxy flux longward of 3000 A. 

3. Keck Optical Spectroscopy 

We identified spectroscopic features for 5 of the 1213-OOlTred galaxies (Table 1). 
Two of them are emission line galaxies. Galaxy R6 shows a single narrow emis- 
sion line which ive identify as [0 II] at z = 1.203. The spectrum of R7 reveals 
the presence of an active galactic nucleus, showing strong lines of [0 II] and 
C II] with intrinsic widths of ~1800 km s-l. 

The other 3 red galaxies are devoid of strong emission lines, but they do 
show continuum breaks identifiable as the rest-frame mid-UV breaks at 2640 -k 
and 2900 -1 (Figure 2). At least two of the red galaxies may also have Mg II 
in absorption. The UV break features are characteristic of the oldest stellar 
populations: such as Galactic and M31 globular clusters and the cores of local 
elliptical galasies. They have also been identified in high-redshift ellipticals, e.g., 
LBDS 53WO91 at z = 1.55. For old stellar populations, this spectral region is 
expected to be dominated by light from stars near the main sequence turnoff 
so. in principal, the strengths of these features can be used to infer the age of 
the population - at least the portion emittin g the bulk of the mid-UV flus - 
by basically measuring the turnoff mass (e.g., Spinrad et al. 1997). We do not 
attempt this, but we do point out that real variations edst in the UV colors and 
spectral break amplitudes of Rl, RS, and RlO, suggesting heterogeneous stellar 
populations and star formation histories even though they are at a common 
location in the TIniverse and have similar Ii-band luminosities. 
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. . 
.. Table 1. Spectroscopic Redshifts in the 1213-0017 Field 

Id # Ii (mag) Rs - A’ morphology” z spectral features 

Rl 18.30 6.14 - 1.317 B2640, MgII, B2900 
R6 18.89 5.69 diffuse 1.203 [O II] 
R7 18.04 5.56 compsct+disk’? 1.319 [0 II], C II], [Ne IV], C III]‘? 
R8 18.94 5.02 - 1.298 B2640, MgII?, B2900, D4000’? 
R10 18.19 5.98 edge-on disk 1.290 B2640, MgII, B2900, D$OOO? 

Mu IIb 1.3196 0 
1.5534 

“As seen in HST F814CV images. Sources with a blank line “-” were not observed. 

bNI~ II absorption system in the spectrum of QSO 1213-001’7 (Steidel & Sargent 1992). 

4. A Coherent Structure at z = 1.31 

We have found a significant excess of EROS in this field, and of the 5 galaxies 
with spectroscopic redshifts, 4 lie close together. Moreover, the spectrum of 
QSO 1213-0017 shows Mg II absorption at z = 1.3196, similar to R’i’s redshift. 
It is unlikely that R7 is the absorber as it is 15” from the QSO (65 h-r kpc 
for fl = l,h = 0), too large compared to expected sizes of absorbers (Steidel 
1993). In addition, our HST images show some faint gala,xies closer to the QSO, 
making them better candidates for the absorber. We therefore have a total of 5 
galaAGes close in redshift and within z 3 h-r Mpc on the sky. Their unweighted 
mean redshift is I.309 with a standard deviation of 1810 + 5S0 km s-r and a full 
range of 3500 km s-r in the mean rest frame. 

This is the highest redshift concentration of old, red galaxies published 
to date which has been spectroscopically confirmed. Further data are needed 
to gauge if this is a genuine massive cluster, both X-ray images to search for 
hot intracluster gas in a deep potential and more redshifts to ascertain the 
velocity distribution. Finally, we point out that galasies RS and RlO lie at 
J = 1.290- 1.295 while the other 3 are at z = 1.31i- 1.320, i.e., there is a “gap” 
of 2500 km s-l in the mean rest frame, though there is no clear segregation on 

the sky. These may be two separate physical entities (e.g.; filaments/sheets/sub- 
clusters), but this speculation lies beyond the available data. 
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Abstract. IVe present the results of our near-infrared observations of 
galaxy clusters at z N 1.1 - 1.2: the cluster near the radio-loud quasar 
B21335+28 at 2~1.086, and the cluster near the radio galaxy 3C 324 at 
2=1.206. 

1. Introduction 

It has been well established that giant elliptical galaxies in clusters are formed at 
high redshift at ,z > 2 and have evolved almost passively at intermediate redshift 
at z < 1. On the other hand, a fraction of cluster gala.xies show evidence of star- 
formation activity, which evolves with redshift, and the evolution of the entire 
cluster galaxy population seems more complex. If we go to higher redshift, 
z > 1: these evolutionary effect would be seen more conspicuous and we can put 
stronger constraints on their formation scenario. Near-infrared observations are 
essential in studying galaxy clusters at z > 1, both in identifying the clusters 
and in studying the photometric properties of gala,xies selected homogeneously. 

2. The B21335+28 Cluster 

Yearnada et al. (1997) identified a concentration of gala,xies with very red optical- 
NIR color near the radio-loud quasar B 2 1335+25 at z=l.OSG. ‘Tanaka et al. 
(1999) studied the more detailed photometric properties of the galaxies in the 
field and established an e,xistence of a rich cluster at z N 1.1. The colors of the 
cluster galasies are widely distributed and the strong color-magnitude sequence 
is not recognized except some red galasies. ‘Tanaka et al. [1999) argued that 
this wide color distribution may be due to differences in star formation activity 
occurring in a significant fraction (‘i’s% of I<<lg) of the cluster galasies. The 
color-magnitude sequence is: however. recovered for the relatively small number 
of quiescent gala,xies that shows IIO GV excess compared to the passive-evolution 
models. The color distribution of the gala,xies with 1~~ < 19 in the cluster region 
is shown in Figure 1 (left) and the recovered C-M relation is shown in Figure 1 
(right). 
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3. 3C324 and the Clusters at z=1.2 

We observed the field of the radio galaxy 3C 324 and the associated clusters 
(Dickinson 1997) with the SUBARU telescope equipped with the CISCO instru- 
ment. Figure 3 (left) s , h ows the obtained A-‘-band image with k 2 x 2 arcmin2 
f.o.v. The detection completeness is N 70% at 1< = 21.5 in a 3000-set exposure. 
We have compared the data with the archived HST WFPC2 deep images taken 
with the F702JV and the F45OW filters. The clustering of the red gala.sies 
around 3C 324 is conspicuous. Detailed results about the luminosity and color 
distribution of the gala,uies will be published elsewhere. 

Thanks to the good seeing (0.3-0.4 arcsec FWHM of the stellar images): we 
can combine the SUBARU A--band and HST WFPC2 images without seriously 
degrading them. The host galaxy of 3C 324 is clearly resolved in the I{‘-band 
image. It shows a moderately luminous elliptical galaxy with a smooth light 
distribution. Figure 3 (right) shows the isophotal contour map of the host. The 
light profile is well represented by the de Vaucoulours’s law with effective radius 
of 1.3 arcsec (8.9 Kpc at z=1.21), which is significantly smaller than previously 
published in Best et al. (1395). The peak of the NIR light distribution coincides 
with the radio core as well as the “gap” of the optical knotty structures. We see 
the heavily obscured powerful ,1GW from an almost edge-on view. Those parts of 
the host galaxy which avoid the ‘aligned’ optical structure have very red optical- 
NIR colors, R-K N 6: which implies that the optical-NIR light of the galasy is 
dominated by an old stellar population. However, the total luminosity of the 
galaxy is N 1 mag fainter than the prediction of the passive-evolution models, 
as found for the intermediate-redshift radio galaxies (&rag&-Salamanca et al. 
1998). 

Acknowledgments. TY and IT thanks A.Aragon-Salamanca, T.Kodama, 
K.Ohta, T.Miyaji, and N.A4rimoto, the co-authors of the paper of B21335+28 
cluster (Tanaka et al. 1999) for kindly permittin, (+ us presenting the pre-published 
results. Authors thank the SUBARU telescope team for kindly permitting us to 
present the results obtained during the telescope-commissioning period. 
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Figure 1. Left. I - K versus R - I two-color diagram for all objects 
brighter than 1< = 19 in the field of B21335+28 cluster. Filled and open 
symbols represent the objects in the cluster region and the adjacent 
field regions, respectively. The passive-evolution and the oldfstar- 
forming model tracks (thin lines) are plotted. Right. The “recovered” 
C-M sequence for the quiescent cluster galasies. The symbols with 
small filled circles show the galaxies having colors consistent with the 
passive evolution model and without UV excess. The dashed line shows 
the predicted C-M relation at J = 1.1 (zf = 4.4). 

Figure 2. Left. A-‘-band image of the 3C324 region taken with the 
SUB,1RU telescope. Right. Ishophoto contours of the radio galaxy 
3C321. The f. O.V. of the figure is ^v 10 x 10 arcsec. The lowest contour 
corresponds to the l-sigma of the sky fluctuation. 
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Abstract. We present a review of the current status in simulating the 
evolution of structure formation. First a general overview of results from 
gravitational n-body calculations is given and then the inclusion of hydro- 
dynamics and star formation is discussed. Brief results from the highest 
resolution hydrodynamic simulation of galaxy formation yet performed 
are also presented. 

1. Introduction 

The evolution of structure in the Universe has been a topic of great activity for 
the past twenty years. Since the late ‘TO’s, and especially since the invention of 
inflationary models (Guth 1981) cosmologists have discussed models of structure 
formation based on causal initial conditions specified by considerations of the 
very early Universe. These small amplitude fluctuations must have evolved into 
the highly structured Universe observed today, and the origins of galaxies and 
all large-scale structure should, in principle, be explained by a unified physical 
mechanism. 

Linear theory considerations can be understood by analytic means, but the 
strongly nonlinear density fluctuations that characterize gala,xies and clusters 
of gala,xies cannot be fully understood without resorting to numerical methods 
to solve the highly coupled equations of self-gravitation. The introduction of 
well-motivated models of structure formation fortunately arose just at the time 
when computing power was becoming sufficient to allow detailed simulations of 
the non-linear phases. 

2. Collisionless large-scale structure simulations 

The earliest and still the bulk of simulation activity is the study of the growth 
of structure without inclusion of any gas-dynamical complications. On scales 
larger than individual galasies: this should be sufficient, as the gas is incapable 
of cooling and is a small constituent in the mass budget. In the simulations, 
the Universe is assumed to be dominated by dark matter with initial condi- 
tions specified by some more or less plausible model at an epoch when linear 
theory is applicable. Most models have assumed random phase, Gaussian in- 
tial conditions. which is particularly easy to realize by means of the Zeldovich 
approximation (Efstathiou et al. 1985). 

333 
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Output from these simulations consists of pretty pictures and details of 
the statistical properties of the clustering of the dark matter. Unfortunately, 
only galaxies are directly observable in our Universe, and one usually assumes 
that galaLxies form within the dark matter halos seen in the models. Even more 
unfortunately, inferring the position and abundance of galasies within the dark 
matter halos is as much an art as a science. This is especially true of the 
early simulations which had too little mass resolution to detect separate gala-xies 
within common dark matter halos (e.g. Davis et al. 1985), but as computing 
power has improved, the definition of many separate halos in common envelopes 
has improved dramatically (e.g. Moore et al. 1998, Pearce et al. 1999). 

One of the key features that we originally hoped to explain with the aide 
of collisionless simulations is the remarkable power law behavior of the galaxy 
two-point correlation function, E(r), which is observed to have a power law 
slope, -/ M -1.8, for three decades of length scale. No simulation to date, for 
any set of initial conditions, has ever reproduced a power law muss correlation 
function with anywhere near this precision. In many models the slope of the 
mass correlations slowly steepens with time, while the amplitude grows rapidly 
with time, more or less as expected from analytic considerations. 

In contrast, the correlation properties of the dark matter matter halos 
within the models is largely static, and the precise behavior of the inferred evo- 
lution of the “gala.xies”, &(T); within the simulations depends sensitively on 
the details of how large halos are subdivided into multiple gala,xies, and on the 
merging history of these small halo (e.g. Colin, Carlberg, and Couchman 1997). 
It is inevitable, therefore, that the “bias” b in the galaxy distribution, the ratio of 
the galaxy correlations to the underlying matter correlations, b2 E &,(r)/[(r)7 
will be a function of time. The non-power law nature of the matter correlations 
within the simulations further implies that the bias must be scale dependent 
(e.g. Jenkins et al. 1998). Currently favored low density cosmological models 
have a mass correlation function that is quite steep on small scales, */ M -2, 
(Davis et al. 1985, Primack et al. 1998, Jenkins et al. 1998), so that these mod- 
els can work only if the galaxy distribution is anti-biased relative to the mass, 
(b < 1). 

These results are disappointing, as they imply that more complex physical 
processes must be invoked to explain what had originally been considered to 
be an easy question. Semi-analytic models combined with large K-body simu- 
lations, as described below, provide a plausible explanation for power-law cor- 
relations, involving mass to light ratios for galaxies that have a deep minimum 
at a luminosity L cz L,. That is: the efficiency of converting mass to (lumi- 
nous) galasies is quite low for low mass halos, as well as for very large halos (i.e. 
clusters of galaxies) but is higher for halos of order 10” Ada. Whether these 
explanations hold as the simulations continue to improve remains to be seen. 

-Another well defined property of the observed galaxy distribution is the 
relative velocity dispersion of pairs of gala,xies as a function of their separation, 
g12(r). Although this quantity is quite sensitive to the presence of rare, rich 
clusters of galasies, redshift surveys have now progressed to the point that the 
estimates of the statistic are stable (e.g. Marzke et al. 1995, Jing et al. 1998). 
Yet no N-body simulations, for any reasonable values of the cosmological param- 
eters, has been able to reproduce this simple statistic, if the galaxy bias is scale 
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independent (Gelb si Bertschinger 1994, Jenkins et al. 1998, .Jing et al. 1998). 
Typically the pair dispersion is too hot relative to the observed dispersion of 
N 500 - 600 km/s (at lh- r Mpc). Jing et al. (1998) have demonstrated that 
an antibias in the galaxy distribution, in the sense of reducing the number of 
o.alaxies per unit mass within more massive clusters, does improve the match b 
to the observations. This is again a major disappointment, as it eliminates this 
powerful measure as a diagnostic of cosmological models. 

3. Collisionless simulations of galaxy formation 

As a crude initial study, ignoring all physics beyond gravitation makes sense, 
since this alone can eliminate many models of galaxy formation. The initial 
simulations of 10 years ago seemed a reasonable match to galasies, with rotation 
curves that appeared to be flat. It was noted at the time that halos would lose 
their identity as they merged into larger structures, an effect due to two body 
heating of the massive particles within (Steinmetz & White 1997). As the mass 
resolution of simulations improved in this decade, this problem became less 
serious, so that dark matter halos orbiting within clusters of gala.xies in the 
current generation of cluster simulations are seen to be stable for at least several 
crossing times (Moore et al. 1998: 1999). 

Xn important step during the past decade was the realization that the 
profile of dark matter halos was remarkably universal, with p N r-* at small 
scale, and p cx r-3 at large scales (Navarro, Frenk, & White 1996, 1997 (NFVV), 
Huss et al. 1999, Moore et al. 1998). This type profile emerges both in high and 
low density cosmologies, although the scaling constants are model dependent. 
The profile is not sensitive to the details of the small-scale power spectrum (Huss 
et al. 1999, Moore et al. 1999). With the more precise recent simulations, the 
inner slope of the core is actually closer to r-1.5 rather than the original NFW 
profile. A current controversy is whether in fact this steep density law at small 
scales is truly universal, or is somehow a numerical artifact that is not present in 
higher mass simulations, as claimed by Kravtsov et al. (1998). This is a purely 
technical point that should be resolved soon; but so far no other groups have 
been able to reproduce the Kravtsov et cd. result. 

This is an important issue because, although l/r dark matter density pro- 
files are a good description of clusters of galasies and perhaps of luminous galax- 
ies, they are a poor description of the cores of dwarf galaxies (e.g. Burkert & Silk 
1997, Moore et al. 1999). Many dwarf galaxies contain abundant dark matter 
and appear to be in solid body rotation in their central regions: consistent with 
constant density dark matter. ‘To date, nobody has explained how collisionless 
dark matter could produce a core radius and constant central density in a dark 
matter halo. Phase space constraints, such as e,xist in Hot Dark Matter models: 
are not applicable in the case of cold dark matter. This could be a fundamental 
problem with the entire cold dark matter paradigm, but then again, it is far 
from clear what would replace this paradigm. 

Yet another contrcversy is the degree of substructure present in the high. 
resolution simulations. Recent work by the University of Washington group 
on the formation of the Local Group of gala,xies has demonstrated that the 
final group has as manv small halos orbitin g the system as are present in a 
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cluster of galaxies. In fact the final output of the simulations are essentially 
in’distinguishable. If this is correct, the Milky Way would have not one LMC 
orbiting it, but hundreds of LMC-sized halos in orbit. Perhaps these objects 
contain few baryons are so are not luminous, but as they orbit the Milky Way 
they would heat the disk excessively. This problem is serious but could be made 
to disappear if there esists a small scale cutoff in the initial power spectrum of 
density perturbations (as in Warm Dark Matter). Such a cutoff must have been 
imposed in the early Universe. One way to do this, although rather ugly, is to 
let the bulk of the dark matter be comprised of particles with a mass in the 
range of hundreds to thousands of electron volts. 

Are these two crises in the small-scale clustering of dark matter related? 
Can both problems be understood in terms of our current model of cold dark 
matter, or does the solution to these problems require that the dark matter be 
more than collisionless dust? Suggestions of self-interacting dark matter have 
occasionally surfaced (e.g. Carlson et al. 1992, Spergel and Steinhardt 1999), but 
we are presently very far for a compelling p hysical motivation for abandoning 
the cold dark matter paradigm that has been such a successful standard for the 
past 15 years. 

4. Hydrodynamic simulations of galaxy formation 

-4 full treatment of galaxy formation must necessarily include physical processes 
beyond self-gravitation. The baryonic gas will have an isotropic pressure, and is 
not collisionless. It can furthermore suffer shocks, and most importantly, it can 
radiate energy and thereby cool. The gas will cool to a disk and eventually form 
stars; whereupon feedback from UV photoionization and supernovae explosions 
will drastically modify the cooling of the gas as well as pollute the environment 
with heavy elements. The gas will almost certainly be multi-phase, and magnetic 
fields are undoubtedly important as well. Given the difficulties of understanding 
star formation in our own galaxy, it is hardly surprising the cosmologists have 
barely begun to work out the details of high redshift galaxy formation. 

4.1. Why simulating galaxy formation with gas is a difficult problem 

In the hierarchical clustering picture, a large proportion of the mass is resident in 
low mass halos at early epochs. The coolin g time for baryons within these halos 
is much shorter than the free fall time (White si Rees 1978). Consequently, a sig- 
nificant fraction of the baryons condense into cold clumps at very early epochs. 
If star formation is directly related to the fraction of cold gas then rapid star 
formation will occur at high redshifts (White si Frenk 1991). Consecluently, it is 
difficult to see hoxv disc systems: which require baryons to dissipate convergent 
motions and correlate them into spin, can form. Feedback is believed to be the 
only method of averting this “cooling catastrophe”, since the effects of photoion- 
ization are limited to systems with ‘u, < 50 km se1 (Efstathiou 1992, Thoul, &- 
Weinberg 1996). So far only toy model simulations (such as redistributing the / : 
was in collapsed halos once formed, Sommer-Larsen et al. 1998) have been shown ’ b 
to produce reasonable results since the star formation is reduced by the redistri-. 2 
bution phase. As yet no self-consistent simulation, namely one that predicts the 
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.star formation rate and from that a distribution of SN events, has succeeded in 
forming a galaxy with a structure similar to those observed. 

Galasies formed in CDM halos in simulations have too little angular mo- 
mentum (AM) relative to those observed. This fact was discovered at the birth 
of the simulation field (Navarro & Benz 1991). It is partly a consequence of the 
overcooling problem, and there appear to be two mechanisms at work. Firstly, 
the ‘Barnes Mechanism’ (Barnes 1992) progressively removes orbital angular 
momentum from dense gas cores in mergin g dark matter halos. If the gas can 
be supported higher in the halo and allowed to ~001 at later epochs, this prob- 
lem can be avoided (Weil et al. 1998). Tl le second mechanism is due to the bar 
instability in disc formation: in the presence of a bar, gas is vigorously funneled 
inward leading to strong shocking and a build up of a large central concentra- 
tion of gas that has little angular momentum (Dominguez-Tenreiro et al. 1998). 
These results are strongly at odds with the fundamental tenet of the work by 
Fall & Efstathiou (1980), namely that the specific angular momenta of the two 
components should be approximately equal during galaxy formation. 

4.2. Hydrodynamic met hods 

Since galaxy formation occurs in the highly non-linear regime, mode coupling can 
lead to short wavelength modes interactin g strongly with longer modes. Galaxy 
formation is thus observed to be affected by long range tidal fields which, there- 
fore, must be accounted for within simulations (Kofman & Pogosyan 1995). Con- 
sequently, a prerequisite for ‘accurate’ depiction of galaxy formation is dynamic 
range of 10’. Fixed grid hydrodynamic methods are limited since the largest cur- 
rent grids are of order 103. Moving-mesh methods rapidly suffer entanglement 
problems as the mesh becomes severely distorted due to the non-linear nature 
of the dynamics. Adaptive grid/multi-grid methods, such as Adaptive Mesh 
Refinement (_AMR, Berger si Olgier 1954), are far more promising although. as 
yet, only exploratory studies have been conducted (Bryan & Kepner 1999). The 
main drawback of _UIR is that storing all the sub-grids requires a large amount 
of memory which is not always available. 

Particle based hydrodynamic algorithms (principally Smoothed Particle Hy- 
drodynamics, SPH, Gingold si &Ionaghan 1977, Lucy 1977) are a very popular al- 
ternative to mesh methods. Because particle methods are inherently Lagrangian 
they offer a number of advantages over Eulerian methods, such as concentration 
of the calculation in high density regions, and little effort is required to combine 
them with particle based gravitational solvers. These facts, combined with the 
simplicity of the SPH algorithm make it particularly appealing to cosmologists. 
The drawbacks of the SPH algorithm include poor shock-capturing compared 
to modern grid techniques and also poor representation of low amplitude sound 
wave phenomena. -Although SPH was initially developed for applications in- 
volving colliding gas polytropes, it has been applied to many different fields (see 
Monaghan 1992, for an overview). Technical details relating to the numerical 
implementation of SPH are discussed in Thacker (1999, chapter 2). 

4.3. Incorporatin, CT star formation and feedback from supernovae 

Regardless of the fact that star formation is sub-resolution-by orders of magni- 
tude in length and mass-it has an enormous effect on the dynamics of galaxy 



355 Thacker and Davis 

.formation simulations. The simple conversion of collisional matter to collision- 
l&s can change the resultant morphology of an object from disk-like to elliptical. 

As a first approximation, star formation algorithms can be divided into 
three groups. The first group contains algorithms which rely upon esperimental 
laws to derive the star formation rate (Mihos si Hernquist 1994, for example). 
The second group contains those which predict the SFR from physical criteria 
(Katz 1992, for example). The third group is comprised of algorithms which do 
not attempt to predict the SFR, but instead set a density criterion for the gas 
so that when this limit is reached the gas is converted into stars (Gerritsen si 
Icke 1997, for example). Analysis of a large selection of galasies by Kennicutt 
(1998) has provided a strong argument for the adoption of the first method. 

The redistribution of gas following a feedback event is discussed in terms 
of ‘blow-away where the gas is unbound from the halo in which it resides and 
‘blow-out’ when it remains bound, leading to ‘fountain-like’ behavior. Given that 
feedback occurs on sub-resolution scales, it is difficult to decide upon the scale 
over which energy should be returned. For fixed grid simulations the minimum 
cell size presents itself, whilst for SPH simulations either a single particle or the 
SPH smoothing scale are possibilities. Katz (1992) was the first to show that 
simply returning energy to the ISM in SPH simulations by smoothing the energy 
over neighbors is ineffective: radiative losses from the optically thin plasma 
removes the energy almost immediately. Alternative algorithms that keep the 
energy present in the IS&I for longer have been considered by Gerritsen (1997) 
and Thacker & Couchman (1999, in prep, also see Thacker 1999, chapter 3). 
Allowing the energy to persist on Myr timescales, to correlate with the lifetime 
of large associations of stars, produces significant heating in the IS&I, but does 
not yet produce fountain behavior. The inclusion of feedback leads to a new 
phase in the temperature-density distribution of gas: a hot-dense phase. If 
blow-away is present this phase is connected to the hot low density phase. 

4.4. Problems inherent in the numerics 

Whnt to do at the high resolution end in SPH simulutions? 
‘This is a difficult issue to address since the picture is not as simple as grid 
based simulations, where a minimum cell size is reached. In particle based 
simulations the hydrodynamic resolution must match that of the gravitational 
solver to avoid unwanted energy transfers between the media (Bate & Burkert 
1997). This places a lower limit on the smoothing scale. However, in doing 
so a very significant slow down in the algorithm occurs as the SPH particles 
become clustered. Some authors avoid this by allowing the gas resolution scale 
to become as small as it needs, leading to ‘incorrect’ densities’, as well as the 
problems previously mentioned. This is undesirable, particularly in the context 
of star formation where algorithms take the gas density as an input parameter. 
Further, both the Courant and acceleration criteria on the time-step mean that 
as h -+ 0: St ---f O! and thus simulations take tens of thousands of time-steps 
(I-, Qvarro & Steinmetz 1997). An alternative solution of allowing the resolution 

,.,, I,. ;‘: 

‘hllowir~g h - 0 ca.n lead to de&itv~estimates two orders of magnitude higher than a properly 
smoothed estimate. When th&‘cl&s&‘is input into a n = 1.5 Schimdt Law the resulting SFR 
is three magnitudes larger than the correctly smoothed version. 
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scale used to rea.ch a set minimum: but searching over a reduced list of neighbors, 
has been discussed (Kavarro S_ White 1993). So far this method has not been 
tested in detail against the method which calculates over the full neighbor list. 

Does an effective Jeans’ Mass need to be resolved? 
It is widely known that in simulations of star formation the Jeans’ Length 
(Mass) must always be resolved (,Truelove et al. 1995: Bat,e k Burkert 199T). 
This is because star formation proceeds as the fragmentation of initially smooth 
clouds, for which numerical noise can be a, problem, unless sufficient pressure 
support/resolution is assured. This result is caused by small truncation errors 
in the solution growing rapidly because of the a.ttra.ctive nature of the gravi- 
tational force. There may not be a problem for hierarchical clustering models 
since growing modes are present on all length scales in the simulation. The 
short scale modes have amplitudes that should swamp any error in the larger 
modes. Further, there may well be subtle dependence on the way the short-range 
forces are implemented in the gas and gra.vity. So far, Owen si ~Ylumsen (1997) 
have conducted studies on cosmological simulations and argue that the Jeans’ 
Mass must be resolved (although their gravita.tional and hydrodynamic solvers 
do not have the same resolution). Tittley and Couchman (1999, in prep) have 
found that, provided the analyzed objects have formed from a sufficient number 
of mergers, there is negligible difference between simula,tions that resolve the 
Jeans’ Mass and those which do not. 

Hour much resolution is enough? 
Most SPH work to date has not had sufficient resolution to address the forma.tion 
process accurately regardless of the object under simula,tion. Accuracy studies 
(Steinmetz &Z &fuller 1993, Thacker et al. 1998) h ave shown that at least 10,000 
part,icles are necessary to resolve radial shocks. Additionally, in a hierarchical 
clustering cosmology, a lack of resolution acts much like a feedback process: 
since the halos are not resolved the gas does not cool as quickly as it should 
(Weinberg et ~1.199~). This means that disk forma,tion is more easily achieved 
at lower resolution. Fixed grid a,pproaches also lack resolution since very often 
only 303 or so zones of a XX3 simulation are actually resident in the object of 
interest. -4s already discussed, AMR investigations are still being awaited. 

Just how resolution dependent are star formation algorithms? 
Star formation algorithms are explicitly dependent upon the density of gas in a. 
simula,tion and a.re thus dependent upon numerical resolution. The hope is that 
this dependence can be parameterized relative to the underlying resolution. Eh- 
zondo et al. (1999a.) are the only r group to look at resolution dependence. Their 
conclusions are tha,t global properties, such as total luminosity and rotatiqnal 
velocity, are comparatively unaffected by resolution. However: since at higher 
resolution the cooling ca.tastrophe mean s more gas is available for star forma- 1 
tion, objects become syst.ematically bluer as star bursts become more promi- 
nent. This is roughly in line with what would be expected but ideally it should 
be quantifia.ble. So far no SPH researchers have tested resolution in detail. 
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4. The Star Formation Rate in Disks 

Simple dimensional arguments su,, cnest that the star formation ra.te in a. galasy 
should scale as 

SFR 3~ pgasf;;n 0; P;;:. 

In disks, the observed rate of star forma,tion per unit area is (Kennicutt 1998) 

YSFR = (2.5& 0.7) X 10-"(S,,,/1-2~~p~-2)*."*o.1'il,~~ yr-r kpCp2. 

Tlte proportionality observed agrees with the naive expectation. The in- 
triguing a.nd difficult question however is what determines the coefficient in the 
expression for the star formation rate; i.e. wha.t is the efficiency of star forma.- 
tion? One can define efficiency in this contest. as the fraction of gas krned into 
stars per dynamical time. 

The consensus view is that feedback is responsible for the low observed effi- 
ciency of star formation. The star formation efficiency (SFE) indeed is low. One 
measures the SFE directly by counting stars in giant molecular cloud complexes, 
or by globally averaging the gas content and star formation ra.te in the Milky 
ITjay galaxy. The observed SFE is only a. few percent. 

A simple model for feedback appeals to wind from protostehar outflows 
in molecular clouds and to supernovae and OB stellar winds reaching more 
globally into the interstellar medium. One example has been recently developed 
by Scala and Chappell (1999). Outflows sweep up shells that undergo mutual 
interactions before being completely decelerated by the ambient. gas. Continuing 
star formation is assumed to occur in the dense shells or shell fragments, once 
a critical swept-up column density is exceeded. The stars undergo dynamical 
relaxation in a 2-D simulation. il molecular cloud complex is viewed as a network 
of interacting gaseous filaments. 

This theory of star-forming molecular clouds make some notable predictions, 
including the velocity and mass distribution of molecular cloud clumps. Non- 
gaussian distributions are predicted, and are observed. The distribution of young 
stars is also predicted, and perhaps most impressively, the observed two-point 
correla.tion function of T-Tauri stars (Larson 1995, Simon 1997, Nakajimita et 
al. 1998) can be interpreted in terms of the feedback model. 

While this particular model is specific to molecular clouds, one call readily 
imagine that global star formation is regulated in an analogous manner. In 
this case, the feedback from sta.r formation is via supern0va.e and OB stellar 
winds. The feedback is modulated by the porosity of a two-phase interstekr 
medium (Silk 1997). Supernovae, in particular, generate a low density N 10’ 
Ii diffuse phase in a.pproximate pressure balance with the cold HI ga.s, which 
in turn surrounds and pressurizes the H2 compleses. Although the supernovae- 
driven bubbles nmy initially be spherical, they rapidly become highly irregular 
as the swept-up shells interact with each other. In a limiting case, the fraction 
of the hot phase is of order fifty percent and the porosity is of order unity 
(.h,t = 1 - e-‘). H ere there is strong feedback between star death and star ’ . 
formation: the la.tter occurring only in the dense, swept-up shells, In another - 
limiting case, the hot phase fraction a.nd porosity are both small, and feedba.ck 
is unimportant. 
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What is not so obvious is the sign of the feedback. It is mostly nega.tive: due 
to t,he three-dimensionality; of the disk. The hot phase gas is espelled from the 
disk in chimneys and other less regular regions of outflow, and entrains neutral 
gas at a, ra.te that is several times that expended in star formation. Such an es- 
pulsion rate is expected if P N 1 and is indeed observed for nearby disk galasies 
in the form of high la.titude, Ha emitting gas (Lkrtin 1999). This suggests that, 
porosity provides nega,tive feedback to star formation. The converse might be 
true in local situations where the hot gas overpressures cold clouds and induces 
collapse. However one might expect the reality of three-dimensional disk mod- 
elling: hitherto not yet accomplished for a multiphase disk, to favour outflows 
and hence negative feedback. 

*4dopting the hypothesis of porosity-driven negative feedback, one can dis- 
cern two limiting regimes. If fhot N 0.5; the feedback occurs only in actively star- 
forming galaxies, such as the Milky Way. The hot gas fra,ction is self-limiting, 
so that P N 1 since by definition 

P = (4 - volume of SN bubble)(SN rate per unit volume) 

The inferred star formation ra,te agrees with the empirical result for disks, to- 
gether with an additional dependence as N vfurb. Enhancement of turbulence, 
as might occur in a merger, therefore stimulates the star formation rate. 

-4 more dramatic effect occurs if fhot N P CC 1. In this limit, the SX bubbles 
do not propagate far enough to be volume-fiILing. This would apply in a very 
gas-rich environment, as expected after a bar or a merger has driven gas into 
the central region or in a protogalay. The suppression of feedback is likely to 
lea,d to a starburst. One would expect this limit to apply for example to the 
intense star formation rates found in ultra-luminous infrared galaxies. 

5. Spheroid Formation 

Disk star formation has an underlying theory of the instability of cold self- 
gravitating disks to provide the basic infrastructure. Formation of spheroids 
takes us into unknown territory with regard to estimating the properties of 
the associa.ted star formation. The observed stars are cold, although there is 
considerable debate on whether the mean age is closer to 3 or 10 billion years, 
and there is little recent star formation. The consensus view is that massive 
spheroids formed via disk mergers, while low mass spheroids, and especially the 
spheroids of late-type spirals, formed via secular dynamical evolution of disks. 
In the latter case, the star formation largely occurs in the disk phase. 

With regard to massive spheroid formation, one can conceive of two alterna- 
tive hypotheses for star formation. There may have been a sequence of gas-rich 
mergers; as suggested by hierarchical structure formation theory, in which bursts 
of star formation accompanied each stage of the merging sequence. A4nother p’os- 
sibility is that strong feedback from star formation suppressed most of the sta,r I- 
formation during the early, low mass mergers,~Land that the bulk of the star ~. 
formation occurred during the last, major .merger. One can therefore choose 
between two extreme scenarios: a sequence of small bursts of star forma.tion, 
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or a relatively monolit,hic star formation burst. Both scenarios have t,esta.ble 
predictions for observational cosmology. 

The hierarchical star formation model predicts tha,t there should be young 
components present in subpopula.tions of t.he spheroid, and thak one should ob- 
serve merging at modest redshift. The monolithic model requires that the major 
star formation event be dust shrouded, otherwise the predicted luminous star- 
bursts would be in conflict with optical searches. Indeed, there are submillimeter 
and far infrared observations of ultraluminous starbursts at high redshifts that 
are candida.tes for spheroid formation. There are HST observations of aggre- 
ga.tions of sub-galactic, star-bursting objects that a.re plausible candidates for 
ongoing merging associated with induced sta.r formation (Pascarelle, TS-indhorst 
and Keel 1998). 

Both pathways have some observa.tional support, and it is likely that the 
entire range of merger-induced star formation, from minor to major starbursts, 
plays a role in massive spheroidal formation in differing environments. A useful 
probe of star formation hist,ory is provided by studying the stellar populations 
of spheroids at low redshift, z N 1, where high resolution morphological and 
spectral data is attainable. One can, by judicial use of the color-magnitude 
diagram and of metal line indices, attempt to resolve the degeneracy between 
age and metallicity of old stellar populations. Study of individual galaxy clusters 
has provided a first step in this direction, since a cluster provides a relatively 
uniform sample of nearly coeval gala-ties, or at least, of galaxies with a similar 
environmental history and set of protogalactic initial conditions. It is especially 
interesting to st.udy clusters at ,z N 1, and compare them with nearby clusters, 
since the reduced time a,vailable since formation helps highlight and break the 
degeneracies between age and metallicity. 

It has been found for example, that the color-magnitude diagram in a 
galaxy cluster at z = 0.55 can be projected into metallicity-age space to show 
that the observed galasies span a range of about a factor of 2 in metallicit,y 
(0.1 2 [Z] 2 -0.2) and 10 in formation redshift (1 ,$ ,zf ;5 lo), with a system- 
at,ic trend in decreasing metallicity and more recent formation epoch a.t lower 
luminosity (Ferreras, Charlot and Silk 1999). A combination of metallicity and 
age spread is required to explain the low dispersion and slope of the color- 
magnitude diagram for early-type galaxies. Neither a pure age or metallicity 
sequence suffices. Application of simple chemical evolution models wit,11 various 
combination of inflow, outflow or enhanced yield favours models with varia,ble 
outflows as being a.ble to span the range of observed (met.allicity, age) parameter 
space in individual clusters (Ferreras and Silk 1999). Such an outflow interpre- 
tation, applied to all luminous spheroids, provides a. source of heavy element 
enrichment that can account for the observed enrichment of the intracluster gas, 
which is known empirically to be associated with the spheroidal components of 
cluster galaxies. 

-4n a.ge sequence yields predictions a.bout the varia.tion with epoch of mass- 
to-light ratio. This 1~a.s been studied via the fundamental plane in clusters. to 
J N 1: and can be independently used to constrain the formation epoch of the 
old stellar population (Jorgensen et al. 1999). Line indices can also provide a 
potentially powerful means of breakin, 0 the degeneracy between metallicity and 
age, via. for example use of HP and Mg or Fe indices, a,lthough conversion to 



actual metallicity values is sufficiently uncertain that comparison with model 
predictions has not yet. been widely implemented. 

6. The High Redshift Universe 

Hy Spinra.d has pioneered low signal-to-noise determinations of record redshifts 
for galaxies. At present, there are three galaxies known with z > 5, and ac- 
cording to Spinrad (priva.te communication); the surface density of galaxies at 
z ‘u 5 is N 2(&l) galaxies p er square arc minute and per unit redshift. The 
relevant continuum magnitude limit is MAB < 28 at rest frame 1500-A. These 
observations, and especially their extrapolation to even higher redshift, provide 
an int.eresting discriminant of cosmological models. 

The number density of objects at high redshift is determined by the available 
comoving spa.ce density. This varies dra.matically at z > 5: and even more 
dra.ma.tically at z > 10, between a critical density universe (flm = 1) and a low 
density universe. Especially at the higher redshifts, one can easily distinguish a 
flat, low density universe with a cosmological constant (e.g. 52, = 0.3, 0~ = 0.7) 
from an open universe (Q, = 0.3). The latter model has a density of galasies 
above a specified mass (say 1O11A4a) a,t z > 10, that exceeds that in the flat, 
low model by N 100 and that in the critical densit,y model by > 106. These 
differences are Likely to overwhelm the uncertainties in converting gala.xy mass 
into luminosity. 

-4 simple approach to predicting galaxy number counts is as follows (Robin- 
son a.nd Silk 1999). Take the galaxy star formation ra.te to be ET&.~G-~? and fit 
this to empirical data (adopting a Press-Schechter model for the mass function of 
galaxies as a function of circular velocity u,;,C and epoch) on the galaxy luminos- 
ity function at z = 0 and the cosmic star formation history. Parameters in such a. 
model include the shape and normalization of the initial power spectrum as well 
as feed-back, which is most simply incorporated as a low circular velocity cut-off 
below which formation is suppressed. There is still considerable freedom in high 
redshift predictions of galaxy counts, but one can utilize the data on counts of 
Lyman break galaxies at z E 3 and 4, where there are measurement of the galaxy 
luminosity function, to fully constrain the model. One finds that at J = 5, the 
observed surface density of galaxies is accounted for in low densit.y models, but 
cannot be accommodated in a critical density universe. .4t z = 10: the predicted 
number of galaxies above mAB = 25 varies between N 0.5(fit, = 0.2, 0~ = 0), 
0.001((;2,, = 0.3, !A* = 0.7) and N 10-r”(Q,, = 1): all per unit redshift and per 
square arc-minute. Above mAB = 30, the respective predictions are 3, 0.1 and 
10-s. these are central values for the model normalised to data at z g 5, and one 
espects the galaxy formation model uncertainties (probably less than an order 
of magnitude) to be overwhelmed by the cosmological model uncertainties. The 
prospects are bright for doing cosmology a.t z = 10j although it ma.y require the 
KGST to provide the candidate gakxies. 

_i 
7. Summary : \ ,: ,, 

. . ,, 
Galaxy formation wiE:only be understood phenomenologically. The physics is .. ,.. 
far too complex for us to anticipate any fundamental understanding of the con- 
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version of early universe baryons into late epoch stars. -4s observations improve. 
we can hope to better constrain the IIUIF. I have cited theoretical arguments that 
suggest we should at least be open to possible IMF variations in ultra-luminous 
starbursts at, very low metallicities, and at very high redshifts. Signa.tures of 
IMF variations include a,nomalous abundance ratios, enha.nced ‘Type II super- 
nova rates, and high mass-to-light ratios in regions dominated by luminous mat- 
ter. One can search for these signatures both in exotic environments and in the 
early universe. 

The SFR. is directly measurable, in that it, is associated with massive star 
formation. The correction for the unobserved low mass stellar component will 
remain difficult to establish but can be indirectly investigated by measuring 
mass-t,o-light ratios. Feasible issues that can be a.ddressed include a possible de- 
pendence of global SFR on gas velocity dispersion as measured by Ha linewidths 
and any dependency of SFR on environment, whether ga.s-rich or metal-poor. 
The efficiency of the SFR can be quantitatively evaluated in starbursts, given 
dynamical measurements and studies of the gas reservoir. The indication from 
the interpretation of the elliptical/SO color-ma.gnitude diagram in clusters which 
suggests that outflows are ubiquitous in early galaxy evolution can be pursued 
by studying the dependence of outflows and winds on host galaxy characteristics. 

The epoch of galaxy formation can be probed indirectly by studying the 
ages of the oldest stellar populations at z N 1. Breaking of the metallicity-age 
degeneracy via use of colours and line indices is alrea.dy indicating high formation 
redshifts. As more and more galas&s are discovered at ever higher redshifts, one 
can only push the forma.tion redshift back t,o epochs where the challenge of the 
cosmological models dominates the uncertainty in galaxy formation modelling. 
Esplora.tion of the high redshift universe is barely beginning. 
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Galaxy Clustering in the CNOC2 Redshift Survey 
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Abstract. The correlation evolution of a high luminosity subsample 
of the CNOC2 redshift survey is examined. The sample is restricted to 
galaxies for which the k corrected and evolution corrected R luminosity is 
114~ 5 -20 m&g, where -44X N -20.3 mag. This subsample contaJns about 
2300 galaxies. In consort with 13000 galaxies in a similarly defined low 
redshift sample from the Las Campanas Redshift survey we find that the 
comoving correlation can be described as <(rIz) = (ree/r)‘(l + z)-(~+~) 
with roe = 5.08 & O.OSh-l Mpc, E = 0.02 zk 0.23 and y = 1.81 & 0.03 over 
the z = 0.03 to 0.65 redshift range in a cosmology with !2~ = 0.2, A = 0. 
The measured clustering amplitude, and its evolution, are dependent on 
the adopted cosmology. The evolution rates for 0~ = 1 and flat low 
density models are E = 0.9 & 0.3 and E = -0.5 i 0.2, respectively, with 
TOO 2 5h-’ Mpc in all cases. 

1. Introduction 

The measurement of the evolution of galaxy clustering is a direct test of theories 
for the formation of structure and galaxies in the universe. Within CDM-style 
structure formation theories galaxies form exclusively within dark matter halos 
whose clustering evolution should be slower than the underlying dark matter. 
Clustering evolution is of empirical and pragmatic interest on scales comparable 
to the size of gala,xies themselves, since clustering leads to galaxy-galaxy merging 
of ga.s and stars which is a physical driver of galaxy evolution. On somewhat 
larger scales galaxy groups and clusters contain hot gas which exerts evolution 
pressures on galasies. 
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The theoretical groundwork to interpret the quantitative evolution of dark 
matter clustering and the qualita.tive trends of galaxy clustering evolution is 
largely in place for hierarchical structure models. Although the details of the 
mass buildup of galaxies and the evolution of their emitted light are far from 
certain at this time, clustering of galasies depends primarily on the distribution 
of initial density fluctuations on the mass scale of galaxies. X-body simulations 
of ever growing precision and their theoretical analysis (Davis et al. 1985: Ef- 
stathiou et al. 1985) have lead to a good semi-analytic understanding of dark 
matter clustering into the nonlinear regime. Xormal galaxies, which are known 
to esist near the centers of dark matter halos with velocity dispersions in the 
approximate range of 50 to 250 kms-r; will not have a clustering evolution 
identical to the full dark ma.tter density field (Kaiser 1984). 

The observational measurement of clustering at higher redshifts is still ma- 
turing, with no published survey of the size, scale coverage, or redshift precision 
of the pioneering low redshift Cfil. survey (Davis & Peebles 1983). There are 
two redshift surveys extending out to J 2 1, the Canada France Redshift Survey 
(Lilly et al. 1995) and the Hawaii K survey (Cowie et al. 1996). Their redshift 
precision is insufficient for kinematic studies, however both quantify the sub- 
stantial evolution in the luminosity function. Measurement of the correlation 
evolution of the galaxies in these surveys found a fairly rapid decline in cluster- 
ing with -redshift (LeFevre et al. 1996, Carlberg et al. 1997) although neither 
analysis took into account the evolution of the luminosity function or was able 
t.o quantify the effects of the small survey volumes. 

2. The CNOC2 Sample 

The Canadian Network for Observational Cosmology field galaxy redshift survey 
(CNOC2) is d esigned to investigate nonlinear clustering dynamics and its rela- 
tion to galaxy evolution on scales smaller than approxima.tely 20h-r Mpc over 
the 0.1 2 z < 0.7 range. There is substantial galaxy evolution over this redshift 
range (Broadhurst, Ellis & Shanks 1988, Ellis et al. 1996, Lilly et al. 1995, Cowie 
et a,l. 1996, Lin et al. 1999). I nvestiga.ting the clustering evolution of a population 
requires some basic ability to recover its progenitor hosts at higher redshift. 

The observing and catalogue design procedures are adaptations and exten- 
sions of those for the CNOC cluster survey (Yee, Ellingson & Carlberg 1996, Yee 
et al. 1997). The CNOC2 survey is contained in four patches on the sky sub- 
tending a total sky area of about 1.55 square degrees. The sampled volume is 
about 0.5 x 106h-3Mp~3, roughly comparable to the low redshift “CfA” survey 
used for similar measurements at low redshift (Da.vis & Peebles 1983) which 
had 1230 galaxies in the “semi-volume limited” Northern sample from which 
the correlation length was derived. The CIVOC2 limiting magnitude of R = 21.5 
ma.g efficiently covers the redshift range targeted, 0.1 to about 0.7. The survey 
layout for the high luminosity subsample analyzed here is shown in Figure 1. 

Photometry is obtained in the UBVRI bands, with the R band fixing the 
sample limit at 21.5 mag. The R filter stays redward of the 4OOOA break over 
our redshift range. The other ba,nds provide information useful for determining 
appropriate k-corrections and separa,ting galaxies into. types of different evolu- 
tionary state ( a,n issue not considered in this paper). 
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M 1w a. 1aoa.7 Dca -18.4 ” 1r.1 (,,I r-, U.., 

Figure 1. The la.yout of the high luminbsity redshift sample, Alp < 
-20 mag, sample on the sky (left) and in co-moving distance (redshifts 
from 0.1 to 0.6 j) versus declination iii comoving coordinates (right). 
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-4t low redshift we use the Las Campanas Redshift Survey (LCRS) to pro- 
vide a directly comparable sample. The LCRS is a.11 R band select.ed survey 
(Schectman et al. 1996) that covers the redshift range 0.033 to 0.15: vZth R 
band flux between 15.0 and li.7 mag. The same correlation analysis programs 
mere used with for the LCRS and CXOC2 dat.a. The only differences are that 
the LCRS data are not k corrected and is only analyzed for a single cosmological 
model, 40 = 0.1. 

2.1. The High Luminosity Subsample 

The evolution of correla.tions with redshift is sensitive to luminosity evolution. 
That is, usually the goal is to compare the evolution of the correlations of the 
same “primary” galax&, which ha.ve likely evolved in luminosity as a result of 
stellar evolution of the esisting stars, star formation, and merging of companion 
galaxies. Over the redshift range discussed here these effects are significant, but 
basically perturbative on a stable underlying population. In the absence of a 
luminosity correction one will be adding in galaxies of lower intrinsic ma,ss with 
increasing redshift. Lower luminosity galaxies are less correlated (Carlberg et 
al. 1998, Loveday et al. 1995) which if over-represented in the higher redshift 
will lead to an erroneously rapid correlation evolution. From previous studies me 
concluded that the luminosity function can be approximated as evolving such 
tha.t the absolute magnitude varies as M(Z) = M(0) - QZ with Q N 1 (Lin et 
a,l. 1999). It should be noted that the this approach is a. statistical correction 
designed to identify the same population at two redshifts and will work even 
for an evolving rate of burst,ing star formation provided that evolution has 
no significant mass dependence. This assumption should be adequate for our 
high luminosity subsample (Lilly et al. 1995, Lin et al. 1999) but may fail for 
a,t lower luminosities. The volume density of galaxies makes no difference to 
the correlations. For the correlation analysis here we will use galaxies with 
ki$” 5 -20 mag, which defines a volume limited sample over the 0.1 5 z < 0.65 
range. The resulting sample (for qe = 0.1) contains 2285 galaxies. 

The LCRS data are evolution corrected with the same Q as the CNOC2 
data, although at a mean redshift of about 0.1; this makes very little difference. 
The resulting low redshift sample contains 12467 galaxies that are used in the 
correlation analysis. 

3. Real Space Correlations 

The CNOC2 sample is designed to measure nonlinear clustering on scales of 
lOh-r Mpc a,nd less. The clusterin g is quite naturally measured in terms of the 
two-point correlation function, t(T), which measures the galaxy density excess 
above a random distribution, no! a,t distance T from a galaxy, n(r) = ne[l+ t(r)] 
(Peebles 19SO). M easurement of the real space function t(r) is not straightfor- 
ward with redshift space data in any case, and yet more difficult with only a few. 
hundred galaxies per redshift bin. The projected real space correlation function- :’ 
removes the peculiar velocities of redshift space at the cost of making a choice for :~ 

,. ’ the length of the redshift column over which the summation is done. Noting that 
the correlation function measures the fra,ctional variance in galaxies in different 
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volumes we check as much as possible tha,t our evaluation of the correlation does 
not art,ificially add or remove variance which will bias the result. 

3.1. The Projected Real Space Correlation Function 

The correlation function is a real space quantity, wl1erea.s the redshift spa,ce 
separa.tion of two galaxies depends on their peculiar velocities as well as the 
physical separation. -4lthough the peculiar velocities contain much useful infor- 
mation a.bout clustering dynamics, they are mainly a complication for t,he study 
of configura.tion space correlat.ions. The peculiar velocities are eliminated by 
integrating over the redshift direction to give the projected correlation function, 

(Da,vis & Peebles 1983). If R, = cm and r(r) is a. power law, t(r) = (ro/r)Y, 
then Equation 1 int.egra.tes to I,/ 
(Peebles 19SO). H 

rp = v/2)r((-~ - q/q/q~/~~(~o/5J” 
owever: in a practical survey summing over the entire redshift 

extent of the survey leads t,o little increase in the signal and growing noise 
from fluctuations in the field density. Here we are focussed on the non-linear 
correlations, 6 > 1 which su ggests we use Rp of several correlation lengths. A 
range of R,, and the resulting errors in TOO (see Equation 2 below) are displayed in 
Figure 2. We select R, = lOh-’ Mpc as a conservative choice, having the largest 
(and most stable) errors. Similar results are obtained for any lOh-r Mpc 5 
&, 5 JOh-‘Mpc, but with increasin g statistical fluctuations, most notably in 
the estimated errors of the fitted correlations. 

‘The choice of a statistical estimator of the correlation function depends on 
the application. With point data the basic procedure is to determine the average 
number of neighboring galaxies within some projected ra,dius and redshift dis- 
tance R,. We estimate wp(rp) using the simplest estimator, u+ = DD/DX - 1 
(Peebles 1980), which is accurate for the nonlinear clustering examined here 
and faster than methods which include the RR sum. The DD and DR sums 
extend over all four patches in CNOC2 a.nd the six slices of LCRS, so that pa.tch 
to patch variations in the mean volume density become part of the correlation 
signal. The patch to patch varia,tion is used to estimate the error. 

Estimated projected correlation functions, in co-moving co-ordinates using 
RR, = lOh-r Mpc, are calculated for the LCRS galaxies bounded by redshifts 
[0.033, 0.151 and seven redshift bins for the CNOC2 data, [O.lO, 0.20, 0.26, 0.35, 
0.40, 0.45, 0.55, 0.651. The first CNOC2 redshift bin is the least populated 
with 185 galaxies and the fourth bin has the most with 602 galaxies. Relatively 
narrow redshift bins helps to reduce any problems associated with the detailed 
shape of the variation of n(z) over the redshift range of the bin. To fit the data 
t,o a specified function requires error estimates at each point. 

The correlations are fit to the projection of the power law correla.tion func- 
tion, t(r) = (TO/T)~ t a li ing the fractional errors to be l/m, the weighted 
counts in each rp bin. ‘The fits use only the 0.16 5 rp 5 5.0h-r Mpc range where 
there are minimal complications from slit crowding and small correla.tions. ‘(All : 
results here are derived using co-moving co-ordinates, and normalized to a Hub- 
:ble constant Ho = lOOhkm s-r Mpc-‘. The results displayed in Figure 3 are 
derived assuming a background cosmology of RAJ = 0.2,0~ = 0. 
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Figure 2. The derived ~00 (see Eq. 2) as a function of the integration 
length, R, used to define wp(rp). The 90% confidence intervals are 
shown. The diamonds are plotted when x2 exceeds the formal level 
for 90% confidence. This most likely arises because the variances used 
to calculate x2 are estima,ted from the dispersion of the four patches, 
which will sometimes lead to erroneously small variances and hence 
large x2 values. 

3.2. Errors of the Correlations 

-4 straightforward approach to random error estimates is to take advantage of 
our sample being distributed over a number of separate patches. In each patch 
we fit four for CNOC2 and six for LCRS. The other points are the results for the 
four individual patches CNOC2 fields (the individual LCRS slices are so similar 
that they are not displayed). The solid points give the result from the combined 
data, along with the estimated error. 

As the size of a correlation survey grows there is a systematic increase in 
the derived correlation length. This is is illustrated in Figure 3. The straight 
mean of the CNOC2 r. is 3.2/z-1 Mpc, the median is 3.4h-r Mpc, and the mean 
of Y-Z is 3.Sh-1 Mpc: whereas the four patches analyzed together find r-0 is nearly 
J.Oh-1 Mpc. This raises the question as to whether the correlations have con- 
verged within the current survey. We note that the expected variation from 
patch to patch for the given volumes with narrow redshift bins”is about 45%, 

,’ i which is consistent with the difference between a correlation>length of 3.5 and ~ 
4.3h-1 Mpc. In the combined sample with bigger bins we expect that there could 

> ,. be as much as 10% of the variance missing, which would boost the correlation 
lengths by another 5%. 
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redshift 
Figure 3. The correlation lengths (normalized to y = 1.8) as a func- 
tion of redshift for QM = 0.2, R* = 0. The darkened diamond is from 
the LCRS with q. = 0.1. The errors are estimated from the variance 
of the four CNOC2 sky patches (shown with plus, asterisk, circle and 
cross symbols for the 0223, 0920, 1417 and 2148 patches, respectively) 
and the six LCRS slices (not shown since they are small.). The solid 
points are the result of the combined correlation analysis of the four 
fields and are in general always larger than the mean of the individual 
fields, since they include the field t.o field variance. 
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4. The Evolution of Galaxy Clustering 

The evolution of correlations is conveniently described with the ‘.epsilon” model. 

where all lengths are in co-movin, c units. The parameter E measures t,he ra,te of 
growth of the mean physical densit,y of neighborin, b c ualaxies. If E = 0 then there 
is no change in the physical density with redshift. Positive E indicate a decline 
of clustered density with increasin, p redshift. The derived TO(Z) along with the 
est.imated errors, cr(ro(z)) are fit to the E model with a formal x2 which reports 
both the suitability of the model and the parameter confidence interval. 

The correlation lengths for the CNOC2 and LCRS analyzed in precisely the 
same way for our standard R, = 10h-l hilpc and Q = 1 are shown in Figure 3. 
It is immediately clear that there is relatively little correlation evolution of this 
sample. It must be borne in mind that the sample is defined to be a similar set of 
galaxies with luminosities larger than a’bout LX, with luminosity evolution cor- 
rected: that accurately a,pproximates a sample of fixed stellar mass with redshift. 
Samples which admit lower luminosity galaxies, or do not correct for evolution, 
or are selected in bluer pass-bands where evolutionary effects are larger and less 
certainly corrected: will all tend to have lower correlation amplitudes. 

The E model fits to the measured correlations are shown in Figure 4. The 
results are clea.rly a stron, u function of the cosmological world model. However: 
the strength of the correlat,ions is truly impressive for any of the cosmologies. 
In the case of the low density flat model, the distances to the highest redshift 
galaxies are sufficiently large that the mean luminosity of the highest redshift 
galaxies is larger than those at lower redshifts. ‘The best fit E values are 0.02*0.23 
for fi,j,f = 0.2,fi~ = 0, 

At redshifts beyond 0.1 or so, the choice of cosmological model has a sub- 
stantial effect on the correlation estimates. Relative to high matter density 
cosmological models, low density and h models tend to have la,rger distances 
and volumes, which causes the correlations to be enhanced. The LCRS data are 
analyzed only within the qo = 0.1 model. The correlations for three cosmologies, 
flat matter dominated, open, and low density A, are shown in Figure 3. The 
evolution rates for the flat and flat low density models are E = 0.9 f 0.3 and 
E = -0.5 & 0.2, respectively, with ~00 Y 5h-1 Mpc in all cases. These are marked 
with plus signs in Figure 4. 

The effects of alternate values for the luminosity evolution are shown in 
Figure 4 with crosses indicating the results for Q = 0 and Q = 2, with the 
adopted value being Q = 1. The absolute magnitude limit remains ~VR = -20 
mag in all cases. In the-absence. of any allowance for luminosity evolution; 
Q = 0; galaxies of lower current epoch luminosity are increasingly included with 
redshift. Since lower luminosity galaxies are generally less correla.ted, that leads 
to an artificially large, E, the effect over this redshift range being very roughly 
LIE 7z 0.5AQ. 

: 

/ 
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Figure 4. The x2 confidence levels for fits to the E model for the 
C?AJ = 0.2, Cl, = 0 model. The contours are for GS%, 90 and 99% 
confidence. The plus signs mark the results for 52~4 = 1, !A* = 0: 
peaking a.t E E 0.6 and flM = 0 .2, CIA = 0.8 peaking at E = -0.4. The 
s’s show the results for no evolution correction; Q = 0, in which case 
E = 0.65, and Q z 2; evolution, where E = -0.3. 
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5. Conclusions 

The primary conclusion is tha.t correlations evolve very xveakly: if at a& lvith 
redshift. The main correlation results of this paper are contained in Figures 3. 
Out to redshift 0.65 the correlation evolution of high luminosity galasies: k 
and evolution corrected. can be described vZ.ith the double power law model. 
!$Jz) = (ree/r)‘(l $ z)-(~+‘), with T I-JO = 5.0s i 0.0sh-1 Mpc; E = 0.02 * 0.23 

? = 1.81 & 0.03. There is no evidence in the current da.ta for a change in 
the slope of the correlation function with redshift. The clustering results are 
consistent with gal&es being located in dark matter halos (Colin, Carlberg S- 
Couchman 1997, Baugh et al. 199S, Cohn et al. 1999 j but are also consistent with 
Yight-traces-mass” in low density universes where the mass clustering evolves 
very slowly with redshift. 

Environmental factors clearly play a major role in the development of galax- 
ies, as most clearly seen in the morphology-density relation (Dressler 19SO: 
Hashimoto et al. 199s). We have established here tl1a.t the neighborhood den- 
sity, at. separations between 0.1 and about 5h-r Mpc: is essentially non-evolving 
with increasing redshift. The implication is that any evolution in the popula- 
tion cannot be attributed to a significant change in the environmental densit,y 
of neighboring galaxies. In a, flat low-density model there is a slight rise of the 
mean density of neighbors into the past. The high luminosit,y galaxies exam- 
ined here do not as a. population evolve much over the 2 5 1 range (Lilly et 
al. 1995, Cowie et al. 1996, Lin et al. 1999) which could be the out,come of either 
no change in the environment, or, these galaxies being relatively insensitive to 
environmental change. 
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Clustering Properties of Lyman-Break Galaxies 
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Abstract. The high efficiency of the Lyman-break technique has made 
clustering of star-forming galaxies at high redshifts a powerful instru- 
ment bo test fundamental ideas on galaxy formation. The discovery t,hat 
Lyma,n-break galasies are strongly clust.ered in space? and tha,t the clus- 
tering stxength is a function of their UV luminosity sets important em- 
pirical constraints on the yet largely unknown relationship between dark 
matter and sta.r formation activity. The former provides direct support. to 
the notion that visible galasies form in highly biased dark ma.tter halos. 
The latter implies a tight correlation between t,he mass of the halos and 
the star-formation rates of the galaxies, suggesting that star formation 
in high redshift systems is a process regulated more by the local gravity 
than by “external” random occurrences such as interactions. 

1. Introduction 

If gravity has assembled the cosmic structures, then a general result is that the 
clustering of virialized systems differs from that of the mass distribution, and 
depends on the properties of the systems themselves, with more massive systems 
being less abundant and more strongly clustered in space (Press 8 Schechter 
1974; MO & White 1996). The formalism of biased galaxy formation (Kaiser 
1954; Bardeen et al. 1986) provides a simple description of the clustering of dark 
ma.tter structures, and N-body simulations have confirmed the overall robustness 
of this treatment (Jin, c 1999). However, while modeling the dark matter poses 
relatively little problems, understandin g the relationship between star formation 
a,nd the properties of the halos has proved to be significantly more challenging, 
and has traditionally been a fertile source of free para.meters, because the physics 
of star formation still remains theoretically poorly understood and empirically 
largely unconstrained (see e.g. Kennicutt 1998; Silk 1997). 

The study of the clustering of formin g galaxies at high redshifts: recently 
made possible by the large and complete samples obtained with the highly effi- 
cient Lyman-break technique (Steidel et al. 1998; Giava,lisco et al. 1998; ildel- 
berger et al. 1998), offers a new avenue of investigation. One of the advanta.ges 
of t,his kind of studies is that optical observations probe the rest-frame far-UV 
spectrum, which only depends on the instantaneous rate of star formation (Ken- 

I, .nicutt 1998) of the galaxies (modulo t.he obscuration by dust) a.nd not OII theif \ 
--previous evolutionary history, allowin g one to probe in a relatively direct ,way 

the r&tionship between dark matter and the forma.tion of stars on galactic 
scales. The idea is that if star formation is controlled by some simple property 

3% 
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Figure 1. (a), Left. The upper panel shows the strength of galaxy 
clustering as a function of redshift. Filled symbols are for (Q = 0.2; A = 
0), open symbols for (Q = 1; A = 0). T riangles are APM data (Loveday 
et al. 1995), squares are CFRS da.ta (Le Fkvre et al. 1996), hexagons 
Keck K-band data (Carlberg et al. 1997), and circles are the LBG 
data. ‘The continuous and dashed lines are the expectations from the 
CDM theory with T = 0.25, gs = 1.0 and 0.5 for the two cosmological 
models, respectively. The bottom panel shows the corresponding linear 
bias as a function of redshifts for the same data, sets. (b), Right. The 
dependence of the spatial correla.tion length of Lyman-break galaxies 
with their UV luminosity in the three adopted cosmological models (see 
text). For clarity, we added a constant to the values of TO, as described 
in the figure. 

of the hosting halos, one can hope to use the clustering of Lyman-break galaxies 
(LBGs) to learn something useful about the connection between the halos and 
the forming galaxies, and, possibly, the cosmology. If, on the other hand, star 
formation is intrinsically a highly stochastic process, with the UV luminosity of 
the galaxies bein g the product of the random vagaries interactions, merging or 
dust obscuration, then this hope will remain frustrated. In either case the data 
will be able to put constraints on the mechanisms of galaxy formation. 

2. The Clustering of Lyman-Break Galaxies 

One of the most interesting results that came from the studies of the properties 
of LBGs is that these sources are strongly clustered in space, with a spatial 
correla.tion length that directly compares to that of present-day galaxies (Steidel 
et al. 1995; Giavalisco et al. 1998; Adelberger et al. 199s). Figure la illustra,tes 
this point by comparing the clusterin g strength of LBGs to that of galaxies- in 
the local and intermediate-redshift universe from various surveys. 

This is very difficult to explain in terms -of the clustering of the mass for 
any reasonable assumption on the background cosmology, if the normalization 
of the power spectrum (e.g. CDM) has to match the present-da.y distribution of 
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gal&es and clusters (Eke et al. 1996). A more physically plausible explanation 
is that LBGs are highly biased tracers of the mass. and the values of the bias 
parameter b that can be derived from the observed correlation function (assum- 
ing the a power spectrum) a.re indeed significantly larger than those found in the 
local universe (see the bottom panel of Figure la). The strong clustering of the 
LBGs is probably one of the most compelling evidence of the reality of galaxy 
biasing in general: if one is prepared to accept the gravitational instability as the 
primary physical mechanism responsible for the forma.tion of cosmic structures. 

The models of biased galaxy formation (Kaiser 1984; Bardeen et al. 19%; 
MO & White 1996) provide a physical mechanism for such a strong bias by 
associating the forma.tion of visible galaxies to collapsing dark matter halos. An 
important and testable prediction in this case is that t,he LBGs follow the same 
clustering pa.ttern expected for the halos, for example the same dependence of 
the correlation length (or the bias parameter) with t.he mass or the volume 
density of the objects, with more massive a’nd less abundant objects being more 
strongly clustered (biased) in space. Verv interestingly, this prediction seems . 
confirmed by the observations, as we shall now discuss. 

We studied the dependence of the clusterin, (+ strength of LBGs with the 
volume density using three samples of different depth, two of them derived from 
our ground-based survey and one from the Hubble Deep Field. The brightest 
sample consists of all the galaxies from the deepest and largest fields that have 
spectroscopic redshifts. This sample has limiting magnitude R ,$ 25.0, and we 
used the count-in-cell technique to measure its correlation length (Adelberger et 
al. 199s). A fainter sample includes all the color selected LBGs with 72 < 25.3 
with and without spectroscopic redshifts, again coming from the deepest and 
largest fields of the survey. This sample takes advantage of t,he high efficiency 
of the color selection of U-band dropouts ( 2 95%), and because its redshift 
distribution X(z) is very well known from about 500 redshifts, we could take 
advantage of its size, about twice that of the spectroscopic sample? and measure 
the spatial correla,tion function by de-projecting the angular one with the Limber 
transform (Giavalisco et al. 199s). The same technique has also been applied to 
the third and faintest sample, which has been extracted from the HDF catalog 
(including the North and South pointings), and has limiting magnitude V&, = 

27.0 (Giavalisco et al. 1999). 
Figure lb plots the comoving correlation length TO of the three samples for 

three adopted cosmological models [(0 = 0.2,A = 0), (fl = 0.3,A = 0.7), (R = 
l+I = 0)] as a function of both the effective magnitude and the corresponding 
a.bsolute magnitude (in the h cosmology), and shows the main result of this 
study, namely that the clustering strength of Lyman-break gala-ties is a function 
of their UV luminosity at X N 1700 k. The detection is significant, with the nuU 
hypothesis of no dependence of TO with Luv being rejected at, the N 99.23% 
confidence level. Remembering that the UV luminosity is a good tra.cer of the 
instantaneous rate of star formation of the galasies (modulo the obscuration 
by dust), another way to state the result is that LBGs with more intense star 
forma,tion a.re also more strongly clustered in space. 

; . : 
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3. Lyman-Break Galaxies and Dark Matter Halos 

The fact that the clustering strength of the LBGs varies as a function of the 
UV luminosity has interesting consequences. In the scenario of gravitational 
instability it would imply that LBGs are tracers of dark matter halos and that 
there is a direct correlation between the mass of the halos and the star forma,tion 
rate of the galaxies. To elucidate these points and to verify whether or not the 
the relationship between the clusterin g strength and volume density of these 
galaxies is consistent with the predictions of gravitational instability, we used 
the Press-Schechter formalism (PS, Press 6; Schechter 1974) to compute the 
clustering strength (or, equivalently, bias), and mass function of dark matter 
halos. 

The formalism reproduces very accurately the results from N-body simula- 
tions for relatively massive halos, namely A4 5 O.lW, but it underestimates the 
clustering strength and overestimates the abundances of smaller halos. However; 
corrections have been recently proposed (e.g. Jing 1999) tl1a.t improve the a.gree- 
ment with the simulations, and the formalism can be used to provide a relatively 
a.ccurate description of the clustering properties of halos (relative to the simu- 
lations, that is) over the mass range relevant to the formation of galaxies and 
larger structures. We adopted the implementation discussed by MO & White 
(1996) with the corrections by Jing (1999). We used a CDM power spectrum 
with spectral index n. = 1 and transfer funct,ion by Bardeen et al. (1986), and 
normalized its amplitude at z = 0 to that of clusters (Eke et al. 1996), using 
0s = 1.0, 0.9 and 0.5 in our three adopted cosmologies, respectively. 

Ideally, to compare the predicted properties of dark matter halos to those 
of the LBGs one would like to study the bias (which we will adopt from now 
on as a measure of the clustering strength) as a function of the mass. Unfor- 
tunately, the masses of LBGs are not yet available from the observations and, 
furthermore, the only galaxies that are accessible to our investigation are those 
whose UV SED satisfies the selection criteria of the samples. Therefore, one can- 
not directly compare halo properties to galaxy properties: but one needs first to 
model the relationship between the mass of the halos and the net UV luminosity 
(i.e. including the effects of the dust obscuration) of the LBGs and predict the 
clustering strength and the luminosity function of LBGs (we will refer to these 
as the “model LBGs”). 

The problem with the described approach is that the mechanisms of star 
forma.tion and the amount of dust obscuration in nascent galaxies are too dif- 
ficult to model in a realistic way. However, we can constrain this uncertainty 
by an appropria.te choice of the observables. The goal is to find a, model which, 
combined with the PS mass function, can simultaneously reproduce the clus- 
tering properties and the luminosity function of LBGs. To do this at best, on 
the one hand one needs observables that have a pronounced dependence on the 
mass-UV luminosity relationship to maximize the sensitivity. On the other hand 
one also wants other observable that depends only wea.kly on this relationship 
in order to minimize the effect of the uncertainties of the model and carry out ,. :- 

a meaningful comparison with the data. .,., ::’ ._: 
Observables of .the first type.include the luminosity function and the rela- _,i.. 

tionship between the mean-bias < b > of a sample of LBGs and its limiting _ _ I 

luminosity LI. Given the halo mass function, these observa,bles constrain the 
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mass-IX relationship by simultaneously reproducin, u the luminosity distribu- 
tion. the abundaaces and the clustering strength of the LBGs. 

An observable of the second type is the function that links together the mean 
bia.s of a sample and its volume density (we shall refer to it as the clustering 
segregation). If there is little scatter of UV luminosity among galaxies hosted in 
halos of equal mass then the shape of the clustering segregation of the model 
LBGs is very close to that of the halos and independent on the shape of the mass- 
I.7 luminosity relationship. Of course, the UV luminosity of LBGs hosted in 
halos of given mass (and hence of given volume density and bias) does depend 
on the mass-U‘\’ luminosit,y rela.tionship. The la.tt.er sets the flux limit of the 
sample that one needs to reach in order to observe those halos, but it does not 
affect the shape of the clustering segregation. 

Let’s now discuss the adopted model for the mass-Uv luminosity relation- 
ship. We can imagine that the U1’ luminosity Lcrv of LBGs hosted in halos of 
mass Mh is a ra,ndom varia.ble, whose mean and variance depend on rZ1h and are 
described by some continuous function < Lu~r >= p(Mh) and o&,- = s(Mh). 
5Ve have modeled Luv as the product of a random variable A with the function 
p(MfJ: 

JLYV = -4 x &%I>, 

where the mean value of A is, by definition, equal to 1. For simplicity, we have 
assumed the distribution function of log(-4.4) to be gaussian and considered the 
cases of both a constant variance o-6, = ai, and of a variance that depends on 
Lqlf, as 

2 

a&, = 
1 t (A&Mcj 

(in the logarithm spa.ce). We have also used a. power law model for < L~,Tv >: 

q$k!~) = E x M& 

Given the PS halo mass function n(A/rh), it is straightforward t.o compute 
the expected observables for the model LBGs. The mean bia.s of a flus-limited 
sample of LBGs with L 5 Lo is given by (Catelan et al. 1998): 

where p(Mhl Lo, c&,) is the probability that a halo with mass Mh is included in 
the sample. The 1uminosit.y function is given by 

n( Lurr) dLlJ\T = 
.iJ 

dM,, d-4 n(h$j x f(A), 

where .f(A) is the distribution function of A a.nd the double integral is extended 
over the domain of -AJ~ and A such that Lc~r/ = AQ(Mhj. 

We performed a multi-dimensional fit to the data, minimizing the sum of 
two x2: one relative to the < b > vs Luv relationship and the other to the 
luminosity function. The results are shown in the t,op a’nd middle panels of 
Figure 2 a,nd Figure 3a, for the three a.dopted cosmological models. 
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Figure 2. (Top panels). The < b > vs Lulr relationship. The curve 
is the best fit to the data. (Middle panels). The luminosity function. 
The curve is the best fit to the data. (Bottom panels) The cluster- 
ing segregation of observed z N 3 LBGs (data points), model LBGs 
(continuous line) and halos (dashed line). The dotted lines above and 
below the continuous line in the plot to the right show the clustering 
segrega.tion predicted at z = 4 and z = 2.5, respectively. 

. 
Figure 3. (Left). As in Figure 2. (Right). The mass-UV lumi- . 
nosity relationship derived from the fit (dashed curves) and. from the 
clustering segregation (data, points). See text for explanation.’ 
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The random errors on the fitted four paramet,ers of the model, i.e. E. Q. 
a:, and MC obtained from the bootstrap technique are typically smaller than 
the variations that correspond to adopting a fixed or a variable variance: or to 
different choices of the relative weights of the x2 of the two fitted functions. 
The curves in Figure 3b shows extreme cases of the derived mass-U\; luminos- 
ity relationship in the three adopted cosmologies, together with the the points 
implied by the clusterin, LT segregation (see later). This suggests that the choice 
of the model is far from being optimal, although the overall shape of the lumi- 
nosity function and < b > vs LUIJ relat.ionship are reproduced (note that some 
of the data, t,hemsel\-es might be affected by systematic errors). However, in nil 
cases the fits returned a small value for the variance, with ai 5 0.5 in every fit 
(corresponding to zz jO(x; of the value of the luminosity). 

With the variance in the estimated range, the clustering segregation of the 
model LBGs is virtually identical to that of the halos, as it can be seen in the 
top panels of Figure 2 and Figure 3a7 where they are both shown t,ogether with 
the dat.a points of the observed LBGs. More importantly, it does not depend 
on the assumptions on the shape of the mass-UV luminosity relationship. The 
agreement between the data and the model is surprisingly good. Note that in 
t,his case one can plot the luminosity of the galaxies versus the mass of the halos 
that have equal bias and volume density to compare with the fitted models, 
which we ha.ve done in Figure 3b. 

4. What does all this mean? 

Several interesting conclusions can be drawn from the analysis a.bove. First. 
the Press-Schechter mass function and the adopted model for the mass-UIT 
luminosity relationship are capable to simultaneously reproduce in broad terms 
the overall features of the clustering of LBGs, namely the shape of the < b > vs 
Ll relationship, and their UV luminosit,y function. The agreement between the 
models and the da,ta appears to be better in the open and h-flat cosmologies 
than in the Einstein-de Sitter one, where the < b > vs Ll function seems poorly 
modeled, although the discrepancy is not statistically significant, given the still 
large uncertainties on the clustering measures. At this stage it is best not to 
read too much into this, since it is impossible to discriminate intrinsic effects 
from the inadequacies of the model and the still large errors. 

Second, fitting the model to the data. consistently returns a relatively small 
variance in the mass-UV luminosity relationship, in all cases smaller than z 50% 
of the value of the average. This shows that halo masses and star forma.tion rates 
are tightly correlated, implyin, w that the star formation rate is controlled to a 
large extent by the halo mass. The overall magnitude of the variance does not 
depend much whether a. varia,ble variance with mass or a constant one is used. 
When the variable one is used, the fit returns a “half-variance mass” A/l, equal 
to N 1012, 0.5 x lOI and 1Or1 in the open, A and EdS model, respectively. This 
is consistent with the idea that when the local gravity becomes relatively small 
(smaller than the mass of a present-day L* galaxy), the esternal environment 
(interactions, merging; etc.) starts to have larger a effect on the st.ar formation 
activity of the gala-ties. The picture that seems to emerge is tha,t star formation 
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in LBGs is an ordered process, with the mass of the halos (and hence local 
gravity) as one of the primary parameters that control the star formation rate. 

-4s Figure 3b shows, the mass scale of the halos implied by the clustering 
segregation varies with the cosmology. Bright LBGs have masses M 2 1Ol2 Al, 
in the open and A-&t cosmology -approxima.tely the mass of present-day 
bright galaxies-, while they are an order of magnitude smaller in the Einstein- 
de Sitter model. Thus, although the results on the clustering segregation are 
largely degenerate with the cosmology, it is clear that measuring the mass of 
the LBGs will break such degenera.cy. It is interesting to note tha.t regardless 
of the cosmology, however, the mass implied for the LBGs of the HDF sample 
are alwa,ys small: x lolo Ma, suggesting tha,t at magnitudes 72 N 27 LBGs are 
mostly associa.ted with small, sub-massive systems. 

To some extent, it is intriguing that the clustering segrega’tion of the halos 
in the chosen CDM cosmology seems to a.gree so well with that observed for 
the LBGs. The agreement seems better in the open and A cosmologies than 
in the Einstein-de Sitt,er one, although a formal x2 test shows that the dif- 
ference is not statistically significant. Better clust,ering data will allow us to 
t,est if these differences are significant and; in particular, test the effects of the 
various assumptions on the power spectrum. Also, knowing the < b > vs. 1;l 
function with higher accuracy will result, in combination with the luminosity 
function, in better constraints on the mass-UV luminosity relationship. More 
importantly, larger samples are much needed t,o quantify the effects of systema.tic 
errors stemming from the largely unquantified cosmic variance in the measure 
of the correlation function, particula.rly the HDF one. Deep ground-based sur- 
veys for LBGs from S-m telescopes will be very effective in providing HDF-like 
samples over much larger areas. 

In summary, the observed scaling relations of the clustering strength, abun- 
dances and UV luminosity of LBGs agree well with the predictions of the gravi- 
tational instability theory and biased galaxy formation if the CDM spectrum of 
perturbations is used. This implies tha,t LBGs flag the sites of massive dark mat- 
ter halos and that their mass is tightly correlated to the the star formation ra,tes. 
The implication is tha.t local gravity in these system is a primary parameter that 
controls the star formation activity. The important point is that this conclusions 
depend weekly on the assumptions a.bout the still poorly known physics of star 
formation in young galaxies and its relationship with the properties of the dark 
matter. Studying large scale structure by using galaxies ultimately requires to 
understand galasies themselves, as the recent extension of these studies to high 
redshifts has dramatically highlighted, for example; when the high bias of the 
LBGs was observed. This once more reiterates that the problem of structure 
formation and galaxy formation are intimately coupled and very difficult to sep- 
arate. Interestingly, however, while the clustering of high redshift galaxies (or 
at least wha.t we know of it now) has turned out not to constitute the simple 
and powerful cosmological test t.hat was initially hoped, it has given us a much 
deeper insight into the mechanisms of galaxy formation and shown that our 
basic ideas about the relationship .between visible galaxies and dark halos are 
fundamentally correct. \ 
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Formation 

S. G. Djorgovski 

Palomar Observatory, Caltech, Pasadena, CA 91125: USA 

Abstract. Quasars at large redsl1ift.s provide a. powerful probe of struc- 
ture formation in the early universe. Several arguments suggest that the 
formation of ellipticals and massive bulges may have involved an earl: 
quasar phase. At very large redshifts, such structures are likely to be 
found at the highest peaks of the density field, and would thus be highly 
biased tracers: the earliest (massive) galaxy forma.tion may have occurred 
in the cores of future rich clusters. Preliminary results from our search 
for clustered protogalaxies around quasars at z > 4 support this idea. 
Quasars at even larger redshifts ma,y be an important contributor to the 
reionisation of the universe, and signposts of the earliest galaxy and clus- 
ter formation. 

1. Introduction 

Hy Spinrad alwa,ys hated quasars (Spinrad 1979). In those Paleolithic days (i.e., 
before 1987 or so) it was not yet obvious that a powerful quasar lurks in the heart 
of every one of Hy’s beloved radio galaxies, but in some sense this does not really 
matter: in the work of the Spinrad School of Observational Cosmology, AGfi 
have been used simply as means to find stellar populations at large redshifts, in 
order to probe their forma.tion and evolution. This is in principle a via.ble and 
sound approach. 

In the simplest view, the very existence of luminous quasars a.t large red- 
shifts suggests the esistence of their (massive?) host galaxies, at least in the 
minds of a vast majority of astronomers toda,y. -4t z > 4: this has some very 
interesting and non-trivial implications for our understanding of galaxy and 
structure formation (Turner 1991). 

-4t a slightly more complex level, the observed history of the comoving 
number density of quasars may be indicative of the history of galaxy formation 
and evolution: the same kind of processes, i.e., dissipative mergers and tidal 
interactions, may be fueling both bursts of star formation and AGN activity. 
The peak seen in the comoving number density of quasars around z N 2 or 3 
(Schmidt: Schneider & Gunn 1995) can then be interpreted in this context: .the 
ostensible decline a.t high redshifts may be indicative of the initial assembly alid 
growth of quasar central engines and their host galasies; whereas the decline ; 
a.t lower redshifts may be indicative of the decrease in fueling, as galaxies are 
carried apart by the universal expansion, a.s many of the smaller pieces are being 
consumed: and as the gas is being converted into stars. Qualita.tively similar 
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predictions are made by virtually all models of hierarchical structure formation 
(see: e.g., Cataneo 1999, or Kauffmann & Haehnelt, 1999). 

Due to their brightness, quasars are much ea.sier to find (per unit telescope 
time) than galaxies at comparable redshifts. It then makes sense to use quasars 
as probes, or at least as pointers of sites of galaxy formation. 

Quasa.rs have been used very effectively as probes of the intergalactic medium: 
and indirectly of galaxy formation: through the studies of absorption line sys- 
tems. -4 vast literature exists on this subject, which is beyond the scope of this 
review; for good summaries: see, e.g., Rees (199Sa) or Rauch (1998). 

-4 good review of the searches for quasars and related topics was given by 
Hartwick S_ Schade (1990). 0 smer (1999) provides a. modern update. Some of 
the issues covered in this review have been described by Djorgovski (1998) and 
Djorgovski et al. (1999). 

2. Quasars and Galaxy Formation 

Possibly the most direct evidence for a close relation between quasars and galaxy 
formation is the remarkable correlation between the masses of central black holes 
(MBH) in nearby galaxies; and the luminosities (- masses) of their old, metal- 
rich stellar populations, a.k.a. bulges (Kormendy St Richstone 1995, Magorrian 
et al. 199S), with MBH’s containing on average - 0.6% of the bulge stellar 
mass. The most natural explanation for this correla.tion is that both MBH:s 
and the stellar populations are genera.ted through a parallel set of processes, 
i.e., dissipative mergin, v and assembly at large redshifts. Quiescent MBH’s are 
evidently common among the normal gala-ties at z N 0, and had to originate at 
some point: as they grow by accretion, their formation is the quasar activity. 
Quasars may thus be a common phase of the early formation of ellipticals and 
massive bulges. 

Quasar demographics support this idea. Small & Blandford (1992), Chokshi 
& Turner (1992)) and Haehnelt & Rees (1993) a ll conclude that an average L,-ish 
galaxy today should contain an MBH with Al. N lo7 Ma or so. These estimates 
(essentially int.egrating the known AGN radiation over the past history of the 
universe) are fully consistent with the actual census of MBH (quasar remnants) 
in nearby galaxies. 

Two other pieces of fossil evidence link the high-z quasars with the forma- 
tion of old, metal-rich stellar populations. First, the a.nalysis of metallicities 
in QSO BEL regions indicates super-solar abundances (up to ZQ N 10 Z,!) 
in quasars at z > 4 (Hamann & Ferland 1993, 1999; Matteucci & Padovani 
1993). The only places we know such abundances to occur are the nuclei of 
giant elliptical galasies. Furthermore, abunda.nce patterns in the intracluster s- 
ra: gas at low redshifts are suggestive of an early, rapid star formation phase in 
protoclusters populated by young elliptic& (Loewenstein & Mushotzky 1996). 

-4 nearly simultaneous formation of quasars and their host galaxies, or at 
least ellipticals and bulges, is consistent with all of these observations, and it fits 
naturally in t.he general picture of hierarchical galaxy and structure formation . -: ‘. 
via dissipative. merging (see, e.g., Norman & Scoville 1988, Sa.nders et al. 1958; ~I’~ 
Carlberg 1999, Hernquist St Mihos 1995, Mihos & Hernquist 1996, Monaco et 
al. 1999, Franceschini ef. ul. 1999, etc.). 
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-4.11 extreme case of this idea is that quasars are completely reducible to 
ultraluminous starbursts, as advocated for many years by Terlevich and collab- 
orators (see, e.g.: Terlevich bi Boyle 1993: and references therein). Most other 
authors disagree with such a view (cf. Heckman 1991, or VVilliams & Perry 1994), 
but (nearly) sirnultaneous manifestations of both ultraluminous starbursts and 
-4GN> perhaps with comparable energetics. are clearly allowed by the data. It is 
thus also possible that the early AGN can have a profound impa.ct on their still 
forming hosts, through the input of energy and momentum (Ikeuchi & Norman 
1991; Haehnelt et al. 1998). 

3. Quasar (Proto)Clustering and Biased Galaxy Formation 

Producing sufficient numbers of ma.ssive host galasies needed to accommodat,e 
the observed populations of qua.sars at z > 4: sav, is not easy for most hierarchi- 
cal models: such massive halos should be rare, and associated on average with 
w il to S-a peaks of the primordial density field (Efstathiou k Rees 1988, Cole & 
Kaiser 1989, Nusser & Silk 1993). It is a generic prediction that for essentially 
every model of structure formation such high density peaks should be strongly 
clustered (Kaiser 1984). This is a purely geometrical effect, independent of any 
messy astrophysical details of galaxy formation: and thus it is a fairly robust 
prediction: the formation of the first galaxies (some of which may be the hosts 
of high-s quasars) and of the primordial large-scale structure should be strongly 
coupled. s 

Quasars provide a potentially useful probe of large-scale structure out to 
very high redshifts. The pre-1990 work has been reviewed by Hartwick & Schade 
(1990). A number of quasar pairs on tens t,o hundreds of comoving kpc scales has 
been seen (Djorgovski 1991, Kochanek et al. 1999), and some larger groupings 
on scales reaching N 100 Mpc (Crampton et al. 1989, Clowes & Campusano 
1991), but all in heterogeneous data sets. Analysis of some more complete 
samples did show a clustering signal (e.g., Iovino & Shaver 1958, Boyle et al. 
1998). The overall conclusion is that quasar clustering has been detected, but 
that its strength decreases from z N 0 out to z N 2, the peak of the quasar era, 
presumably reflecting the linear growth of the large-scale structure. However, 
if quasars are bia.sed tracers of structure formation at even higher redshifts, 
associated with very massive peaks of the primordial density field, this trend 
should reverse and the clust,ering strength should again start increasiny towards 
the larger look-back times. 

The first hints of such an effect were provided by the three few-Mpc quasar 
pairs found in the statistically complete survey by Schneider et al. (1994), as 
pointed out by Djorgovski et (11. (1993) and Djorgovski (1996), and subse- 
quently confirmed by more detailed analysis by Kundic (1997) and Stephens et 
al. (1997). A deeper survey for more such pairs by Iiennefick et al. (1996) did 
not find any more, presumably due to a limited volume coverage. La Franca et 
al. (1998) find a turn-up in the clust,erin g strength of quasars even at redshifts 
as low as z N 2. It would be:very important to check these results with new, 
large; complete samples of quasars over a wide baseline in redshift. 

More recently,,observa,tions of large numbers of “field” galaxies at z N 3-3.5 
by Steidel et al. (1998) identified redshift space structures which are almost 



certainly the manifestation of biasing. However, the effect (the bias) should 
be even stronger a.t higher redshifts, and most of the earliest massive galaxies 
should be strongly clustered. -4 search for protoclusters around known high-,- 
objects such as quasars thus provides an important test of our basic ideas about 
the biased galaxy formation. 

Intriguingly, there is a hint of a possible superclustering of qua.sars at z > 4, 
on scales N 100 h-l comoving Mpc (cf. Djorgovski 1998). The effect is clearly 
present in t,he DPOSS sample (which is complete, but still with a patchy coverage 
on the sky), and in a more extended, but heterogeneous sample of all QSOs at 
J > 4 reported to date. The apparent clusterin g in the complete sample may be 
an artifa.ct of a variable depth of the survey. which we will be able to check in 
a near future. Or, it could be due to patchy gravitational lensing ma.gnifica.tion 
of the high-s quasars by the foreground large-scale structure; again, we will 
be able to test this hypothesis using the DPOSS galaxy counts. But it could 
also represent rea,l clustering of high-density peaks in the early universe, only 
N 0.5 - 1 Gyr after the recombination. The observed scale of the clustering is 
intriguing: it is comparable to that corresponding to the first Doppler peak seen 
in CMBR fluctuations, and to the preferred scales seen in some redshift surveys 
(e.g., Broadhurst et al. 1990; Landy et al. 1996). More data are needed to check 
on this remarkable result. 

4. Quasar-Marked Protoclusters at z > 4? 

ilny single search method for high-z protogalaxies (PGs) has its own biases, and 
formative histories of galaxies in different environments may vary substantially. 
For example, galaxies in rich clusters are likely to start forming earlier than in 
the general field, and studies of galaxy formation in the field may have missed 
possible rare active spots associated with rich protoclusters. 

We are conducting a systematic search for clustered PGs, by using quasars 
at z > 4 as markers of the early galaxy formation sites (ostensibly protocluster 
cores). The quasars themselves are selected from the DPOSS survey (Djorgovski 
et al. 1999, and in prep.; Kennefick et al. 1995). They are purely incidental to 
this search: they are simply used as beacons, pointing towards the possible sites 
of early, massive galaxy formation. 

The first galaxy discovered at z > 3 was a quasar companion (Djorgovski 
et al. 1985, 198’7). -4 Lycr galaxy and a dusty companion of BR 1202-0725 at 
z = 4.695 ha,ve been discovered by several groups (Djorgovski 1995, Hu et al. 
1996, Petitjean et al. 1996), and a dusty companion object has been found in 
the same field (Omont et al. 199 5, Ohta et al. 1995). Hu & McMahon (1996) 
also found two companion galasies in the field of BR 2237-0607 at z = 4.55. 

We have searches to various degrees of completeness in about twenty QSO 
fields so far (Djorgovski 1998; Djorgovski et al., in prep.). Companion galaxies 
have been found in virtually every case; despite very incomplete coverage. They 
are typically located anywhere between a few arcsec to tens of arcsec from-the 
quasars, i.e., on scales N 100-t comoving kpc. We also select candidate PGs I’, 
by using deep BR1 imaging over a field of view of several arcmin, probing 
N 10 comoving Mpc ( N cluster size) projected scales. This is a straightforward 
est~ension of the method employed so successfully to find the quasars themselves 
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PSS 0030+1702 (2=4.305) 

PSS 0248+1802 (z=4.465) 

PSS 01 7+1552 (z=4.275) 

PSS 1721+3256 (2=4.031) 
* 

Figure 1. Examples of clustered companion protogalaxies in the 
fields of 4 DPOSS quasa.rs at z > 4. These are deep, R-band Keck 
images centered on the quasars. The fields shown are 54 arcsec square. 
Some of the spectroscopically confirmed companions are labeled with 
the arrows. 

at z > 4 (at these redshifts, the continuum drop is dominated by the Lya forest, 
ra.ther than the Lyman break, which is used t,o select galaxies at s N 2 - 3.5). 
The candidat,es are followed up by multislit spectroscopy at the Keck, which is 
still in progress as of this writing. 

4s of the mid-1999, about two dozen companion galasies have been con- 
firmed spectroscopically. Their typical magnitudes are R N 25”‘, implying con- 
tinuum luminosities L 2 L,. The Lye line emission is relatively weak, with 
typical restframe equivalent widths N 20 - 30 -4, an order of magnitude lower 
than what is seen in quasars and powerful radio galaxies, but perfectly reason- 
able for the objects powered by star forma.tion. There are no high-ionization--“, ,’ * 
lines in their spectra, and no signs of AGN. The SFR inferred both from the ’ :’ 
Lye line: and the UV continuum flux is typically w 5 - 10 J&/yr, not corrected ‘(’ “, : 
for the extinction, and thus it could easily be a fa.ctor of ci to 10 times higher. 
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Overall, the intrinsic properties of these quasar companion galaxies are very 
similar to those of the Lyman-break select,ed population at z N 3 - 4: except of 
course for their special environments and somewhat. higher look-back times. 

There is a hint of a trend tha.t t,he objects closer to t,he quasars have stronger 
Lye line emission, as it may be expected due to the QSO ionization field. In 
addition to these galaxies where we actually detect (presumably starlight) con- 
tinuum, pure Lye emission line nebulae are found within N 2 - 3 arcsec for 
several of the quasars, with no detectable continuum at all. The Lya fluxes are 
exactly what ma,y be expected from phot,oionization by the &SO: wit.11 typical 
LLW - a few ~10"~ erg/s. They may represent ionized parts of still gaseous 
protogalaxy hosts of the quasars. T$?e can thus see and distinguish both t.he 
objects powered by the neighboring QSO, and “normal” PGs in their vicinity. 

The median projected separa.tions of these objects from the quasars are - a 
few x lOOh-’ conloving kpc, an order of magnitude less than the comoving r.m.s. 
separation of L, ~ valaxies today, but comparable to that in the rich cluster cores. 
‘The frequency of QSO companion g&xies at z > 4 also a.ppears to be an order 
of magnitude higher tl1a.n in the comparable QSO samples at z N 2 - 3, the peak 
of the QSO era and the ostensible peak merging epoch. However, interaction 
and merging rates are likely to be high in the densest regions at high redshifts: 
which would naturally account for the propensity of some of these early PGs to 
undergo a quasar phase, and to have close companions. 

The implied average star forma.tion density ra.te in these regions is some 
2 or 3 orders of magnitude higher than expected from the limits estimated for 
these redshifts by hiIadau et al. (1996) for field galaxies, and 1 or 2 orders of 
magnitude higher than the measurements by Steidel et al. at z N 4, even if 
Tve ignore any SFR associated with the QSO hosts (which we cannot measure, 
but is surely there). These must be very special regions of an enhanced galaxy 
forma.tion in the early universe. 

It is also worth noting that (perhaps coincidentally) the observed comoving 
number density of quasars at z > 4 is roughly comparable to the comoving den- 
sity of very rich clusters of galaxies today. Of course, depending on the timescales 
involved, there must be some protoclusters without observable quasars in them, 
and some where more than one ,4GN is present (an example may be the obscured 
companion of BR 1202-0725). 

r J. Towards the Renaissance at z > 5: the First Quasars 
and the First Galaxies 

The remarkable progress in cos~nology over the past few years, reviewed by 
several speakers at this meeting, has pushed the frontiers of galaxy and structure 
forma.tion studies out to z > 5. Half a dozen galasies, two QSOs (cf. Fan 
et aI. 1999), and one radio galaxy are now known at 2 > 5, with the most 
distant confirmed object at z = 5.74 (Hu et al. 1999). Remarkably, there is 
no convincing evidence yet for a high-z decline of the comoving star formation 

/ rate density out to z > 4 (Steidel et al. 1999). Moreover, the universe at z N 5 ~. 
,_ -, appears to be alrea,dy fully reionised (Songaila et al. 1999, Madau et al. 1999), -. 

_. implying the existence of a substantial activity in a population of sources at 
even higher redshifts. 
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These observational results pose something of a challenge for the models 
of galasy forma,tion. Essentially in all modern models, the first subgalactic 
fragments with masses 2 lo6 IV@ begin to form at z N 10 - 30, and the universe 
becomes reionised at z ry 8 - 12 (see: e.g., Gnedin k Ostriker 1997, Miralda- 
Escude si Rees 1997, or Rauch 1998 and references therein). This corresponds to 
a time interval of only about h 0.5 - 1 Gyr for a reasonable ra.nge of cosmologies. 

What is not known is what are the first or the dominant ionisation sources 
which break the “dark ages”: primordial st,arbursts or primordial AGN? This is 
one of the funda.mental questions in cosmology today, and it dominates many of 
the discussions about the XGST (see, e.g., Rees 199Sb, Haiman S; Loeb 1998, or 
Loeb 1999). Optical searches for quasars at z > 5 have been reviewed by Osmer 
(1999). There are exciting new prospects of detecting such a population in X- 
ra,ys using CXO (Haiman & Loeb 1999). The value of such quasars as probes 
of the earliest phases of galaxy and structure formation during the reionisation 
era a.t z N 10 x 2*l cannot be oversta.ted. 

Some numerical simulations suggest that an early formation of quasars, at 
z N 8, say, is viable in the framework of the currently popular hierarchical models 
with dissipation (cf. Katz et ul. 1994). It is even possible that a substantial 
amount of QSO activity may predate the peak epoch of star formation in galaties 
(Silk & Rees 1998). .4 catastrophic gravitational collapse of a massive primordial 
star cluster may be the most natural way of forming t,he first MBHs, but a variety 
of other mechanisms ha,ve been proposed (e.g., Loeb 1993, Umemura et al. 1993. 
Loeb & Rasio 1994, etc.). Future observations will tell whether such primordial 
fireworks marked the end of the dark ages in the universe. 
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Abstract. The static universe model is tested and compared with the 
q, = 0.5: espandin, u universe model based on the apparent magnitudes of 
Ist-rank elliptical galasies and type Ia supernovae and the angular sizes 
of lst-rank elliptical galasies. Using new physics, a gravitational process 
is proposed for the Hubble red-shift, time-dila.tion and the anomalous 
acceleration of the Pioneer spacecraft toward the sun. 

1. Observational Tests 

With the HST and the new large ground telescopes, it is now possible t,o distin- 
guish observationally between different models of the universe. As an example: 
the static universe model is tested and compared with the q. = 0.5, expanding 
universe model. In a.ddition, a gravitational process based on new physics is 
proposed for the Bubble red-shift, time-dilation (supernovae light curve) and 
the anomalous acceleration of the Pioneer spacecraft (Anderson 199s). 

The observational tests are based on the apparent magnitudes of lst-rank 
elliptical galaxies (Kristian 1978), fundamental plane analysis of elliptical galax- 
ies in clusters (Schade 1997), type Ia supernovae (Riess 1998) and the effective 
angular sizes of lst-rank elliptical galasies. Graphs of the four tests are shown 
in figure 1. The observed slope and the st,andard deviation of the slope for the 
static universe model are shown on ea.ch graph. In all tests, the static universe 
model fits the data significantly better than the expanding universe model. 

The apparent magnitude, m, for the static universe model is given by 

m = M + 5logr -l- 2.5log (1 + 2) -I- 42.38 - 51og (H,/lOO). (1) 

Normally m would be plotted versus log (2). Instead, m’ = m - 2.5 log (1 + 2) is 
plotted versus log(r). r is the normalized distance given by T = s/R = In (1 f Z) 
where s is the Euclidean distance and R (E 20 billion light years) is the mean 
interactive radius of the universe. For supernova,e, m’ = m - 5 log (1 + Z) is 
plotted since the apparent ma.gnitude of supernovae is increased by 2.5 log (1 + Z) 
due to time-dilation of the supernovae light curve. In both cases, the plot of m’ 
versus log (rj is theoretically linear with slope 5. 

The theoretical relation between the effective angular radius, 0 (set), the 
effective radius, RE (Iipc), and T for the static universe model is 

H = REl(14.05 T)(H,/lOO). (2) 
407 



RE is assumed consta.nt. This is a critical assumption which is confirmed b) 
obserxations (s-an Dokkum 1998) showin g that high-: lst-rank elliptical galaxies 
have the same velocity dispersions as those at low-~. Therefore: all Ist-rank 
elliptical galaxies must have nearly the same mass and, since size is correlated 
with mass: approximately the same effective radius. Plotting log (0) vs log (r). 
the observations are a good fit to the theoretical slope of -1. ‘This is especially 
true for the distant radio galaxy (Pascarehe 1996) a.t z = 2.39, a distance in the 
static universe model of about 24 billion light years. 

2. New Physics 

Kew physics is proposed based on a waxe system paradigm. Assume the universe 
is a pure wave system with mass density and tension parameters proportional to 
the local intensity of the wa.ve modes. From eigenva.lue theory, the frequency is 
minimized when there is complete constructive interference between the normal 
modes of the system. Then, it is hypothesized that the constructive interference 
pealis are the elementary particles. 

The constructive interference peaks could be estremely large in intensity 
due to the cross-product amplitude terms. However, because there is a split 
in frequency due to the interactions between modes, the cross-product, terms 
become equally positive and negative (electrostatic forces) and cancel at the 
particles. Since this leaves the constructive interference peaks only with the 
squared amplitude terms, the energy of particles is purely gravitational. 

In the wave system, F = -p/c(dl/ds) where p is the linear size of the 
particle, s is the dista.nce between two particles and I is the intensity of a single 
mode. From this force law, r\iewton’s law of gravitation (Andrews 1998) can 
be derived only if the intensity varies as l/s. ‘This result implies that the wave 
modes propagate circularly in a plane. Solving the classical wave equation for 
the radial normal modes, assuming the wave parameters of a single mode are 
proportional to the intensity l/s and the normal modes are harmonic, the normal 
modes are uniquely determined by the Bessel equation of half-order with 1 = 0. 
Surprisingly, these are the normal modes of the universe. 

However, an equally important result is that the total intensity; 1~, at a local 
particle comes primarily from distant particles because the intensity depends 
on l/s, instead of l/s 2. Thus, assuming the universe is static, Euclidean and 
infinite, 

IT x 4r 
J 

O3 s exp (-s/R)& = 4rR2. 
0 

* . 

The exponential in the integral occurs because the intensity of the wave modes is 
reduced by interactions with mass particles in the propagation path. However, 
normal modes which interact cannot maintain the exa.ct intensit,y relation, l/s, 
required of the Bessel equation and, therefore, cannot propa.gate. Then, assum- 
ing two pa.rticles interact via a single wave mode, the exponential determines, in 
effect, the proportion of particles at different distances which interact with local 
particles. As a result, a local particle does not interact with all particles in the 
universe but only with a fixed set of particles. 
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3. Hubble Red-Shift Process for Photons and Mass Particles 

Based on the new physics, the Hubble red-shift is analogous to a photon rising 
in the gravita.tional field of a large ma.ss. To make the analogy esact, substitute 
for the large mass, a fixed set of particles which interact with the photon. Then. 
since the photon is composed of progressive modes propa.gating in the same 
direction, the intensity a.t the phot,on originates from the fixed set of particles 
in the infinite half-sphere behind the mass particle which emitted the photon. 

Given E = PIT/C, a three-dimensional computer simulation of the red-shift 
process shoJvs that the energy decrease is dE = -E(ds/R) where E is the energy 
of a photon. Integrating the equation, 111 (E/E,) = -s/R or E = E, exp (-s/R). 
Then. from the relation f = E/h, the red-shifted frequency is .f = f,, exp (-s/R). 

The mass particle, on the other hand, is a constructive interference of pro- 
gressive modes propaga.tin, (+ in both directions. Consequently, the mass particle 
also interacts wit,11 the progressive modes from the fixed particle set towa.rds 
which t,lie mass particle is moving. Since the energy decrease from t.his set of 
particles is I/Z the photon energy decrease: the tot,al decrease in energy for a. 
mass particle is given by dE = -I.ZE(ds/R). 

This ma.ss particle red-shift is a.pplicable t,o the anomalous accelerations 
toward the sun of the Pioneer spacecraft. To derive the acceleration, set F = 
dE/ds = ma) E = m,c2 and R = c/H,. Then, n = -1.5cH,. For H, = 59 (5) 
km/sec/Mpc (Tammann 1999). a = -S.6 (0.7) x lo-’ cm/sec2. ‘This compares 
with the anomalous accelera.tions of -8.09 (0.20) X lo-’ cm/set” for Pioneer 
10 and -S.56 (0.15) x lo-’ cm/set 2 for Pioneer 11. -4lternatively, H, may be 
determined from the anomalous accelerations of the Pioneer spacecraft. 

4. Time-Dilation Process 

The light curve of supernovae represents a very low frequency modulation of 
the luminosity. Since all frequencies are reduced by the Hubble red-shift, this 
low frequency modulation is, therefore; red-shifted to a lower frequency. This 
increases the period of the supernovae light curve at the observer by the factor 
(1 + z). Then, beca.use the light is sprea.d-out over time (time-dilation), the 
apparent ma.gnitude is increa.sed by 2.5 log (1 + J). 
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Figure 1. Four observational tests of the static universe 
model are shown. The solid line represents the theoretical 
relation for the static universe model and the dashed line 
the relation for the q = 0.5, expanding universe model. 
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Abstract. We present a preliminary mea.surement of the a,ngular clus- 
tering of faint (n 5 25) field galaxies in which we concentrate on the be- 
havior of w(B) on small angular scales (6 6 10”). The galasies are strongly 
clustered and ~(0) is well-characterized by a power law of the form ,4,8-s. 
The best-fitting value of the power law index, S, is, however, steeper than 
the fiducial value of S = 0.8, indicatin g that there are more pairs of 
galaxies separated by Q 2 10" in our sample than would be otherwise 
expected. Using the best-fitting form of d( Q), we estimate that N 10% of 
the galaxies are in physically close pa.irs (separations 2 21h-r kpc). This 
is a factor of order 2 larger than local galaxy samples but comparable to 
galaxy samples with (2) y 0.4. The mean redshift of our galasies is of 
order 0.95, and: therefore; our result suggests tha.t there was little or no 
evolution in the merger rat.e of galaxies between z N 1 and z b 0.4. 

1. Introduction 

The angular clustering of faint R-selected field galaxies has been studied exten- 
sively (e.g., Efstathiou et al. 1991; Roche et al. 1993, 1996; Brainerd, Smail & 
Mould 1995; Hudon St Lilly 1996; Lidman & Peterson 1996; Villumsen, Freudling 
& da Costa. 1996; Woods & Fahlman 1997), and a prime motivation of these stud- 
ies has been to investigate the nature of the faint field population. In particular, 
it is possible to infer the effective correlation length of the sample and the rate 
at which clustering evolves from a combination of the amplitude of the angular 
a.utocorrelation function, w(B), and the redshift distribution of the faint galax- 
ies, N(z). These observations can then be used to link properties of the faint 
field population with samples of local galaxies. While the exact interpretation 
remains controversial, it is generally accepted that overall w(6) is fitted well by a 
power law of the form 8-“.’ (although see Infante .k Pritchet (1995) for evidence ; .’ 

of a. flattening in the power-la,w coefficient at faint limits). , 

Here we investiga.te the clustering of faint galaxies and focus on the beha.vior :,.,,i 

of w(Q) a.t small angular separations. We obtain a clear measurement of ~(0) on 
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scales of 6’ < 10” whereas previous investigations ha,ve been largely limited t,o 
scales of 0 X 20” , -kdditionallp, we use the clustering properties of the gal&ties to 
estimat.e the number of pairs of galaxies that are physically close to each other 
in space (separa,tions of 2 21h-l kpc). 

2. Observations 

The da.ta consist of deep R-band imagin, p of 11 independent fields that were 
obtained in good conditions with t.he Low Resolution Imaging Spectrograph on 
the 10-m Iieck-I telescope. Each of the 6’ x 8’ fields is centered on a high redshift 
quasar with high galactic latitude; however: the presence of the quasar in the 
field is irrelevant to the present investigation (i.e.: the presence of a small group 
of galaxies at the redshift of the quasar will not, influence the results below). 
The galaxy catalogs are complete to R = 25.0 and the apparent magnitudes of 
the galaxies have been corrected for extinction. In order to reduce the stellar 
contamination in the object catalogs, only objects with R > 21 are considered 
in the analysis below. There is; of course, some residual stellar contamination 
of the galaxy catalogs at faint limits and we estimat,e that to be: ~16% (21.0 < 
R < X0), -13% (21.0 5 R < X5), ~11% (21.0 < R < 25.0). The integral 
const,raints vary little from field to field due to the use of the sa,me detector in 
all cases as well as the lack of very large, bright galaxies in the fields. 

3. Analysis and Results 

To compute the angular clusterin, v of the faint galaxies we use the Landy & 
Szalay (1993) estimator: 

DD-2DR+RR 
u(O) = 

RR (1) 

where DD, DR, and RR are the number of unique data-data, data-random, 
and random-random pairs within a given angular separation bin. Regions of the 
frame where faint galaxy detection was either lower than avera.ge or impossible 
(e.g., due to the presence of bright stars and galaxies) were masked out when 
computing DR and RR. Raw correlation functions (uncorrected for stellar con- 
tamination or the integral constraint) were determined for each of the fields, 
from which a mean correlation function was computed. 

The results for the mean raw correlation function are shown in Figure 1, 
where the error bars show the sta.ndard deviation in the mean. From top to 
bott,om, the panels show the results for objects with 21.0 5 R 5 24.0, 21.0 < 
R < 24.5, and 21.0 < R 2 25.0, respectively. Also shown are the formal 
best-fitting power laws of the form K6 (solid lines) and the best-fitting power 
laws of the form Q-o.8 (dashed lines). The power laws in the figure have been 
suppressed by the appropriate integral constraints and no correction for residual 
stellar contamina.tion has been applied. 1 

The number of pairs of galaxies that -we &bse&e to-be separated by b’ N 3” is 
larger than the number predicted by the fiducial:8:“-8~power law (i.e., the power 
law tha,t is typically obtained from measurements that have been performed on 
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Figure 1. Mean correlation functions computed using the 11 inde- 
pendent estima,tes of w(6) that were obtained in each magnitude bin. 

scales of B 2 10”). This is consistent with the results of Carlberg et al. (1994) and 
1nfant.e et al. (1996) who both found w(O) to have a higher amplitude on small 
angular scales (0 2 6”) than a simple inward extrapola.tion of w(O) as measured 
a.t large angular scales. As yet, however, it is unc1ea.r whether the steepening 
of w(O) is due to the esistence of a. population of “companion” galalries (which 
are not seen at the present epoch) or luminosity enhancement (e.g.: due to 
interactions) of intrinsically faint galaxies tlia,t are in pairs. 

In the absence of significant luminosity enhancement, we can estimate the 
number of pairs of galasies that a.re physically close to ea.ch other simply by 
using the following probability: 

s 

6 
P= ‘>xpa exp( -TQa2) da 

D 

(e.g., Burkey et al. 1994), where p is the number density of galaxies brighter 
tha,n the faintest member in a pa.ir of galaxies that is a candidate for close 
physical separation. 0 is the observed angular separation between the galaxies, 
a.ncl ;3 is the smaUest separation observed between all detected galaxies (,/3 N 1" 
in our data). Using Eqn. (-) 7 we compute the number of pairs of galaxies-for 
which P < 0.05 and P < 0.10 in our data. Additionally, we use Monte Carlo 
simulatio& (in which themagnitudes of the galaxies are shuffled a$ random) to 
calculate the number of pairs of galasies that would have P 5 0.05 and P 2 0.10 
simply by chance. The latter step allows the removal of random superposit,ions 
from the estimate of the “true” number of close pairs in the sample. 
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Below Q - 3” there are fewer pairs of galaxies with P < 0.05 and P 5 0.10 
in the actual data than are expected in a. random distribution (i.e., based on the 
hlonte Carlo simulations), indicatin, w tha,t we are undercounting the very closest 
pairs due t,o blending of the images. Using our measured w(Q): however, we can 
correct the faint, pair counts on scales 1” 5 Q < 2” and estimate the fraction of 
galaxies in our sample that, are in truly close physical pairs. 

Based on a simple extrapola,tion of the CFRS redshift distribut.ion, we es- 
pect that the mean redshift of our galaxies is N 0.95 and, hence, if St0 = 1, 
physical pairs of galaxies that are separat,ed by Q 5 5” will be within 21h-1 kpc 
of each other. The best-fitting power law form of w(Q) (corrected for stellar 
contamination and the integral constraint) then yields an estima.te of the pair 
fra.ction at this physical separation of N 10% for P 5 0.10, which a.grees with 
the results obtained by Carlber g et al. (1994) for the fract.ion of galaxy pairs 
with separations 6 19h-l kpc at (2) N 0.4. This suggests, therefore, that lit.tle 
evolution in the merger rate of galasies occurred between z - 1 and z N 0.4. 

4. Future Work 

A significant amount of work remains to be done on this project, including a 
clust,ering analysis of 7 additional independent fields and a more rigorous study 
of the number of pairs of faint galaxies located at close physical separation. 
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Abstract. We present new data on several z = 1.54 radio-loud quasar 
fields from a, sample of 31 at z = 1 - 2 in which we have previously iden- 
tified an excess population of predominantly red galaxies. Narrow-band 
Ho observations detect five candidate galaxies at the quasar redshifts in 
three fields totaling 10.1560', a. surface density ~30 times higher than in 
previous surveys, even targeted ones. SCUB-4 observations of three fields 
detect at least one candidate quasar-associated galaxy. Many galaxies 
with SEDs indicating considerable dust are not detected, but the limits 
are only sufficient to rule out hyperluminous infrared galaxies. Finally, 
quantitative photometric redshifts and SED fits a,re presented for one “J- 
band dropout” galaxy with J-K>2.5 which is confirmed to be very dusty 
(E(B-V)eO.S) and backg round to the quasar at 299.9% confidence. 

1. Introduction 

It is of considerable interest to identify structures of galaxies at z>l to study 
the evolution of both galaxies and galaxy clusters. Radio-loud quasars (RLQs) 
are obvious signposts around which to search for clusters a.t z>l. In Hall & 
Green (1998; hereafter HG98) we presented imaging of 31 RLQs at z=l-2 which 
revealed an excess population of predominantly red galaxies. Most candidate 
excess galaxies’ SEDs are consistent with them being at the quasar redshifts and 

> red due to high age or metal&city, but some are consistent with being heavily 
dust-reddened gal&es: and/or background gala,xies at z>2.5. Here and in Hall 
et al. (1999) we present new observations of these fields and further analyses of 
existing data which strengthen many of our previous conclusions. 
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2. Narrow-band HQ Imaging 

In the past few years, narrow-band surveys have typically yielded a few detec- 
tions per survey of Ha emitters at z > 1 (see Teplitz, McLean S: Malkan 1999). 
Our RLQ fields make promising targets for narrow-band searches for Ho emis- 
sion at the quasar redshifts. We would hope to detect galaxies whose SEDs 
suggest they are dust-reddened and thus possibly actively star-forming and not 
to detect galaxies whose SEDs suggest they are old and dust-free. 

We observed Q 083jt580 Kith IRTF using a. circularly variable filter (CVF), 
Q 2149+212 with CEHT using a special narrow filter, and Q 2345+061 with 
both. There is a > 3a detection in each of t,he three fields and two 30 detections 
in the Q 2343+061 field. Q 0835+580 (Hal) is an unremarkable faint blue 
galaxy with SFRH,=14.if2.5 Ala yr-r. Based on U-band da.ta. for this field, 
we estimate SFR~~~,=5.310.3 iv@ yr-r, in good agreement with SFRN, given 
the various uncertainties (e.g. no correction for dust extinction has been made 
to either value). None of the nine very red galasies within 20” of Q 0835$550 
were detected in Ha, strengt.hening the case for them being red due to age or 
metallicity instea.d of dust (if they are at the qua.sar redshift). 

In the Q 2345+061 field, the candidate Ho emitter seen with IRTF (SFRH, 
= 4.9fO.l Al@ yr-r) is not confirmed with CFHT, but the IRTF CVF is three 
times wider than the CFHT narrow-band filter. If the Ho escess observed with 
IRTF is real, the line must lie outside the CFHT filter. Conversely, the two 
30 detections (SFRH,=~.S&O.~ Ma yr-r) are seen with CFHT but not IRTF. 
Hoever, given the relative widths of the filters, lines of the strength seen in the 
CFHT data could be present but lost in the noise in the IRTF data. 

Five detections over 10.1560 in these three fields (all among our top ten 
cluster candidates) gives a surface density of 0.5’::; arcminm2, ~30 times higher 
than previous shallower surveys, even targeted ones. The deep CFHT Hai images 
show that there are only three quasar-associated galaxies with star formation 
ra.tes of > 2 Ma yr-l within fields -1 Mpc wide centered on Q 2149+212 and 
Q 2345+061. This is a lower limit which neglects extinction and the veloc- 
ity dispersion of the clusters, but it illustrates the potential of deep wide-field 
narrow-band data in studying star formation rates in high redshift clusters. 

3. Sub-millimeter Mapping 

The presence of a number of galaxies wit,h SEDs strongly indicative of substan- 
tial dust reddening in our RLQ fields (see HG98) suggested that they might 
be detectable sub-mm sources. Thus we observed the fields of Q OS35$580, 
Q 1126$101, and Q 2345-t-061 with SCUBA on the JCMT. The reduced jig- 
gle maps were cross-correlated with the beam map and correlation coefficients 
measured; a high value was required to accept any potential source as real. 

‘, . 

Q 2345$061 was det.ected at 2.8a, and Q 1126-t-101 a.t 3.40. Only one other 
source, dubbed Q 1126$101 (SMl), is securely detected, but .the limits on our 
relatively short exposures can only rule out luminosities >lOr? La for galaxies 
at the quasar redshifts. Q 1126tlOl (SMl) has two possible counterparts. The 
closest is a candidate quasar-associated red galaxy with 1; = 19.4, r - K = 5.7, 
z - J = 3.4 and J - I< = 2.7. The next closest has a moderate T - I< and with 
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li = li.i is almost certainly foreground to the quasar. Photometric redshifts 
and spectral types for the objects may help determine which ID is most plausible. 

4. Photometric Redshifts and Spectral Types 

TVe are calculating photometric redshifts and spectral types for objects in z>l 
quasa.r fields with multicolor imaging data. to verify the existence of excess galas- 
ies at the quasar redshifts or beyond, investigate such galasies’ SEDs, and re- 
move secure foreground objects from consideration for future spectroscopy. To 
compute photometric redshifts, a solar metallicity GISSEL model with synthetic 
Kurucz spectra (Bruzual & Charlot 1996) was calculated for ages O-20 Gyr and 
z=O-4 assuming either an instantaneous burst or a. constant SFR and with dust 
added using the Calzetti (1997) extinction law for ten values of E(B-V) from 
0 to 1.6. Fluxes were computed and compared to observat,ions to construct x2 
contour plots in age-z space for each value of E(B-V) for each SFR scenario. 

We present preliminary results on one object. Q 1126+101 (425) was stud- 
ied since it is the brightest “J-dropout” (J-1<>2.5) in its field and it has a very 
red Z-J>2.7. For either a constant SFR or instantaneous burst (the latter being 
shown in Figure l), the lowest x2 is given by E(B--Vj~0.5. With zph=3.Sf0.5, 
the object is ba.ckground to the z=l.54 quasar at >99.9’% confidence for all 
E(B-V)<0.7. For a constant SFR, the very red colors of Q 1126+101 (425) 
require E(B-V)>O.j at any ,Z to remain younger than the universe in any rea- 
sonable cosmology. The required dust is consistent with its J-K color being 
redder than that of HRlO, the prototypical dusty ERO (Extremely Red Ob- 
ject). However, the prediction of HG98 that this particula,r object would be a,t 
the quasar redshift seems to be erroneous. Instead; it appears t,o be a member 
of the other J-band dropout population proposed in HG98, namely galaxies at 
222.5 which have red J-I< colors due to the redshifted 4OOOA break. 

5. Conclusion 

These and other observations (Hall etal. 1999) are good evidence for galaxy 
overdensities around z>l RLQs, and for a population of red galasies at ~22.5. If 
confirmed by spectroscopy with 8-m class telescopes, it may prove worthwhile to 
extend RLQ host cluster searches to z>2 by searching for “J-dropout” galaxies. 
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Figure 1. x2 contour plots for instantaneous burst fits to the SED 
of object Q 1126-t-101 (425). Each panel corresponds to a different 
E(B - V), starting with 0 at top left and increasing downward to 0.6 
at the bottom of the first column and 1.6 a,t the bottom of the second. 
The asterisk shows the point with minimum x2 in each panel. From . 
smallest-to largest, the error contours enclose the 90, 99 and 99.9% 
probability’ r&ions respectively. Note that the contours are drawn for . 
each panel independently relative to the minimum unseduced x2 for 
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Abstract. We report new observations of the spatial distribution and 
multiband colors of the objects in the group or cluster surrounding the 
ra.dio galaxy 53547002 at a = 2.39. New Lyman CY emission candidat,es 
span an area 5.3’ (2.5 Mpc) across, including two spectroscopically con- 
firmed QSOs. The non--4GK members have broadband spectral energy 
distributions most like short bursts of duration less than 800 Myr. Their 
radial distribution is inconsistent with a relaxed King distribution at the 
90% level, implying that this system is not yet virialized and ma.y not 
have fully decoupled from the Hubble flow. 

1. Introduction 

HST imagery by Pascarelle et al. (1996) h s owed 1S candidate Lyman a emitt,ers 
in the field of the radio galaxy 53WOO2. Three are bright AGN, and Keck spec- 
t.roscopy by Armus et al. 1999 shows that some of the fainter ones are apparently 
star-forming objects with narrow Lyman cy. We called them “subgalactic” since 
their emitted-UV ima.ges have effective radii of 0.1” (1 kpc or so) and less. 

We have now added to the data several new aspects: 

1. Wider-field ground-based surveys in intermediate-passband filters, using 
the KPNO 4m Mayall telescope, for additional bright emission objects to 
trace the grouping’s extent. 

2. HST NICMOS images, measuring the spectral shape into the emitted op- 
tical regime and seeking any redder envelopes of the compact star-forming 
objects. ” I ., .: 

.I, 

‘Visiting .4stronomer, Kit Peak Nkoial Observatory, NOAO, operat.ed by AURA, Inc. under 
cooperative agreement with the National Science Foundation 
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3. Sarrow-band imaging in redshifted Ha at the K_4S,4 Infrared Telescope 
Facility, to measure the Lyman u/Ho ratio and look for any similar but 
heavily reddened objects. 

2. Results - Summary 

1. There are 11 more candidate emitters spanning a 5.5’ area (about 2.5 Mpc 
proper length for Hu = SO km s -r Mpc-1 and qu = l/2), including two 
new QSOs a.t z = 2.39 These are shown in Figure 1. 

2. The star-forming objects have broadband spectra much like models of 
young unreddened starbursts (or youn, p constantSFR objects), at a.ges 
less than 200 million years. 

3. Even existing limits on Ha emission from the star-forming members are 
low enough to show that destruction of Lymaa a must be less effective 
than in nearby galaxies 

4. We don’t see any redder halos around these objects. 

5. Three of the -4GN show extensive emission-line structures, consistent with 
anisotropic photoionization (“ionization cones”); and one shows a. very 
extended and complex 50-kpc Lyman cy envelope. 

6. The spatial distribution of candidates is inconsistent with a relaxed King- 
like profile (at the 90% level). 

7. Based on additional fields observed at z = 2.4 and 2.55, this grouping 
represents about a 5s overdensity and such groups have covering factor 
< 0.04 for AZ = 0.15. 

We describe the results on characteristic ages of the stellar populations and 
on the distribution of the groupin, v below. Full details on the spatial distribution 
and newly identified QSOs are in Keel et al. (1999). 

3. Spectral Shapes: Ages of Star-Forming Objects 

We compare the broadband spectra of all the objects in this field at z > 2 to 
various models and templates. The comparisons are: 

Constant star-formation rate, taken from the Bruzual/Charlot (1993) code 
at ages 0.1-0.8 Gyr. These are good fits to the slopes we observe from 1200-5000 
Ak in the emitted frame. 

Aging starbursts, with very short bursts seen in passive evolution thereafter. 
They are too red in the emitted UV to match our da,ta, except for bursts so young 
as to look identical to the constant-SFR case. 

- 

Nearby starbursts, usin, c two nu.clear starbursts (NGC 1614 and 7714) with 
fairly high metallicity and very’different B’almer decrements, from the Kinney 
et al. (1996) spectral atlas. These.include effects of internal dust empirically, 
and are also not nearly as blue as we see for the z > 2 objects. 
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Figure 1. Part of the 4m PFCCD field, an S-hour sta.cked of expo- 
sures in the F413M medium-band filter, showing the known and new 
Lyman cy emission candidates in the 53WOO2 field. Known z values 
and the earlier TVFPCI’ field are marked. This image contains all the . 
new candidates, and is a 5’ x 6’ section from the 14.3’ field observed. 
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In each ca,se, [0 III] would be more prominent in the F160W’ tl1a.n F175W 
bands because of different filt,er widths. Ho may be an issue in the IRTF Kba.nd 
data for some objects; it is knomn to be a 30% contribut,or for the bright ,4GN. 

The conclusion? We’re seeing these objects within a few hundred million 
years of the onset of significant star formation. Near-IR spectroscopy should tell 
just how much or how little pre-existing population there was. The blue color 
and small implied ages fit well with the large Lyman o/Ho ratio required by 
IRTF narrow-band data. Are these only the currently bursting subset of a much 
richer population? 

4. Extende; Lyman cy Emission 

Three of the AGN show extended, elongated structures in line emission. While 
they were detected with WFPC2, the better surface-brightness sensitivity from 
the ground reveals new aspects. They extend to distances as large as 50 kpc in 
one case. Two are well aligned with small-scale features seen in HST imagery, 
while the largest (object 18 of Pascarelle et al. 1996) shows a large asymmet- 
ric spray of gas not obviously related to the inner structure. Photon-counting 
arguments suggest that in at least object 18, anisotropic photoionization is the 
culprit, so that we may speak of ionization cones. 

5. Size and structure of the group 

We measure the radial distribution of the candidate group/cluster members 
using the curve of growth of radius of the smallest circle including N members as 
a function of N, compared to the Monte Carlo behavior of the same sample size 
extra.cted from a King model of known core radius. This frees us from needing 
a priori knowledge of the center (which such sparse sampling doesn’t provide). 
The observed distribution is flatter than a King profile, whether normalized at 
the inner or outer end. Error bounds were evaluated from 10s Monte Carlo 
trials. However we scale them, the data don’t fit at the 90% level. -4t this 
confidence level, the grouping appears not to be viralized (yet?). 
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Abstract. The first generation of submillimeter(submm)-wave surveys 
are being carried out using the &O/850-pm SCUBA camera at the JCMT 
on Mauna Kea. These surveys are potentially sensitive to galaxies at very 
high redshift, and the galasies that have been detected so far appear to 
contribute the greater fra,ction of the mm/submm-wave background radi- 
ation intensity measured by COBE. In order to understa,nd this new pop- 
ulation of galaxies, individual exa.mples must be studied in detail across 
many wavebands; in particular their redshifts must be determined. We 
discuss the potential selection effects at work in submm-wave surveys and 
describe the spectral energy distributions (SEDs) of galaxies selected or 
luminous in the submm wa.veband. We also describe the general proce- 
dure for, and empha.size the difficulty of, identifying optical counterparts 
to submm-selected galasies. Finally, we summarize what. is known about 
the redshifts of these galaxies and the source of their luminosity. 

1. Introduction 

The first submm-wa.ve surveys, designed to detect the redshifted restframe far- 
infrared(IR) radiation from warm dust in distant galaxies (Blain & Longair 
1993), have recently been carried out (Smail, Ivison & Blain 1997; Barger et- al. 
199S, 1999b; Hughes et al. 1998; Blain et al. 1999b, 2000;. Eales et al. 1999). 
These surveys are uniquely sensitive to high-redshift gala-ties,. and have been 
possible since the sensitive SCUBA camera (Holland et al. 1999) was commis- 
sioned at the JCMT in 1997. SCUBA is an imaging and photometric instrument, 
optimized to observe a. 5arcmin 2 field simultaneously in the 43 and SjO-pm 

425 



426 Blain et al. 

atmospheric transmission windows. The images produced have a resolution of 
about 15 arcsec at S50 Lsrn and 7 arcsec a.t 450 /Lm. 

The intensity of mm, submm and far-IR background radiation has been 
measured recent,ly using data from the FIRAS and DIRBE instruments on the 
COBE satellite (Puget et al. 1996; Fixsen et al. 1995: Hauser et al. 199s; Schlegel, 
Finkbeiner SLI Da,vis 1998; Finkbeiner, Davis & Schlegel 1999). The results of the 
first galaxy surveys in the far-IR waveband, carried out using the IS0 satellite, 
have also been reported recently (Kawa.ra et al. 1995; Puget et al. 1999). 

In this paper we review certain aspects of the existing submm-wave sur- 
veys, concentrating on the selection technique a’nd the procedures for following 
up the submm-wave detections in other wavebands. We discuss whether any 
selection effects could act to prevent any types of high-redshift dusty galaxies 
being detected efficiently in submm-wave surveys; and compare all the well 
determined SEDs of submm-selected galasies with those of other dusty galasies 
and active galactic nuclei (AGNs). We discuss the difficulties of identifying the 
galaxy responsible for the detected submm emission, and show an example, the 
SCUBA-selected galaxy SMM J09429t465S (Smail et al. 1999a), in which very 
deep multiwaveband images of the fields around the centroid of the SCUBA 
source were required in order to make progress in the identification. Finally, 
we discuss our current state of knowledge about the redshift distribution of the 
galaxies det,ected in SCUBA surveys, which is crucial for distinguishing between 
different models of galaxy evolution (Blain et al. 1999a,c), about the connections 
between the high-redshift SCUBA sources and the properties of dust in low- 
redshift galaxies, and about whether the SCUBA galaxies are powered by star- 
formation activity or by AGN accretion. Unless otherwise stated we assume an 
Einstein-de Sitter world model with Hubble’s constant Ho = 50 km s-r Mpc-’ . 

2. Submm selection effects: spectral energy distributions (SEDs) 

The reason why a large fraction of the galaxies detected in submm-wave sur- 
veys are at high redshifts is the steep long-wavelength slope of the dust emission 
spectrum, which can be described well by a Rayleigh-Jeans thermal spectrum, 
modified by an emissivity function E,. An emissivity with the form E, o( VP, 
where j3 21 1.5 provides a reasonable fit to the data, and so the submm-wave 
emission spectrum of a dusty galaxy fV cx I/~, where o N 3.5. This st,eep spec- 
trum leads to a strong negative Kcorrection, which at redshifts z > 0.5 can be 
sufficient to overcome the geometric dimming due to the inverse square law, and 
lead to a flat flux density-redshift relation in the submm waveband. The SED 
is also defined by a. dust temperature Td. Low-redshift spiral galaxies generally 
have dust temperatures of about 15-2OK, but there is evidence, from both in- 
dividual high-redshift dusty galaxies and the background radiation spectrum, 
that hotter tempera.tures, Td 2: 4OEi, are typical of the submm-selected galaxy 
population (see Section 4), at least as a luminosity-weighted mean temperature. 

The strong submm-wave I<-correction is illustrated in Fig. 1’. We,show the 
flux density-redshift relation predicted for a dusty galaxy with a fixed bolometric 
luminosity in the restframe far-IR waveband for a variety of dust -temperatures 
Td and dust emissivity indices /3. The SED template used is assumed to have a 
power-law slope fy K K1.7 on the Wien side of the dust emission spectrum in the 
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Figure 1. Flux density-redshift relations for dusty galasies with fixed 
bolometric luminosities at wavelengths of 850 and 175 pm in the submm 
and far-IR wavebands. Left: the emissivity index /3 = 1.5 is fixed and 
the dust temperature Td varies. Right: Td = 38 I< is fixed and p varies. 

mid-IR waveband. This power-law slope takes account of the contribution made 
to the SED at shorter wavelengths by the popula.tions of hotter dust grains in 
the interstellar medium (ISM) of the galaxy, and provide a good representation 
of very deep 15-pm counts of galaxies determined using the IS0 satellite (Altieri 
et al. 1999), see Blain et al. (1999a,c) for more information. 

It is clear from the left-hand panel of Fig. 1 that the dust temperature has 
a significant effect on the detectability of a dusty galaxy with a fixed bolometric 
luminosity, both when observed close to the peak of the SED at 175LLm in 
the far-IR waveband and at 850pm in the submm waveband. Hotter galaxies 
produce less submm-wave flux density per unit bolometric luminosity, and are 
thus less likely to be detected in the submm waveband. This effect is illustrated 
by a comparison of the 850-pm flux densities, dust temperatures and bolometric 
luminosities of APM 08279+5255 (Lewis et al. 1998) and IRAS F10214+4724 
(Lacy et al. 1998). Although the 850-pm flux density of APM 08279f5255 is 
only a factor of 1.5 times greater than that of IRAS F10214+4724, because 
Td > 100 I< in APM 08279-l-5255 but only N 8OK in IRAS F10214+4724, the 
inferred luminosity of APM 08279t5255 exceeds that of IRAS F10214+4724 by 
an order of magnitude. 

It is interesting to note that the dust temperature that best accounts for the 
properties of the faint submm galaxy population (Blain et al. 1999a,c; Trentham 
et al. 1999) is close to 4OIi;, which also seems to be t,ypical of the dust in high- 
redshift quasars and radio galaxies (Benford et al. 1999; Ivison et al. 1998a) and 
in IRA.!? galaxies (Lisenfeld, Isaak & Hills 1999). It is possible therefore’ that 
a.n additional population of high-redshift galaxies could esist with hotter dust I ” . ‘I.’ *.‘.I- 
temperatures,-that are underrepresented in submm-selected samples. Note that . . 
such a popula,tion would probably be too distant to have been detected using .’ ‘. “’ 
the IS0 satellite a.t 175pm. 
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Redshift 

Figure 2. The flux density-redshift relation for a dusty galaxy with 
a, dust t,empera.ture of 38I< and an emissivity index ,!? = 1.5 in three 
different cosmological models. The relative size of the volume element 
a.s a function of redshift is also shown in each model, in a,rbitrary units. 

The effect of varying the emissivity index of the dust spectrum is show~l in 
the right-hand panel of Fig. 1. The value of the index has little effect on the 
detectability of galaxies at a. far-In wavelength of 175-pm, which is close to the 
restframe peak of the SED; however, the effects are more significant at a submm 
wavelength of 850 pm. Low-redshift galaxies would be more likely to be detected 
in a SCUBA survey if the emissivity index p is low. 

3. Submm selection effects: cosmology 

Because submm-wave surveys probe the Universe at z 2 1, the effects of different 
world models on the observability of dusty galaxies could be significa.nt. The 
effects are illustrated in Fig. 2, in which the flux density-redshift relation for a 
dusty galaxy with a fixed template SED and a fixed bolometric luminosity is 
compared in three different world models. The K-correction is less dramatic 
in the two Ru < 1 models as compared with the Einstein-de Sitter model, and 
so in these two models, the intrinsic luminosity of a high-redshift dusty galaxy 
detected at a certain 850-pm flux density will be greater. However, the effect 
of the world model on the interpretation of submm-wave source counts is not 
very significant. This is because the volume element is also larger in the two 
flo < 1 models, and so: in order to avoid overpredicting the measured source 
counts, the evolution of either the space density- or luminosity of the populatfon 
of submm-selected galaxies must besless‘ dramatic in these models. The effects \, 
of an increased luminosity per unit flux~density’.a,nd a less dramatic form of ~ 
evolution will largely counteract each other, and so the general conclusions about 
evolution are unchanged. 
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Mhen accurate counts and redshift distributions are available for submm- 
selected galaxies, and their SEDs are known, it will be possible t,o investigate the 
effects of different cosmological models. However, at present the uncertainties 
due to the SED are grea,ter than those due to the world model. 

4. The SEDs of subrnm galaxies with known redshifts 

In Fig. 3 we compare the observed restframe SEDs of luminous dusty galaxies 
wit.11 known redshifts and two template SEDs derived for use in galaxy evolution 
models. The Guiderdoni et al. (1998) model was compiled from a large sample of 
SEDs of IRASgalafies, and the Blain et al. (1999c) model was derived from the 
counts of IRAS and IS0 galaxies at 60 and 175/lm. Observed SEDs for several 
classes of submm-luminous source are shown: lowredshift IRAS galaxies, for 
which SEDs are a.vaila.ble right across the submm, far- and mid-IR wavebands; 
submm-selected galaxies. of which four have known redshifts; lensed quasars; 
and both optical- and radio-selected high-redshift AGN. The optical-selected 
extremely red object (ERO) HRlO (Dey et al. 1999) is included as a submm- 
selected galaxy, as it would have been identified in the current surveys. 

Both of the model spectra shown in Fi g. 3 appear to provide reasonable 
descriptions of most of the galaxies, and all of the submm-selected ones. The 
exceptions are the sources that are known to be strongly lensed by foreground 
galaxies and some of the high-redshift active galaxies, in which the dust tem- 
perature is considerably higher than 40 IX. However, it is reasonable to have a 
greater mid-IR luminosity from these objects, due both to intense heating by 
a.n BGN and t,o differential magnification across the nucleus of the source. Both 
of these processes would be expected to increase the dust temperature required 
to fit the observed SED (Eisenhardt et al. 1996; Blain 1999a). In general, an 
SED model with Z’d N 4OK and /3 N 1.5 seems to describe the observed SEDs 
of submm-selected dusty galaxies reasonably well. 

il lower value of /3 = 1 wa.s assumed by Eales et al. (1999) to help explain 
the significant fraction of galaxies at z < 1 identified by Lilly et al. (1999) in 
their SCUBA survey of the CFRS fields. Very few galasies are expect,ed to be 
detected at these low redshifts based on models with /3 = 1.5 (Blain et al. 1999c), 
and in deep multiwaveband follow-up observations of fifteen background sources 
in the fields of seven lensing clusters (Smail et al. 1997, 199S, 1999a) none are 
found at z < 1. The most appropria.te value of ,0 will be clarified by further 
observations, which will also reveal whether some of the low-redshift galasies in 
the CFRS fields could be mis-identified. 

4.1. The population of submm-luminous galaxies at low redshifts 

Faint submm-wave surveys are currently only possible in small fields, and so 
probe very high-redshift pencil beams. It is also interesting to investigate the 
abunda.nce. distribution and properties of dust in low-redshift galaxies, which 
reflects the evolutiona.ry processes at work, both star formation and chemical 
evolution; in the IS&J of galaxies throughout their history. Dunne et al. (1999) ‘: -I : I-.,‘, I 
have recently refiorted the results of a survey of typical low-redshift IRAS galax- ” .,:..: 
ies, for which they obtained 45O- and S50-pm submm-wave SCUBA phot,ometry ~; ; .::. .‘. 

to investigate the dust t,emperature and spectral index. Note, however, that 
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Figure 3. The SE,Ds of a range of dusty galaxies with known redshifts 
(points), and two model spectra, that are chosen to accord with IRAS 
and IS0 data (lines). There are four types of galaxies; low-redshift 
IRASgalaxies (I), sub-mm luminous galaxies (S), distant sources lensed 
by a foreground galaxy (L), and high-redshift radio-loud and radio- 
quiet AGN (H). The SED models include a dust emissivity index p _N 
1.5 and a dust temperature Td 21 40K. Only the lensed galaxies and 
quasars, and some of the high-redshift AGN depart significantly from 
the template SEDs in the restframe mid-In waveband. 

at z = 0 the SEDs of even normal spiral galaxies, with dust temperatures as 
low as 20 K, are probed by SCUBA quite a long way down the Rayleigh-Jeans 
slope of the dust SED, and that their bolometric luminosity is constrained by 
the 60-pm IRAS data. The results will be interesting, but should have no dra- 
ma.tic consequences for the interpretation of the high-redshift SCUBA surveys, 
in which the detected galaxies are both observed at significantly shorter rest- 
frame wavelengths, closer to the peak of their restframe SED, and are much 
more luminous. 

5. The identification of optical counterparts 
\T, _ ,_. I l.“’ _ ---- . : - 

Unusually, because of the flat flux density~redshift;celation illustrated in Fig. 1, .~- 
a measurement of the submm-wave flux derisitykf a distant galaxy can be trans- ~. 
lated into a luminosity directly, independent.of redshift, subject to an uncertain 
value of the dust temperature and emissivity index. However, a crucial step in 
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.understanding the nature of submm-selected galasies is still the determination 
of their redshifts, individually and as a population. A problem arises because 
the SCUBA beam is 15 arcsec in size at %O~rn, and so there could easily be 
more than 5 plausible faint optical counterparts within 3arcsec of the centroid 
of a SCUBA detection in images as deep, as the Hubble Deep Field (HDF) see 
Hughes et al. (1998) and Downes et al. (1999). Identifying the correct optical 
counterpart will in general be very difficult, especially as u priori submm-selected 
galasies would be expected to have large internal extinctions and thus to be op- 
tically faint: see for example the source SMIIM J14009+0252 (Ivison et al. 1999) 
and the brightest source in the SCUBA4 map of the HDF (Downes et al. 1999), 
which currently have no plausible optical counterparts. 

Sensitive radio observations are very useful for improving the chances of 
making a correct association, as the masimum resolution of the VL.4 at 1.4 GHz 
is about 1 arcsec. Any submm-selected galaxy should be detectable in a suffi- 
ciently deep radio image, based on the the observed low-redshift radio-far-IR 
correlation (Condon 1992), which links the synchrotron radio emission from su- 
pernova remnants and the submm-wave dust emission powered by young high- 
mass stars. The consequences for locatin g submm sources and estimating their 
redshifts are discussed by Carilli 3.~ Yun (1999), Blain (1999b) and Car% et al. 
(1999). This technique has been applied to a submm-selected sample by Smail 
et al. (1999b) and to a radio-selected, Ii--band faint sample by Barger, Cowie 
si Richards (1999a). Note, however, that extremely deep radio observations are 
required in order to detect the current population of submm-selected sources. 
Only seven of Smail et al’s fifteen SCUBX galaxies have 1.4-GHz detections, 
the rest only upper limits (Smail et al. 1999b). 

Plausible optical counterparts can be identified by overlaying the submm 
image with as many deep radio, near-IR and optical images as are available. 
Optical or near-IR spectroscopic redshifts are then required for the candidates. 
With such intrinsically faint sources, this is in general difficult, even using the 
largest telescopes (Ivison et al. 1998b; Barger et al. 1999c). The likelihood of 
an association being correct can be assessed based on photometric or positional 
arguments (Hughes et al. 1998; Smail et al. 1998); however, the final confirma- 
tion of the correct identification comes from the detection of molecular gas in 
interferometric mm-wave observations (Frayer et al. 1998, 1999). At 90-GHz 
the OVRO Millimeter Array has a resolution of several arcsec, a few times finer 
than SCUBA, and a bandwidth of 1 GHz. Hence, if the redshift of a plausible 
counterpart is known to better than l%, ideally from near-IR spectroscopy of 
low-excitation lines, then the array can be tuned to the frequency of an appro- 
priate CO rotation line at that redshift. If the line is detected at the position 
of the optical counterpart. then the presence of a large mass of molecular gas 
coincident in position and redshift ties together the optical and submm emission 
and confirms the identification. 

In only two cases has this procedure been completed, for SMM JO2399-0136 
(Ivison et al. 1998b; Frayer et al. 1998) at z = 2.8 and SMM J14011+0252 (Ivison 
et al. 1999; Frayer et al. 1999) at z = 2.6. Another source, SAM JO2399-0134: 
has a very good candidate at z = 1.06 (Barger et al. 1999c), with a blue ring 
galaxy morphology, distorted by the magnification of the cluster Xbell 370, and 
a coincident 15-pm IS0 detection (Soucail et al. 1999j. 
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Figure 4. A multiwaveband view of the field of the submm galaxy 
SMM J09429+4658 (Smail et al. 1999a). The three larger images are 
30 arcsec on a side and are centred 011 the position of the centroid of 
the 85O-pm detection. From left to right: An HST difference image 
showing the dust lane in the spiral galaxy Hl; SCUBA SjO-/lm submm 
emission (black contours; 3, 6 and 9p) overlaid on a Hale 3-m Gunn- 
T image; VLX 1.4GHz radio emission (black contours) overlaid on a 
deep Keck-II I-band image; and a UKIRT I<-band image. The relative 
radio and optical astrometry is accurate to less than O.iarcsec. 

With fluxes at or below the faintest detectable levels of radio and optical 
flux density, many of the counterparts of SCUBA sources necessarily remain 
enigmatic. The typical achromatic magnification by a factor of 2.5 experienced 
by background sources in the fields of rich clusters, and the associated expansion 
of the background sky by the same factor, has proved to be a great advantage 
for making follow-up observations. 

5.1. SMMJ09429+4658: a case study 

The SCUBA source SMM JO9429t4658, for which an array of high-quality data 
is available, has proved to be a very interestin g case study in making identifi- 
cations of submm sources. In Fig.4 we show all the excellent multiwaveband 
data that has been compiled for this galaxy in the field of the s = 0.41 cluster 
Cl 0939$4713/A851. A partial two-colour HST image, a Hale n-band image, a 
very deep 1.4GHz VLA map, a deep Keck-II I-band image and a UKIRT Ii- 
band image are available (Smail et al. 1999a). These images are extremely deep: 
after correcting for lens magnification, the 10 sensitivities are 3.6 $y beam-’ at 
1.4GHz and I = 27. 

In the initial search for optical counterparts to the SCUBA gala.xies (Smail 
et al. 1998), the dusty spiral galaxy Hl at z = 0.33 in the foreground of the clus- 
ter was identified as a possible counterpart, despite being 7arcsec away from 
the SCUBA centroid and having no strong optical line emission (Barges et al. 
1999c). When a deep 1.4GHz VLA radio map was obtained, two radio sources 
were found within the SCUBX positional uncertainty: Hl (57~1Jy) and a new 
source H5 (36pJy), which has no optical counterpart but is aligned exactly with 
the SCUB-4 centroid. If Hl is the true counterpart, then unless its dust tem- 
perature is less than about 13Ii, it lies well below the far-IR-radio correlation 
at J = 0.33; however, if H5 is -the true counterpart, then its radio-submm flux 
ratio is typical of a 40-K dusty galaxy at s 2 3.5 (Blain 1999b; Smail et al. 
1999s). Unfortunately H5: lies off the edge of the HST image. and it has no 
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optical counterpart in a very deep Keck-II I-band image. Only the acquisition 
of a deep SKIRT Ii-band image revealed a source at the H5 position. Iieck 
NIRSPEC spectroscopy and, if a spectroscopic redshift is obtained, mm-wave 
observations of redshifted CO emission from H5 will hopefully confirm the iden- 
tification over the 1999-2000 winter. The follow-up observations of this galaxy 
illustrate the importance of obtaining very deep multiwaveband data in order 
to identify SCUBA gala,xies, especially radio and near-In images. 

6. The redshift distribution of submm-selected galaxies 

The determination of the redshift distribution of submm-selected gala,xies is 
crucial in order to constrain models of galaxy evolution (Blain et al. 1999c). 
There is considerable degeneracy between different models of the population 
of distant dusty galasies that can all account for both the observed spectrum 
of mm: submm and far-IR background radiation and for the 430- and 85O-Llm 
counts of gala,xies. The degeneracy can be broken most easily and definitively by 
determining the redshift distribution of the submm galasies. Several different 
approaches have so far been taken to try and tackle this difficult problem. 

Smail et al. (1998) made plausible identifications of optical sources in deep 
HST and ground-based images of the fields of submm-selected gala,xies behind 
seven rich clusters of gslalcies. The lack of V-band dropout sources indicated 
that 80% of the proposed counterparts were probably at z < 5. Using Iieck-II 
spectroscopy of this incomplete sample, Barger et al. (1999c) found a median 
redshift s; N 1.7 for these counterparts. However, as illustrated by the detection 
of two EROS in the fields (Smail et al. 1999a), which were unknown at the time, 
this is likely to be a lower limit, as correct counterparts are more likely to be 
missing from the sample at higher redshifts. 2 2 2.5-3.0 is indicated by a Carilli 
si Yun analysis of the radio-submm flux density ratios of the SCUBA galasies 
derived from very deep VLA images of the fields (Smail et al. 1999b). 

Hughes et al. (1998) identified plausible faint optical counterparts to the 
brightest sources in the SCUBA HDF image, and deduced from photometric 
arguments that the redshifts of the sources were in the range 2 < J < 4. Work- 
ing from a deep 1.4-GHz VL+4 image, Richards (1999) suggested a systematic 
offset of the SCUBA astrometry, and a lower typical redshift. A subsequent 
high-resolution mm-continuum map of this source made using the IRAM inter- 
ferometer (Downes et al. 1999) has provided a more accurate position, ruling 
out both of the counterparts su ggested by Hughes and Richards, but suggesting 
that the source is gravitationally lensed by an elliptical galaxy. A very high red- 
shift is potentially indicated for this source by the lack of a detectable optical 
counterpart in the HDF at this exact position. 

Using a variety of optical, mid-IR and radio data, Lilly et al. (1999) inves- 
tigated the SCUBA sources detected in the CFRS fields (Eales et al. 1999), and 
found a significant fraction (21 30%) of plausible counterparts at z < 1. This is 
a lower redshift distribution than reported in other surveys. Misidentification of 
some of these z < 1 galasies remains a possibility; further follow-up observations 
should resolve this apparent discrepancy. 

Recently, Barger et al. (1999a) made SCUBA maps of the areas around 
the 1.4-GHz radio sources as faint as 101.1Jy in the HDF flanking fields with 
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,110 near-IR counterparts down to 1i = 20.5. Bv using Carilli & Yun’s radio- 
submm redshift estimator they derived redshifts in the range 1 < z < 3 for all 
six of.the galasies they detected usin, u SCUBA. When the area of the submm 
maps and the number of detections are compared, it seems likely that there 
is a significant overlap between this population of near-IR-blank faint radio 
sources and the bright (> SmJy) SCUBA galaties. However, this radio-near-In 
selection technique will tend to bias the sample as compared with a submm- 
selected sample, by enhancing the fraction of radio-loud objects and AGX. 

At present, there are only two submm-selected galaxies with certain red- 
shifts, SMSI JO2399-0136 and SMM J14011+0252 at redshifts z = 2.5 and 2.6 
respectively. This information alone suggests that the submn-selected popula- 
tion as a, whole is probably at a significant redshift. Other techniques based on 
statistical arguments, tend to support the idea that 2 5 z 5 4 for the SCUBA 
galasies? and that there is probably a tail of sources at higher redshifts. 

7. The power source of submm-selected galaxies 

It is clear from the observed SEDs of submm-selected gala,xies that thermal emis- 
sion from warm dust grains is bein, v detected. However, it is an open question 
whether the power source heating the grains is the radiation from young stars 
or from the accretion disk of an AGX. The form of the broad-band submm and 
far-IR SED provides no information about this question. However, at shorter 
mid-IR wavelengths the slope of the continuum SED may tend to be harcler in 
sources which are heated by AGfi, for example compare the different slopes of 
Arp 220 and Mrk 231 in Fig. 3. Also, the properties of PAH spectral features 
observed in nearby I&!ASgala,xies by the IS0 satellite (Lutz et al. 1999), can pro- 
vide an indication of the power source, because the large molecules that produce 
them should not survive in the hard UV continuum radiation field expected in 
the core of an AGX. Lutz et al. (1999) conclude that 70% of the far-In radiation 
from these galaxies appears to be powered by star formation. 

At present; direct observations of high-redshift submm-selected gala,xies and 
of the X-ray background tend to support the continuation of this relative con- 
tribution out to high redshifts. One of the two best-studied SCUBA-selected 
gala,xies (SMM.J02399-0136; Ivison et al. 1998) h s ows clear signs of AGN ac- 
tivity, but the other (SIQM J14011+0252; Ivison et al. 1999) does not. Barger 
et al. (1999c) see evidence for high-excitation optical line emission, typical of 
AGN activity, in about 20% of their relatively shallow Iieck spectra of plausible 
optical counterparts to submm-selected gala>xies (Smail et al. 1998). Note: how- 
ever? that these are the easiest optical emission lines to detect, and so the XGX 
fraction in a complete sample may differ. A fraction of the optical counterparts 
targeted using the Keck will also certainly have been misidentified, leaving the 
true optical counterparts to the SCUBA gala,xies unobserved. Almaini; Lawrence 
8,~ Boyle (1999) show that it is most plausible to explain the relative intensity 
of hard-,and soft S-ray background radiation by a population of high-redshift 
dust-enshrouded XGN, which can account for lo-20% of the SCUBA4 sources. 

It is not; yet definite. but it seems likely that the majority of the emission 
making up the far-IR background and the counts of submm galasies is powered 
by young high-mass stars, with a less significant contribution from *1GN. 
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8. Conclusions 

1. .A significant population of high-redshift galaxies with powerful dust emis- 
sion has been discovered since the commissioning of SCUBA, the first 
submm-wave bolometer array camera. 

2. The surface density of these galaxies is such that a significant fraction 
of the diffuse extragalactic background radiation detected by the COBE 
satellite has already been resolved into discrete sources. 

3. The SEDs of the SCUBA galasies and other submm-luminous distant 
galasies are generally consistent with a dust temperature 7?d 21 4OK. 

4. If there is a population of hotter submm-luminous sources, then these 
galaxies are less likely to be detected by SCUBA. At present there is little 
evidence that there is a significant population of such sources. 

5. It is difficult and time consuming to identify and detect the current pop- 
ulation of submm-selected gala*xies in other wavebands. Only two such 
Dal&es have so far been identified beyond reasonable doubt. b 

6. It seems likely at present that star-formation activity dominates AGS 
accretion as a power source for submm-selected gala2xies in the approximate 
proportion 2 or 3:1. The -4GN-powered subset will hopefully soon be 
detected in high-resolution Chandru and XMM X-ray observations. 
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Abstract. We present the results of the five mid-infrared 15 lsm (12- 
1s pm LW3 band) ISOCAM Guaranteed Time Estragalactic Surveys per- 
formed in the regions of the Lockman Hole and Marano Field. The 
roughly 1000 sources detected, 614 of which have a flux above the SO rO 
completeness limit , guarantee a very high statistical significance for the 
integral and differential source counts from 0.1 m.Jy up to -5 mJy. By 
adding the ISOCXM surveys of the HDF-Vorth and South (plus flank- 
ing fields) and the lensing cluster -42390 at low fluxes and IR-1S at high 
fluxes: we cover four decades in flus from 50 I.I.J~ to -0.3 Jy. The slope 
of the differential counts is very steep (a=-3.0) in the flus range O.i- 

4 mJy, hence much above the Euclidean expectation (no expansion: no 
curvature) of o=-2.5. When compared with no-evolution models based 
on IR.-4SS our counts show a factor Q 10 excess at 400~1Jy, and a fast 
convergence, with a=-1.6, at lower fluxes. 
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They prolongate the IRAS image of the infrared universe four or- 
ders of magnitude fainter in the mid-IR. Being limited to redshifts below 

. 2~1.6 due to ,&correction, the following results may not seem to reveal 
the nature of the ‘high redshift universe’ highlighted during this confer- 
ence. However, we wish to demonstrate that they reveal a fundamental 
constituent in the understanding of galaxy evolution, namely the dust: 
which affects not only a few local ultra-luminous gala.xies but probably 
most of the nast star formation. The following text originates from Elbaz 
et al. (1999), except for the discussion of the nature of the 15 /Lrn g 

1. Introduction 

Deep galaxy counts as a function of magnitude, or flux density, should, 

Jasies. 

n prin- 
ciple, give a constraint on the geometry of the universe (a,, A,). In fact, 
their departure from the Euclidean expectation (no expansion, no’ curvature) 
is dominated by the e-correction (intrinsic evolution of the galasies) and by 
the k-correction (redshift dependence). The understanding of galaxy evolution 
therefore is a key problem for cosmology. Number counts present the advantage 
of setting strong constraints on galaxy evolution models, without suffering from 
the peculiar behavior of each individual galaxy. In the local universe, galasies 
radiate mainly in the optical-IX energy range (Soifer & Neugebauer 1991). If 
this remained true over the whole history of the universe, then one could follow 
the comoving star formation rate of the universe as a function of redshift by 
measuring the optical-UV light radiated by gala<xies (Lilly et al. 1996: Madau 
et al. 1996). 

This scenario changed considerably after the detection of a substantial dif- 
fuse cosmic infrared background (CIRB) in the 0.1 - 1 mm range from the 
COBE-FIRAS data (Puget et al. 1996, Guiderdoni et al. 1997: Hauser et al. 
199S, Fixsen etal. 199S, Lagache et al. 1999) and at 140 - 240 pm from the 
COBE-DIRBE data (Hauser et al. 199S, Lagache et al. 1999). Surprisingly the 
mid-IR/sub-mm extragalactic background light is at least as large as that of the 
T-TV/optical/near-IR background (Dmek et al. 199S, Lagache et al. 1399); which 
implies a stronger contribution of obscured star formation at redshifts larger 
than those sampled by IR4S (limited to z<O.2). In order to understand the 
exact origin of this diffuse emission and its implications for galaxy evolution, it 
needs to be resolved into its individual galaxies which requires direct observa- 
tions in the In/sub-mm range [since correcting for dust extinction is a complex 
and non secure way). 

Since dust emission starts to dominate the spectral energy distribution 
(SED) of most galasies around 6klrn; the galasies responsible for the CIRB 
must also appear in the mid-IR (i.e. 5-2Opm for ISOC=1M) as long as their 
redshift is smaller than ZN 1.6. This is particularly true for luminous infrared 
gala.xies (LIGs): which eshibit a bolometric luminosity greater than 101r L,,,. 
mostly radiated in the infrared.doinain. While the detection of such galasies 
was limited to the closeby universe with IR-4S (~<0.2, Sanders si Mirabel 1996) 
because of its sensitivity, ISOC,1M (Cesarsky et al. 1X)6), the camera on-board 
IS0 (Kessler et nl. 1996), with a thousand times better sensitivity and sisti 
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times better spatial resolution, provides for the first time the opportunity to 
perform cosmologically meaningful surveys limited only by the disappearance of 
dust emission due to ,&correction above z-1.6, instead of sensitivity. Deep sur- 
veys have been carried out on small fields containing sources well known at other 
wavelengths: the HDF North (Serjeant et al. 1997, Aussel et al. 1999, Desert 
et al. 1999) and the CFRS 1452-l-52 (Fbres et al. 1999). This has yielded a 
small but meaningful sample of sources (83 gala-ties) with a positional accuracy 
better than 6”, sufficient for most multiwavelength studies. Optical counter- 
parts are easily identifiable for these sources, precisely because their masimum 
redshift is limited by the &correction to z-1.6, and that they appeared to be 
iIltrinSiCatiy bright (Lb01 N few 10rl Lo) and massive (M N 1Orr Mq, estimated 
from their optical and near-IR magnitudes) gala,xies (Mussel et nl. 1999a,b, Flo- 
res et al. 1999). Flares et al. (1999) estimate, from their sample of 41 sources, 
that accounting for the IR light from star forming galasies may lead to a global 
star formation rate which is 2 to 3 times larger than assessed from TJV light 
only. 

To obtain reliable source count diagrams, better statistics and a wider range 
of flus densities are required. For this reason; we have performed several cos- 
mological surveys with ISOC_AX, ranging from large area-shallow surveys to 
small area-ultra deep surveys. These surveys were obtained in the two main 
broad-band filters LTV2 (5-8.5~“) and LVV3 (12-15h~m), centered at 6.75hm 
and 15 pm respectively. This paper only presents the source counts at l5pm, 
because the sample of galaxies detected in the 6.75pm band is strongly con- 

taminated by Galactic stars, whose secure identification requires ground-based 
follow-up observations. Including the surveys over the two Hubble deep fields, 
almost 1000 sources 14th flus densities ranging from O.lmJy to 10mJy were 
detected, allowing us to establish detailed source count diagrams. 

We will not discuss the modeling of these source counts, since the strong 
evolution they revealed can hardly be reproduced by published models. However, 
we will discuss their compatibility with those obtained in the far-infrared with 
ISOPHOT, at 175q1, a,nd in the sub-millimeter with SCUBA, at 550pm. In a 

second paper, published in these proceedings, we discuss these results in terms 
of extragalactic background light. 

2. Description of the Surveys 

The five ISOCAM Guaranteed Time Extragalactic Surveys (Cesarsky & Elbaz 
1996) are complementary. They- were carried out in both the northern (Lockman 
Hole) and southern (Marano Field) hemispheres, in order to be less biased by 
large-scale structures. These two fields were selected for their low zodiacal and 
cirrus emission and because they had been studied at other wavelengths, in 
particular in the X-ray- band. which is an indicator of the AGN activity of the 
galasies. Their features are summarized in the Table 1 below. 

Only one of the *Marano maps was scanned at the exact position of the 
original Marano Field (Slarano, Zamorani, Zitelli 1953)? while the ‘Marano FIR- 
BACK’ (NFB) D p ee and Ultra-Deep were positioned at the site of lowest galac- 
tic cirrus emission. because they were combined with the FIRBACK ISOPHOT 
survey at li5Llrn (Puget et al. 1999. Dole et al. 1099). Since the importance 



Table 1. 13 LLm ISOCllbI deep surveys. 
Survey N obj Area Ssos tint # gal Slope 
,Narne 

(1) 
(2) (;l;;?) (rrlJy) (min) 

(4) (5) (6) (7) 
Lockman Shallow(“) 3 1944 1 3 80 -2.1 iO.2 
Lockman Deepcal 6 510 0.6 11 70 -2.4 i 0.3 
MFB Deepca) 18 710 0.4 15.4 144 -2.4 i 0.2 
Slarano UD(“) 7.5 70 0.2 114 82 -1.5 5 0.1 
MFB UD(“) 75 90 0.2 114 100 -1.5 * 0.2 
HDF Northcb) 64 2i 0.1 135 44 -1.6 i 0.2 
HDF South(“) 64 28 0.1 168 63 -1.4 * 0.1 
A2390(“) 100 5.3 0.05 432 31 -1.2 i 0.6 

Comments: Cal.(l) Survey name with reference: (a) in preparation, (b) .4ussel et (11. (1999) 
(c) Altieri et al. (1999); Cal.(d) ‘) maximum number of pointings on the same sky position 
(redundancy); Co1.(3) the total area coveret in square arcminutes; CoL(4) the flux at which 
the survey is at least 80% complete; CO].(~) the correspondin g integration time per sky position 
(in minutes); Co1.(6) the number of galaxies whose flux is over the 80% completeness threshold; 
Co1.(7) the slope of the fit to the integral log iv -log S. A2390 completeness limit includes the 
corrections for lensing magnification. 

of the Galactic cirrus emission in hamperin, - source detection is much larger 
at li’5pm than at 15 pm, the quality of the two 15pn1 ultra deep surveys in 
the Marano Field area is equivalent. In addition, very deep surveys were taken 
with ISOCA4M over the areas of the HDF Xorth (Serjeant et al. 199i) and 
HDF South. In this paper. we include the HDF Xorth results from Aussel et al. 
(1999), and show for the first time ISOCAM counts on the HDF South field. 

3. Data Reduction and Simulations 

The transient behavior of the cosmic ray induced glitches, which makes some of 
them mimic real sources, is the main limitation of ISOCAM surveys. We have 
developed two pipelines for the analysis of ISOCAQvl surveys in order to obtain 
two independent source lists per survey and improve the quality of the analy- 
sis. PRETI (Pattern REcognition Technique for ISOCAM data.), developed by 
Star& et al. (1999), is able to find and remove glitches using multi-resolution 
wavelet transforms. It includes also Monte Carlo simulations to quantify the 
false detection rate, to calibrate the photometry and to estimate the complete- 
ness. The ‘Triple Beam-Switch’ (TBS) technique, developed by Desert et al. 
(Lggg), treats micro-scanning or mosaic images as if they resulted from beam- 
switching observations. All the surveys have been independently analyzed using 
both techniques and the source lists were cross-checked to attribute quality co- 
efficients to the sources. PRETI and TBS agree at the 20 7% level in photometry 
(corresponding to the photometric accuracy of both techniclues), with an ast.ro- ‘~ 
metric accuracjr smaller than the pixel size (due to the redundancy). PRETI 
allowed us to attain fainter levels in deep surveys, whereas in the shallow sur- 
veys, where the redundancy is not very high, a very strict criterion of multiple 
detections had to be applied. Finally, we have made Monte Carlo simulations by 
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Figure 1. Integral counts: i.e. the number of galasies, N, detected at 
15 pm above the flux S(mJy), with 6s ‘A confidence contours. Ii counts 
(Gardner et al. 1993) and B counts (Metcalfe et al. 1995),multipIied 
by the ratio v/u15 to represent the relative energy densities at high 
fluxes, are overplotted with open circles and filled squares , respectively. 
The hatched area materializes the range of possible expectations from 
models assuming no evolution and normalized to the IRAS 12 pm local 
luminosity function (LLF). The upper limit was calculated on the basis 
of the LLF of Rush, Malkan & SpinogLio (1993): as Su et al. (1998) 
and shifted from 12 to 13k~m with the template SED of MS2; the lower 
limit uses the LLF of Fang et al. (199s) and the template SED of N51. 

taking into account completeness and photometric accuracy to correct for the 
Eddington bias and to compute error bars in the number count plots. 

4. The ISOCAM 15 pm source counts 

Figures 1 and 2 show respectively the integral and the differential number counts 
obtained in the fisre independent guaranteed time surveys conducted in the ISO- 
CAZI 15~lm band: as well as the HDF surveys. ‘The contribution of stars to 
the 15pm counts was corrected. It is negligible at fluxes below the m.Jy level 
as confirmed by the spectra-photometric identifications in the ISOHDF-Xorth 
(1 star out of 4.4 sources), South (3 stars over 71 sources), and CFRS 1415+52 
(1 star over 41 sources ranging from -0.3 nlJy to -0.S mJy). In the Lockman 
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Figure 2. Differential Number Counts of 15b~rn Galaxies: with 6Sx 
error bars. The counts are normalized to a Euclidean distribution of 
non-evolving sources, which would have a slope of cr=-2.5 in such a 
universe. Data points: A.2390 (open stars), ISOHDF-North (open cir- 
cles): ISOHDF-South (filled circles), Marano FIRB,1CK (MFB) Ultra- 
Deep (open squares), Marano Ultra-Deep (crosses), MFB Deep (stars), 
Lo&man Deep (open triangles), Lockman Shallow (filled triangles). 
The hatched area materializes the range of possible expectations from 
models assuming no evolution (see Fig. 1 j . 

Shallow Survey (S1sP,, > 1 mJy), about 12 % of the sources were classified as 
stars from their optical-mid IR colors (using the Rayleigh-Jeans law). 

We have also represented the counts from t,he ISOHDF-Xorth (from Mussel 
et al. 1999): ISOHDF-South. and, at the lowest fluxes, the counts obtained from 
the A2390 cluster lens (down to 50 /IJ~, corrected for the lensing effect; Xltieri 
et al. 1999: see also hIetcalfe et 01. 1999). We have only included the flux bins 
where the surveys are at least SO % complete, according to the simulations. 

The first striking result of these complementary source counts is the con- 

sistency of the eight 15pnl surveys over the full ,flus range. Some scatter is 
nevertheless apparent; b o.iven the small size of the fields surveyed, we attribute 
some of it to clustering effects. 

The two main features of the observed counts are a significant,ly super- 
euclidean slope (Q=-3.0) from 3 to 0.4 mJy and a fast convergence at flus clen- 
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sities fainter than 0.4 mJy. In particular. the combination of five independent 
surveys in the flus range go-MO /lJy shows a turnover of the normalized difl’eren- 
tisl counts around 400 p,Jy and a decrease by a factor -3 at 100 /r.Jy. We believe 
that this decrease. or the flattening of the integral counts below 400/rJy, is 
real. It cannot be due to incompleteness, since this has been estimated from the 
Monte-Carlo simulations (see Section 3.). The differential counts can be fitted 
by two power laws by splitting the flux asis in two regions around 0.4 mJy. In 
units of mJy-’ degm2, we obtain, by taking into account the error bars: 

w= (2000% 600) S(-1."*o.2) . . . 0.1 5 S 5 0.4 

dS (1) 
(4705 30) s(-3.OrtO.l) . . . 0.4 5 s 5 4 

In the integral plot (Fig. I), the curves are plotted with G8 % confidence contours 
based on our simulation analysis. The total number density of sources detected 
by ISOCASI at 13~~rn is (4.2 f 1.1) arcmin -2 down to 60 ;lJy (accounting for 
lensing) or (3.35 * 0.3) arcmin -2 down to 100/1Jy> using only direct flux density 
measurements. 

5. Discussion of the number counts 

We have presented the 15pm differential and integral counts drawn by several 
complementary ISOCAM deep surveys, with a significant statistical sampling 
(993 gala-ties, 611 of which have a flux above the 80 % completeness limit) over 
two decades in flus from 50 pJy up to 5 mJy. The differential counts (Fig. 2): 
which are normalized to SA2.‘; the expected differential counts in a non espand- 
ing Euclidean universe with sources that shine with constant luminosity, present 
a turnover around S15krm- -0.40 mJy, above which the slope is very steep (ox- 
3.0f0.1). NO evolution predictions were derived assuming a pure k-correction 
in a flat universe (qo=0.5), including the effect of Unidentified Infrared Band 
emission in the galaxy spectra. In the Figures, the lower curve is based on the 
Fang et al. (1998) IRXS 12pm local luminosity function (LLF), using the spec- 
tral template of a quiescent spiral galaxy (M51). The upper curve is based on 
the Rush, Balkan and Spinoglio (1993) IRAS-12 /lrn LLF, translated to 15 ~~11~ 
using as template the M82 spectrum. We consider that, in the absence of a well 
established LLF at 15pm, these two models can be considered as upper and 
lower bounds to the actual no-evolution expectations; note that the correspond- 
ing slope is w-2. The actual number counts are well above these predictions: in 
the 0.3mJy to 0.6mJy range, the excess is around a factor 10: clearly, strong 
evolution is required to explain this result. 

In Fig. 1, we have overplotted the integral counts in the K (from Gardner 
et al. 1993) and B (Metcalfe et al. 1995) bands, in terms of VA’,. For bright 
sources, with densities lower than 10 deg- 2,these curves run parallel to an in- 
terpolation between the ISOC_AM counts presented here and the IR-4S counts: 
the bright K sources emit about ten times more energy in this band than a 
comparable number of bright ISOCXM sources at 15llm. But the ISOCAM in- 
tegral counts present a rapid change of slope around l-2 mJy, and their numbers 
rise much faster than those of the I< and B sources. The sources detected bv 



444 Elhaz et al. 

4 I I I A 
1 / l all HDF+FF I 4 

E [@>O.l mJy at 15 pm1 ’ l . . : 4 ~ 

OF 

0.0 

. 
, , i 

0.5 1.0 1.5 
redshift 

Figure 3. I(Kron-Cousins)-(H+K) color (from Cowie et al. 1999) 

versus redshift for field galasies (dots) and gala,xies detected above 0.1 
m.Jy at 1~ ALrn by ISOCAM (dots surrounded by circles), in the Hubble 
Deep Field North plus its Flanking Fields. Plain line: linear fit to the 
colors of ISOC.A&I galasies. Dashed line: fit for all gala,xies. 

ISOC-UI are a sub-class of the I\: and B sources which harbor activity hidden 
by dust. and their proportion is higher among the faint sources. 

6. Discussion of the nature of the 15pm galaxies 

JVe believe, according to the results obtained on the HDF and CFRS fields 
(-4ussel et al. 1999; Flores et al. 1999), that the sources responsible for the 
‘bump’ in the 13lsm counts are not the faint blue gala>xies which dominate the 
optical counts and have a median redshift around ~~0.6 (Pozzetti et 0.1. 1998). 
Indeed. as shown in the Fig. 3. the gala,xies from the HDF-X plus Flanking 
Fields whose 15 pm flus density is greater than 0.1 mJy (sensitivity limit of 
ISOCAM) harbour a Ic:-(H+I<) color distribution very similar to that of the 
whole sample of gala,ties for which we have access to both the Ic-(H+I<) colors 
and spectroscopic redshifts (from Cowie et ai. 1939, where the index C is for 
Kron-Cousins ). Aussel et al. (l’999. PhD thesis and paper in preparation) 
showed that the sub-sample of galasiesr with known spectroscopic redshift keeps 
the same color properties than the frill sample of HDF+FF galasies, hence we 
did not include a selection bias in the color distribution. 
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Figure 4. Integral counts at 850 pm from SCUBI-1 (Blain et al.: these 
proceedings). From the 15 LLrn ISOC-4M counts (dotted lines), one can 
extrapolate the contribution of the ISOCAM gala-ties at 350pm for 
a given redshift distribution and spectral energy distribution (SED). 
Two examples are shown here using the SEDs of M82 and -4rp 220, 
and assuming that all ISOCAM galaxies have the same redshift, z=O.T: 
corresponding to their median redshift in the HDF and CFRS fields. 

The median colors are Ic-(HtIi)= 2.3 for the 15~~rn galasies and Ic- 
(H+I<)= 2 for all galaxies. However, the linear fit to the Ic-(H+I\;) vcysus 
redshift plot of the two samples of galasies in Fig. 3 shows that the ‘dusty’ 
g&ties tend to redden slightly faster with increasing redshift. than the natural 
reddening of the whole population of field galaxies which is due to ,&correction. 
severtheless, this difference is not strong enough to allow one to separate the 
infrared galaxies from the whole sample like for Lyman-break galasies (even ac- 
counting for the other set of optical colors e,xisting for the HDF galaxies). ‘The 
origin of this reddening with redshift is not clear but it is probably due to a 
selection of the galaxies suffering from more extinction, hence emitting more in 
the infrared: at larger redshifts. 

From the full sample of 13 /irn gala4;ies with known redshift and optical-near 
IR magnitudes, we found that these gala*xies are massive (^v 1011 -UC:,) and that 
their emission occurs essentially in the IR and could account fo: a considerable 
part of the star formation in the universe at z<l.S (Flores et nl. 1999). Their 
median redshift is ~~0.8 in a sample of 42 galasies brighter than 0.1 mJy in the 
HDFfFF (_lussel et (11. 1999) and z-O.7 in a sample of 41 galaxies brighter than 



0.33 m.Jy in the CFRS-1415 field (Flares et ~1. 1999). The assessment of their 
bolometric luminosity requires the assumption of a spectral energy distribution, 
which is largely uncertain since the ratio of the far-IR over mid-IR flus densities 
is highly variable among g&ties. However, one can set limits to the bolometric 
luminosity using the following arguments. If all galasies had extreme SEDs like 
the one of Arp22O: they would produce a contribution to the SCUBA-%O~U~~ 
number counts (see Blain et al., these proceedings) much above observations (see 
Fig. 4). We show in a second paper presented in these proceedings about the 
15 /Irn extragalactic background light (EBL) that -4rp220-like SEDs ca.n also be 
rejected for over-producing the 140pm EBL with respect to the one measured 
by DIRBE on-board COBE. The light radiated in the far-In by these galasies 
however cannot be much lower than that emitted at 13~~m, since only gala,ties 
luminous in the IR can be detected at z>O.5 with a 13p1 flus density larger 
than 0.1 m.Jy (the origin of the emission cannot be stellar without requiring 
excessive masses). We therefore estimated the mean bolometric luminosity of 
these galasies to be of the order of a few lOi La. Hence the population of 
galasies producing the 15 pm number counts excess is very distinct from the one 
which dominates the deep optical counts: known to be made of low mass galasies 
with blue luminosities: although at a similar redshift. In other words, the star 
formation activity responsible for the light emitted by the 15pm gala,xies is not 
the other face of the same star formation activity already quantified from the 
optical surveys, but instead should be considered as a second component, which 
was previously missed. 

Linking luminosity to distance, we predict a rapid change of the luminosity 
function with increasing redshift, which can only be confirmed by a complete 
ground-based spectra-photometric follow-up. We should be able to follow the 
evolution of the luminosity function from z-0.2 to 1.5 with the large number of 
g&ties detected in the Marano Field surveys. ‘The combination of the intensity 
of the H, emission line (redshifted in the J-band) with the IR luminosity could 
set strong constraints on the star formation rate. Finally, emission line diagnos- 
tics, combined with hard S-ray observations with X&N and Chandra, would 
allow us to understand whether the dominant source of energy is star formation 
or AGN activity. 
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Abstract. In this article I review recent developments in near-infrared 
emission line searches for star-forming gala-ties at high redshift. Using 
the J-, H- & I<-bands we can potentially chart the history of star forma- 
tion over the range 1 < 2 < 5 using the prominent rest-optical nebular 
emission lines alone, filling in the “redshift desert” at z N 1 - 3 where 
most common emission lines lie outside the optical bands. Studying the 
rest-frame optical at 3 N 2 also allows a fair comparison to be made 
with the local Universe - the rest-optical lines are vastly more robust to 
extinction by dust than the rest-UV, with the resonantly-scattered Lycr 
line particularly unreliable. I discuss the recent history of near-infrared 
emission-line searches using narrow-band imaging and spectroscopy, and 
look to the future in this era of 1Om telescopes: such work gives us the 
potential to push to z > 10: the nest frontier in the Hy-Redshift Universe. 

1. Introduction 

This conference celebrates some of the research interests of Hyron Spinrad 011 

his 65th birthday. Hy’s career has been synonymous with the discovery of the 
most distant gala><es; and in recent years this field has undergone a renaissance. 
Galalcies at >90% of the look-back time are now being successfully hunted with 
a, broad armory of observational techniques. In this article I will review recent 
developments in near-infrared emission-line sexches. 

The observational study of galaxy evolution aims to follow the star for- 
mation: gas consumption, metal enrichment and merging rates of the compo- 
nents which have combined to form today’s galasies. In the last four years, our 
knowledge of high redshift ‘normal’ (non--4GN) galasies has blossomed. The 
photometric selection technique of Steidel, Pettini & Hamilton (1995), using the 
intrinsic Lyman limit continuum break at Arest = 91.2nm and the blanketing 
effect of intervening Lyman-a absorbers below Arest = 121.6nm, has proven a 
robust way to select star-forming galasies through broad-band optical imaging 
at z z 3 (the ‘U-drops’t Steidel et al. 1996a.b) and now at 3 z i (the ‘B-drops’. 
Steidel et al. 1999 and Chuck Steidel’s contribution to this conference proceed- 
ings). In addition, after many years of largely fruitless searches for Lycr 121.6nm 
(e.g.; Pritchet & HartvAck 1990; de Propris et al. 1993: Thompson, Djorgovski 

lPresent address: Institute of Astronomy, 4IadiIlglep Road. Cambridge. CBS OII.A, EnglaIld 
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8~ Trauger 1995), a number of field galxxies have now been identified at 2 N 3 - 6 
through this emission line (e.g., Dey et 01. 1998; Hu, Cowie QL McMahon 1998; 
Chen. et al. 1999; Steidel et al. 2000 - see also the articles by Ken Lanzetta: 
George Djorgovski, Esther Hu and Hy Spinrad in this volume). 

Observations in the optical are now, at last, revealing large numbers of 
high-redshift galasies. Why, then, should we be interested in searches in the 
near-infrared at all when the optical is SO ‘easy’ by comparison (in terms of the 
low sky background and the mature detector technology)? The motivation of 
moving to the near-infrared is three-fold: 

o to fill in the redshift desert at s N 1 - 3, where most common emission 
lines lie outside the optical: 

Q to study the rest-frame optical at z N 2 in order to make a fair compari- 
son with local Universe - the rest-optical lines are vastly more robust to 
extinction by dust than the rest-UV, with Lya particularly unreliable; 

l the near-IR gives us the potential to push to the highest redshifts yet 
(2 > S). 

In this article: I will concentrate on near-infrared search techniques for ac- 
tively star-forming galaxies. In their contributions to this proceedings, Adam 
Stanford, Peter Eisenhardt and Jim Dunlop discuss infrared methods of finding 
and studying high-redshift gala-ties with evolved stellar populations, both in clus- 
ters and in the field. -indrew Blain and Len Cowie describe far-infrared/sub-mm 
surveys. Throughout I will consider a cosmology with a vanishing cosmological 
constant (:I0 = O), Ho = 100 h lims-l Mpc-r and qe = 0.3 unless otherwise 
stated. 

2. Line Emission as an Indicator of Star Formation 

Most high-z emission line searches have focussed 011 Lye? and until the recent 
advent of 10-m telescopes have been uniformly unsuccessful. TVith the benefit of 
hindsight, it appears the large path-length for the resonant Lycv line in typical 
neutral hydrogen columns of 102’ me2 greatly enhances the absorption cross 
section with only modest dust (e.g., Chen si Neufeld 1994), depending sensitively 
on the geometry and kinematics of t,he gas. This selective quenching of Lye is 
observed in low-z star-bursts (e.g., Iiunth et al. 1998), and at high redshift 
Lya emission is typically weak in the Lyman-limit selected galasies of Steidel 
et al. (1996ab,1999) - indeed this line is actually seen in absorption in half 
their sample. Put simply, the substantial effort in Lya searches has y-ielded 
mainly upper limits of essentially no interest for constraining the underlying star- 
formation rates, as the extinction of this line is extremely difficult to quantify. 

-1 natural progression is to look for lines of longer rest-frame wavelength, less 
affected by extinction than the rest-W and immune to the effects of resonant 
scattering. The Balmer hydrogen recombination emission lines; Hcu X 656.3 nm 
A? H3 X 456.1 nm, and the collisionally de-excited forbidden lines of oxygen: 
[0 1111 XX495.9,900.7nm si [0 II] XX372.6,372.9nm, are fairly good indicators 
of the intrinsic rest-UT continuum from the hottest, most massive and shortest- 
lived stars (144 2 10 Jf,3: THIS ,$ 10 Myr. Tee 2 30, OOOK), and hence the nea.r- 
instantaneous star formation rate (SFR). The most fruitful indicator of star 
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Figure 1. Left: predictions of the number density of field galaties 
within a 1% band-pass in the case of no evolution in the co-moving 
number density. The surface density brighter than L” (left scale) or 
0.1 L* (right scale) is plotted. The redshift intervals covered by four 
prominent restframe-optical emission lines in the k-band atmospheric 
window are indicated. Using the J- and H-bands too allows complete 
coverage for 1 < z < 5. 
Right: The predicted (unobscured) line fluxes as a function of redshift 
for several emission lines indicative of star formation. The thick lines 
indicate the range of redshifts at which these appear in the I<-window 
of the near-infrared (from Bunker 1996). The Kennicutt (1983) relation 
between Ha luminosity and star formation rate is adopted, and [0 II] is 
assumed to have a comparable intensity to H,!3 (Kennicutt 1992), and 
[O III] in the most actively star-forming systems rivals Ho (e.g., Man- 
nucci SL Be&with 1995), although the scatter is large. The left-hand 
asis shows the hne fluxes for a star formation rate of 25 hF2 Ma yr-‘, 
which may he typical of an Lx-galaxy progenitor, and the right-hand 
aAxis is for 1 hp2 :%f,~ yr-r . 

formation at modest redshifts has been the [0 II] line. However, there is a ‘dead- 
zone’ between z z 1.3 (beyond which [0 II] leaves the optical) and z z 2.7 
(below which Lyman-break photometric selection is ineffective). Yet some the- 
ories currently in vogue predict this to be the crucial epoch of masimal merger 
activity and star formation. Using the atmospheric transmission windows in the 
near-infrared ~ the J (1.1 - l.i/lm), H (1.5 - l.‘i/Lm) and I< (2.0 - 2.4pm) 
pass-bands - gives access to the full redshift range 1 < z < 5 through the four 
prominent rest-frame optical nebular emission lines. The conversion of the neb- 
ular line luminosities to star formation rates is also better understood than that 
for the sub-mm continuum. which is an indirect measure of UV flus reprocessed 
as thermal grain emission in the far-infrared? which depends on a number of fac- 
tors including the temperature of the dust? and changes by as much as a factor 
of four over the range TdLlst = 30 - 50 I\: (Barger et al. 1999). 



3. Search Strategies for Emission Lines 

A search for line emission objects does not constit,ute a magnitude-limited survey 
- indeed, blank-sky narrow-band imaging and long-slit spectroscopy are quite 
unsuited to this, as the sensitivity to line emission is much better than to con 
tinuum. The goal of such searches is to trace star formation over a range of 
redshifts through the nebular emission lines, and the selection criteria should 
be designed to discriminate actively star-formin, b 0 o.alasies from the bulk of the 
population. While faint magnitude-limited redshift surveys can address this to 
some extent: the issue is muddied: selecting on broad-band magnitudes is not 
the same as selecting on star formation activity. Even the rest-frame UV is 
suffers badly and unpredictably from dust extinction, and below 121.6nm it is 
gradually eroded by intervening absorbers. There may also esist a population 
of star-forming galasies with very large ecluivalent width emission lines which 
would be missing from magnitude-limited surveys on account of their faint corn 

tinua, despite high star formation rates (e.g., Curt Manning’s poster paper in 
this volume). 

When constructing a survey for high-redshift star-forming galasies: there 
are sis main considerations which must be balanced (e.g., Koo 19S6; Pritchet 
1994): 

e Redshift Coverage: Does the survey range cover redshifts where star 
formation activity is thought to be high ‘! IS the spread in look-back time 
adequate to test various models? 

l Solid Angle: IS sufficient area on the sky covered to intercept several 
gal&es? 

0 Clustering: What density enhancement above the average for the field 
can be expected by targetin g the search on known objects at high-z? 

o Discrimination Against Foreground Objects: How effectively can 
the high-redshift sheep be separated from low-redshift goats? Is there any 
foreground contaminant population? 

o Sensitivity: Can faint enough line fluxes be attained to reach cosmolog- 
ically interesting star formation rates’? 

o The Scientific Goals: HOK cleanly is the star-forming population at a 
particular redshift isolated’? 

Gnlike broad-band imaging and spectroscopy, narrow-band work samples a very 
small wavelength range (and so a small dispersion in redshifts). This has the 
advantage of reducing the background noise by cutting the spectral extent of 
sky the detector is exposed to: but has the major drawback that little depth 
in redshift space is probed (although targetted searches for clusters may offset 
this disadvantage: bIauro Giavalisco and Ray Carlberg discuss the evolution of 
clustering properties at high-z in their articles in this proceedings). Untargetted 
( .‘blank-sky” ) 1 ong-slit spectroscopy can cover a larger redshift range, but over 
a very restricted solid angle. +Uthough covering a large volume, and despite re- 
cent advances in photometric redshift estimation from multi-waveband colours. 
broad-band imaging does not offer precise redshift information. It is also rela- 
tively insensitive to line emission due to the-high background - as is also the 
case with ground-based slitless spectroscopy (but see 5 5.1.). 



One of the advantages of high-x searches for Her in particular is the lack 
of lower-redshift interlopers to mimic this line emission: should an object with 
a single emission line be detected in a A-band search, the most conservative 
interpretation would be Ha at s z 2 - 2.5; as there are no strong emission 
lines at rest-wavelengths longward of 656.3nm, it is unlikely that the redshift is 
actually less than two (and with plausible higher-redshift degenerscies of HP or 
[0 III] 500.7nm at z N 3.5 or [0 II] 372.7nm at z N 5). This is in stark contrast 
to searches for Lye, where there is frequent confusion between the high-redshift 
(Lycr-line) interpretation, with a continuum break at the line attributed to the 
H I forest absorption, and a low-redshift galaxy with [0 II] 372.7nm emission ac- 
companied by the 4900 AL $ Balmer continuum break. Neither Lycr nor [0 II] have 

strong nearby lines with which to differentiate the two interpretations through 
lov,-dispersion spectroscopy (see Stern et ~1. 2000 for a detailed discussion). 

4. Near-Infrared Narrow-Band Imaging 

Infrared searches using narrow-band filters (typically “1% filters” with a velocity 
width of M 3000 kms-r) have become popular in the last seven years. The 
technique is to search for objects which have excess flus in the narrow-band 
filter when compared to an off-band, which could be attributable to an emission 
line being redshifted into the bandpass (see Figs. 2 & 3). In practice, a broad- 
band filter is almost commonly used as the ‘off-band’, as the sensitivity to the 
continuum is much greater than with simply using an adjacent narrow-band 
filter (Pat Hall’s paper in this volume describes a QSO companion detected by 
this technique). 

4.1. Pilot Studies on 4 m-Class Telescopes 

One of the first surveys was undertaken on the 3.8-m UK Infrared Telescope 
(UKIRT) by P ar k es, Collins 8 Joseph (1994). This involved J-band imaging 
with IRCAS-1 (a 62 x 58 pixel InSb array), intended to search for Lya at 
very high redshift (7 6 3 5 9) but also potentially sensitive to Ha at J z 
0.5 - 0.9 (Colhs~ Parkes 8~ Joseph 1996). However, there were no confirmed 
line-emission candidates within the 3 arcmin” area surveyed to a limiting flus1 
of lo-l8 - 10-19 ‘ITi ,-2 Reaching a comparable flux limit in the A--band. 
Thompson: Djorgovski 8~ Beckwith (1994) surveyed 0.7 arcmin2 with a similar 
array on the Palomar 5-m. ‘This search was targetted on [011] X 372.7nrn from 

objects clustered around three z 2 4 QSOs, but did not detect any line-emission 
companion gala>xies. 

These pilot studies demonstrated that potentially significant cosmological 
volumes and star formation rates could be probed at high-s through near- 
infrared narrow-band imaging. However: it was also clear that deeper surveys 
covering larger areas were required to unveil any population of s > 2 star-forming 
galasies. 

‘Th roughout. I convert the limits quoted for various surveys to a 3 o- threshold in a 3”-diameter 
aperture. 
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Figure 2. The field of the quasar PHL 957, imaged with the 236 x 256 
array IRA4C 2B on the ES0 2.2-m (Bunker et al. 1995). The narrow- 
band filter is tuned to Ho at z = 2.31> the redshift of the damped Lye 
absorber (Wolfe et al. 1986). The broad-band A-’ frame (left) reaches 
0.8mag deeper than the narrow-band frame (right): but the object Cl, 
a known galaxy at z = 2.313 (Lowenthal et nl. 1991, Hu et al. 1993); 
is brighter in the narrow-band frame due to the redshifted Hcrf[N II] 

line emission. 

What should be the minimum survey volume to stand a realistic chance of 
intercepting several field galasies at high-a? At a redshift of 2 z 2.3, where IIc.r 
appears in the middle of the Awi-windox, a narrowband survey with a filter of 
width AX / A and a detector of area fl wih cover a co-moving volume of 

nv,, 2: 10.2 +g 1 arc$iIi2 V3Mpc3 (2 z 2.3, q. = 0.5). 

Locally, the density of field galasies is 4x = 0.013 h3 Mpcp3 (Loveday et al. 
1992)“. In the idealized case of no evolution in the co-moving number density, 
there should be 011 average one galaxy brighter than 0.3 L” in a volume of l/p%. 
In order to have a 93% chance of intercepting at least one such galaxy, a volume 
three times as large should be surveyed (i.e.. 200 hh3 Mpc3). This corresponds 
to 20 arcmin” with a 170 filter for 40 = 0.5. The number of field galaxies brighter 
than 1 L’ and 0.1 L” per square arcminute are plotted in Fig. 1 as a function of 
redshift. Any clustering or inclusion of volumes surveyed through higher-redshift 
(shorter rest-wavelength) lines serve only to increase the predicted numbers. 

“This is the same number density as for the z z 3 - ‘1 L~nlar~ break galaxies of Stcidel et 
ul.. although this is probably coincidence: there is llnlikelv to be a one-to-one correspondence 
between today’s L * galaxies and their presumed Lyman break progenitors, as merging will play 
a major role. 
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Figure 3. Left: Colour-magnitude diagram for the 30 objects de- 
tected at S/iv > 4 in the narrow-band image of the PHL 957 field by 
Bunker et nl. (1995). The chain-dotted lines are lines of constant C, 
which is the number of standard deviations of the excess flux in the 
narrow band relative to the broad band. Also shown are lines of con- 
stant rest-frame ecluivalent width? for Ho at the redshift of the DLA 
(z = 2.313). Candidate high-redshift gala>xies are objects with equiva- 
lent widths ET;v,~ > ‘i5 +k, and Y > 2. The line C = 2 corresponds to a 
star formation rate of 11 h-’ :Q vr- r . Note the extreme colour of the 
companion; Cl (Fig. l), due to its Ha emission (f M 2 x 10-l’ Wme2). 
Right: The Ho (top-right panel) and [0 III] X 500.7nm emission (top- 
left panel) from Cl (UlXIRT/CGS4 spectroscopy from Bunker et al. 
1999). The dot-dash lines are the &la noise per pixel: and the lower 
panels show the fractional atmospheric transmission (dotted line) and 
the sky spectrum scaled down by a factor of 1000 (short-dash line). 

What star formation rates/line fluses should we expect? Deep redshift sur- 
s-eys (e.g., Lilly et al. 19%) suggest that L’ gala<xies have been mostly assembled 
by J w 1, with evolution since then mainly associated with lower-mass systems 
(the ‘down-sizing’ of Cowie et al. 1996). We concern ourselves here with the 
quest for the high-redshift progenitors of the present-day E. L” galaxies. in the 
process of forming a large fraction of their stars: these used to be loosely referred 
to as ‘primzval gala,<es’ (or ‘proto-galasies’) before it was recognised that the 
star formation history of galasies was actually a rather extended and non-coeval 
process. 

At the current epoch. most of the luminous baryonic matter in the Universe 
is contained in galasies with luminosities around L”. If L” = lOlo h-” Ln and a 
typical stellar mass-t,o-light ratio is II/L = 5 M~/Lq (Faber k Gallagher 1979) 
then to manufacture the mass in stars of an L” galaxy by the current epoch 
would require an average star formation rate of z 25 h-” MrJ yr-’ over 2 Gyr 
(the Hubble time at z z 1 for qo = 0.5). This is an unobscured line flus of 
f(Hci) N 3 x 10-1gQ~In-2 at 2 =: 2.3 (Fig. 1). 
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This model is, of course, rather simplistic - both 4’ and L” will evolve. If 
merging is importa.nt: then we might expect the high-: progenitors of L” galasies 
to be. in many pieces. This hierarchical scenario would increase the surface 
density of galasies, but reduce the average star formation rate per sub-unit - 
which would favour depth rather than area as the pivotal survey consideration. 
However: if star formation at high-z is episodic rather than continuous, then 
only a fraction of the population may be detectable in line emission at any 
given epoch. This has the effect of reducing the number density of actively 
star-forming systems, but because the star formation is concentrated in short 
bursts interspersed with quiescent phases, the star formation during a burst 
must be much greater than the average value calculated in the simplistic model. 
If the star formation history of a galaxy is indeed episodic, this would drive the 
survey considerations in the other direction - towards a larger area/volume, to 
masimize the chances of intercepting the luminous (but infrequent) star-bursts. 

4.2. The First Searches with 256” Near-IR Arrays 

The early 1990s saw the emergence of 2562 InSb and HgCdTe near-infrared 
arrays with low readout noise and background-limited performance even with 
narrow-band filters. With these, several groups undertook surveys which, for the 
first time, attained the flus limits and/or volumes required to test viable models 
of galaxy formation. I-in early 10-m Keck program with NRC placed strong 
constraints (Pahre si Djorgovski 1995), reaching 2 X 10pl” W me2 over 4 arcmin”? 
but did not yield z > 2 emission-line candidates. The first narrow-band imaging 
detections of line emission from high-s objects came soon after. Bunker et al. 
(1995) imaged in Ha emission a companion of the z = 2.31 damped Ly-o (DLX) 
QSO absorption system towards the quasar PHL 957 (Figs. 2si3). Malkan, 
Teplitz & McLean (1995) also detected Ha emission from the companion of 
another QSO absorption system at z M 2.5 (using NIRC/Ikkj and subseyuently 
found a cluster (&la&an, ‘Teplitz si McClean 1996). In both these cases, the line 
emission is unlikely to be solely due to star formation: the presence of strong 
high-ionization lines such as C IV 151.9nm suggests an -AGX contribution. 

Figs. II k 5 show the constraints on galaxy evolution from the null results 
of a typical recent na,rrox-band survey (Bunker 1996). X wider-area search by 
Tho~~~pson, Mannucci SL. Beckwith (1996) used the Calar Alto 3.5-m to survey 
z 300 arcmin” around QSOs, finding one line-emission source to 3 x 10-l” TV me2 
- an unusual object with broad Ha of AVFWHM N 2000 km s-r; once again proba- 
bly powered by an AG3 (Beckwith et al. 1998). However: there seems to be large 
variance: undertaking a comparably-sized survey around absorber-line systems 
detected ti 20 candidates (Mannucci et al. 1998). Using NIRC/Keck to reach 
fainter limiting flnses (2 lO-r’VVm-‘) b u over a smaller area (12 arcmin”), t 
Teplitz; hIalkan & SIcLean (1998) report 13 further 3 > 2 candidates. 

Despite surveying > 500 arcmin”. narrow-band searches have not as yet 
yielded a large population of star forming objects - there are E 35 candidates, 
of which 2 5 have been spectroscopically confirmed SO far. Over a similar area 
(h. 1000 arcmin”), U-drop Lyman-break selection by Steidel and collaborators 
has yielded 750 spectroscopica,hy-confirmed. Why is this? Firstly, only a thin 
sliver of redshift-space is sampled within a narrow-band, compared with that 
for broad-band colour selection: secondly, the infrared searches to date are at 



the “tip of the iceberg” in terms of the luminosity function if dust extinction 
is modest: for a typical galaxy in Steidel’s sample (A~1.i~ E -19.5 at Arest = 
1600 ii), the rest-IV would have to be suppressed by a factor of z 7-5 relative to 
Ho for it to be detected in I< at J z 2 with the typical narrow-band flus limit of 
3 x 1o-1g w m-2 corresponding to a fa.irly extreme obscuration of -41~ z 1.3 mag 
(-4v 2 1 mag apiears more typical). Given the small number of galaxies detected 
so far in Ho searches, there appears not to a large population of galasies with . 
moderately-heavy obscuration. However, narrow-band searches going a factor of 
zz 2 deeper over a much wider area are required to comprehensively test this; the 
large-format near-infrared arrays on the new S-m telescopes make this viable. 
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Figure 4. Left: the limits on emission line galasies placed by the 
near-IR narrow-band survey of Bunker (1996), in terms of the observed 
quantities: the hmiting flus is plotted as a function of the surface 
density to which this search is sensitive. Models occupying the region 
above and to the left of the line denoting the survey limit are excluded 
by the null results of the search. Both the 3 a (lower asis) and 5 CT 
(upper aAxis) thresholds in a 3”- aperture are shown. Surface densities 
ruled out, at the 63% (left aAxis) and 95% (right a.xis) confidence levels 
are shown. The survey is divided into the total areas imaged around 
radio-gala,xies and damped Lya systems. 
Right: the cumulative co-moving volumes sampled (left asis) and 5 0 
Limits on the line luminosities (bottom a.xis; assuming no extinction 
and q. = 0.5). The right axis plots the number density which would 
yield on average 3 galasies in the survey volume: such models are 
excluded at 9~7~ confidence if they lie above and to the left of the line 
denoting the survey Limit for each line (Ha at J E 2.3; [0 III] &c HO at 
2 z 3.5.[0 II] at z N 5; and Lycv at 2 N 16). 
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Figure 3. Left: comparison of observational 30 upper limits (down- 
ward arrows) to the SFRs in a sample of 3 DLzls (Bunker et al. 1999) 
against the predicted sample-averaged (i.e., cross-section weighted) 
SFRs for the closed-box models of Pei Sr Fall (1995). The data appear 
to rule out the hypothesis that DLAs are the large-disk progenitors of 
spiral galasies in a qc = 0.3 cosmology (the upper limits fall below the 
*LD3’ solid curve). However, the curves plotted take no account of the 
possibility that the regions of star formation fall off the slit. The null 
detections are still consistent with a hierarchical picture [the dashed 
.H3’ curve) xvhere the DL-As are sub-galactic units. 
Right: The upper-limits on the star formation rates derived from the 
luminosity limits of various emission lines as a function of number den- 
sity (see Fig. 4)> from the narrow-band survey of Bunker (1996). Stan- 
dard case B unextinguished line ratios have been adopted - Lycr is 8 
times stronger than Ho: so the star formation rates probed are com- 
parable although the redshift is much higher (z M 16 vs. z % 2.3). 

5. Near-Infrared Spectroscopy 

5.1. Slitless Spectroscopy with HST/NICRilOS 

The installation of NICMOS on HST offered an unprecedented opportunity- to 
chart star formation at z > 1. The low-background in the J- and H-bands com- 
pared to ground-based observatories with their bright, atmospheric OH airglow 
lines~ coupled with wavelengths outside the usual atmospheric windows being 
accessible, made near-infrared slitless spectroscopy a truly effective tool for the 
first time. Comparable flus limits to the deeper narrow-band searches could be 
attained in a few orbits: but the comoving volume surveyed was much greater: 
the ent,ire H-band was accessible in a single exposure (a range of 2 E 0.3 - 1.8 
for HcY). Pat McCarthy, Lin Yan and colleagues have analysed the many orbits 
of parallel-time data obtained with the grisms 011 the XC 3 array j.52” x 52”). 
Surveying several fields totalling z 65 arcmin”. McCarthy et al. (1990) found 
z 30 single-line emission objects down to a limiting flus of 0.4 x 10-“3TV n~-~. 
Based on this. Y-an et al. derive an SFR for s = 1.3 f 0.5 from Hn xhich is a 
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factor of 3 higher than that deduced from 250 nm continua, attributable to dust 
extinction (see Lin Yan’s contribution to this proceedings for more details). 

5.2. . Near-IR Spectroscopy of Photometrically-Selected Targets 

-1 parallel approach to emission-line searches to determine the global star for- 
mation history is to use photometric redshift estimates from deep multi-colour 
imaging: for example the Hubble Deep Fields, to preselect galaxies likely to 
be at a suitable redshift (particularly the ‘redshift desert’ in the optical at 
1.3 g z 6 2.‘i), and then use near-infrared spectroscopy to target these and 
search for the rest-optical line emission. This technique is potentially very pow- 
erful; as spectroscopy is much more sensitive to line emission than the narrow- 
band searches because of the finer resolution element. 

With typical resolving powers of x / XFWHXI 2 1000, the latest near-IR 
spectrographs can resolve out the OH sky, enhancing the sensitivity between 
these lines (particularly in H-band, where the sky continuum is quite dark at 
wavelengths much shorter than the thermal infrared). 

Glazebrook et al. (1999) targetted field gala-ties of known redshift from the 
CFRS survey [Lilly et al. 1996) at z z 1, and from UKIRT/CGS 4 J-band 
spectroscopy inferred a star formation rate from Ho z 3x higher than from the 
rest UV continuum, consistent with the XCMOS grism results ($5.1.). 

This technique of obtaining near-infrared spectroscopy of galasies with 
previously-established redshifts has recently been extended to the Lyman-break 
selected population at 2 z 3. Pettini et al. (1998) obtained UKIRT/CGSi 
spectroscopy with UKIRT on five u-drops. The recent availability of NIRSPEC 
on Keck (e.g., James Larkin’s paper in this volume): and the imminent ap- 
pearance of similar instruments on the new S-m telescopes: have the potential 
to revolutionize this study: near-infrared spectroscopy of a sample of known 
z N 3 galaxies will shed light on their stellar populations, abundances: true star 
formation rates, dust content and kinematics. 

The velocity widths measured from the nebular lines are likely to provide 
much more reliable kinematic information than Lya, which is resonantly broacl- 
ened and typically exhibits a P Cygni-like profile with the blue wing severely 
absorbed by outflowing neutral hydrogen. However, the profile of the nebular 
lines may not be broadened by the full gravitational potential of the host galaxy; 
there width may instead reflect just the velocity dispersion and outflows within 
the star-forming H II region. 

5.3. Near-Infrared Studies of Damped -4bsorbers 

An extension of the method of taking a near-infrared spectrum of a known high- 
s galas\- to determine its true star formation rate is to study QSO absorption 
line systems. We know a priori that there is a large gas column density at a 
particular redshift (causin, u Lycu absorption of the continuum of the background 
QSO) which is p resumably associated with a foreground galaxy. Therefore. a 
good strategy mav be to target where YOU think a galaxy is. In this volume: 
Marsha Kulkarni describes a narrowband search in H with HST/NICMOS for 
line emission from a damped Lycv system. and several groups have used ground- 
based narrow-band imaging in I< to search for Ecu emission from DLAs (e.g., 
Bunker et nl. 1995; Mannucci et al. 1993). 



The measurement of quasar absorption lines allows an independent ap- 
proach to studying the history of galaxies than the traditional flus-limited se- 
lection. The highest hydrogen column density absorbers seen in the spectra of 
background QSOs, the damped Lycv systems (DLAsj, contain most of the neu- 
tral gas in the Universe at z > 1 (Lanzetta et al. 1991). The global history of star 
formation in the Universe can be inferred from the evolution in the co-moving 
density of neutral gas (derived from the DLA statistics) as it is consumed in star 
formation; Pei & Fall (1995) model this in a self-consistent manner accounting 
for dust pollution in the DLAs as star formation progresses. The average star 
formation rate in each DLll depends then on their space density. One school 
of thought has z > 2 DLAs being thick gaseous disks, the progenitors of mas- 
sive spirals (e.g., Art Wolfe’s contribution to this proceedings). Alternatively, 
DLAs could be more numerous gas-rich dwarfs, potentially sub-galactic building 
blocks. To differentiate between these, my colleagues and I have conducted a 
search for Her emission from star formation in z M 2.3 damped systems (Bunker 
et al. 1999)> using near-infrared spectroscopy with CGS 4 on UKIRT and build- 
ing 011 the previous work of Hu et al. (1993). The absence of any detectable 
emission at the faint fluxes probed runs counter to the predictions of the large 
disk hypothesis (Fig. 5) - adding further weight to hierarchical scenarios where 
today’s massive gala.ties were in pieces at high-a. 

5.4. The Next Frontier: Lyman-a at J 2 lo? 

As we push to even greater redshifts, the optical becomes less and less useful: 
the opacity of the intervenin, c H I absorbers effectively extinguishes most of the 
flus below Arest = 121.6nm at 2 > 5, forcing a move to the near-infrared. The 
continuum break at Lya redshift to the near-IR is a potential way to get to 
z > 8, although spectroscopy of the most promising ‘J-drop’ in the HDF-X 
was inconclusive (Dickinson et al. 1999). Despite its poor track-record, Lyon 
emission may be a better signature of star formation in the very early universe, 
when chemical enrichment and dust obscuration were less advanced. The vari- 
ous A-band emission line searches (5 4. and Figs. 4 & 5) already constrain star 
formation at immense redshift (3 - 16); as -4.vi Loeb’s article in this volume 
suggests, deep integrations on a 10-m may detect Lycr even before the onset 
of the Gum-Peterson effect. with the red-side of the resonantly-scattered line 
emission emerging unextinguished. 

6. Conclusions 

There are two primary considerations in the formation and evolution of galasies: 
the assembly of mass (structure formation and the merging history); and the rate 
of conversion of neutral gas into stars (the star formation rate). Both of these 
are poorly understood: and may be regulated by various feedback mechanisms 
as well as being cloaked by dust. ‘The current observational constraints are very 
weak at high redshift. 

Detection of the rest-optical emission lines in galasies at 3 > 2 is important 
to measure the true star formation rates: to correct for dust and to eliminate sys- 
tematics in the Madau diagram. ‘This necessitates moving to the near-infrared 
J-. H- and I<-bands. ‘The brightness of the infrared sky background and the 



460 Bunker 

immature technology (compared to optical CCDs) has previously been a deter- 
rent to using these windows. However, the advent of modern detectors with low 
read-noise and large format make near-infrared searches for ‘primeval’ galas- 
ies viable. Near-infrared spectroscopy is about to be revolutionized through 
the imminent availability of instruments 011 10 m-class telescopes, and the latest 
generation of arrays with large fields-of-view mean that narrow-band searches 
may at last fulfill their potential. To push to z 2 10 - the next frontier in the 
Hy-redshift Universe - demands that we abandon the optical. 
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Abstract. We describe some recent results of several large surveys for 
star forming galasies at high redshift. These “targeted” surveys use var- 
ious forms of photometric pre-selection to maAximize the efficiency with 
which spectroscopic large spectroscopic samples ban be compiled; the gen- 
eral aim is to address the connection between galaxy formation/evolution 
and the development of structure during the redshift range 1 2 z 5 4.5. 
We also discuss the uses of Lyman Q: imaging for esploring the very high 
redshift universe, and the possible connection between star-forming galax- 
ies selected in the UV and those selected in the sub-mm. 

1. What Do We Do When the Novelty Wears Off? 

The last several years have witnessed a renaissance of the classical “redshift 
race” (which Hy has himself won so many times) for distant objects, the effort 
to identify gala.xies at ever higher redshift using whatever means and techniques 
are available. Photometric redshifts, or the use of photometric techniques in 
general, coupled with HST and large-aperture ground-based telescopes, have 
clearly made the difference, where unique spectrophotometric signatures are 
depended upon to isolate the relatively rare faint objects that might provide the 
next leap forward in redshift. So far the scientific rationale for such searches 
has been, as always, “because they are there”, or perhaps, to “see if they are 
there”. This simple justification of the quest is very powerful, and of course a 
lot of fun... but the field of galaxy formation and evolution is progressing, and 
we are running out of cosmic time (if not redshift!). Soon we will be forced to 
try to understand how this complex process works - the field is going to demand 
more quantitative results, and better connection to theory. This may involve 
considerable back-tracking! 

In particular, given that such substantial progress has been made in estab- 
lishing a paradigm for structure formation which develops naturally out of the 
physics of the early universe, and even possibly cosmological parameters that 
specify the details of the model, it would be nice to try to fit the observations 
of galasies into that framework and understand galaxy formation as a natural 
consequence of the development of structure. We would like to have confidence 
that the universe we see reflected by observations of gala,xies as a function of 
look-back time is the same one that produces large scale structure, the CMB, big 
bang nucleosynthesis, etc. In making this connection: we will learn a great deal 
about the complicated astrophysical properties that dictate what the observable 
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gala,xies will look like, and how those properties are influenced by environment, 
cosmic epoch, and the structure of the dark matter. 

The key to making this kind of connection is constructing samples that are 
large enough to provide good statistics, and where the %election function” ca.n 
be characterized well enough to ensure that one is not comparing apples and 
oranges. One way of achieving both of these is to use photometric “cdli~~g” to 
isolate particular cosmic epochs and particular types of objects. ‘i;t’e will discuss 
several examples of this type of survey below, where we (very) briefly discuss 
some ongoing Jvork at “moderate” redshifts of z N 1 - 4. We “backtrack” not 
because the very Hy-redshift universe is not interesting: but because it is just 
too hard! Instead, we concentrate on the universe’s “middle age”, where the 
necessary details and statistics are now observationally accessible. 

2. Lyman Break Galaxies 

The original intention of the set of color criteria we chose to flag candidate 
J +- 3 gala.xies was to find a region in color-space that would only be occupied 
by high redshift galaxies, should they e,xist (Steidel et al. 1995). This provided a 
starting point for follow-up spectroscopy, which only became feasible when the 
combination of Keck and LRIS (Oke et al. 1995) became availa,ble. Over the 
past few years; we have been able to refine the color selection technique with the 
benefit of spectroscopic results; generally speaking, we have experimented with 
color selection beyond the boundaries of whatever our current set of criteria 
happened to be, to see if the efficiency remained high when a larger swath 
of color-color space was included. The current redshift histogram for objects 
satisfy-ing our general 2 N 3 LBG color selection criteria is shown in Figure 1. 

Photometric selection (as opposed to photometric redshifts) keys in on re- 
gions in color space that are unambiguous by design, providing a relatively 
‘-clean” sample of photometrically similar objects with minimal contamination. 
There are many applications where such samples are preferred, despite the fact 
that not every galaxy at a given redshift is necessarily included. To some extent, 
one pays a price for the simplicity of photometric selection using regions in color- 
color space in the form of increased comple,xity of the selection function. For 
example, with reference to Figure 1 (and also Figure 1 of S99), our fixed color 
criteria would select unreddened LBGs in the redshift range 2.9 < z < 3.7! 
fairly heavily reddened objects in the range 2.6 < z < 3.1, and “typical“ 
W(B - V) w 0.15) objects in the range 2.7 < J < 3.4. This means that 
the surveyed volume at a given redshift depends on the distribution of colors 
among the LBGs. To make full use of the fairly extensive statistics that now 
esist on the z w 3 gala.xies, one must understand the selection function in detail. 
using a combination of the spectroscopic and photometric (i.e., LBG candidate) 
samples and extensive Monte Carlo simulations (S99; -4delberger et al. 2000). 

The applications of the LBG samples to studies of large-scale structure have 
been discussed by Giavalisco at this meeting, and so we will not discuss them 
here. 

In general, the application of photometric techniques to studies of the evo- 
lution of structure traced by galasies will be extremely important. It is well 
known that different types of galaxies cluster differently in the local universe. 



4-64 Steidel and ,Idelberger 

Spectroscopically Confirmed z-3 Lvman Break Galaxies 
250, / / , 

736 Galaxies. <z>=3.00+0.26 

Sep 1999 

0 
2.5 3 3.5 

Redshift 

d 
Figure 1. Redshift histogram for spectroscopically confirmed Lyman 
break gala,xies selected using the color criteria ‘R <= 25.5, G-72 < 1.2, 
li, - G > 1+ (G - 72). 

and it is expected that the rate of change of clustering properties with red- 
shift will be strongly dependent on observables such as as galaxy luminosity and 
color. Understanding this differential clusterin g evolution will probably be vi- 
tal to connecting the galaxy formation/evolution process to the development of 
large scale structure. -At present, spectroscopic samples of gala,xies beyond the 
local universe are generally too small to provide robust measurements of clus- 
tering properties (cf. Steidel 1995 and references therein), and projection effects 
for studies of the angular clustering of faint galaxies wash out the information 
content of even the most precise measurements of ,w(Q). Photometric techniques 
allow the construction of very large samples over estensive solid angles that 
can be sorted according to ga,laxy luminosity and spectral type as a function of 
redshift. This is: in our view, where the real promise of photometric redshift 
t echniclues lies. 

3. How Many Galaxies is Enough? 

It is somewhat curious that most of the recent revitalization of the pursuit of 
photometric redshifts has been motivated by the Hubble Deep Field campaigns 
- curious because these data are ha.rdly representative of typical photometry: 
a.nd in fact were probably more expensive [in terms of dollars. certainly) than 
all of the ground-based spectroscopy put together! The sheer depth of the HDFs 
so far exceeds anything obtained from the ground that one is tempted to try to 
solve every problem in galaxy and structure formation using 2 small 3 square 
arc minute patches. This is potentially quite dangerous. 



Star. Forming Galaxies in the Moderately Hy-z Universe 465 

Figure 2. Far-UV luminosity functions of z N 3 and 2 N 4 LBGs, 
from S99. The left panel shows a comparison of the bright ends of the 
LFs at the two redshifts. from LBG surveys optimized for differential 
comparison. The integrated luminosity densities are consistent with 
being the same over the range of luminosities in common. The right 
panel shows the LFs with data from the HDF-N included [the data 
have been reanalyzed by us using the distribution of continuum colors 
obtained from our spectroscopic LBG samples); the z - 3 LF has been 
fitted with a Schechter function, while the curve shom~~ for 3 N 4 is 
simply the 2 N 3 function shifted by the difference in distance modulus 
and with a small adjustment in normalization. The solid circles are 
from ground-based surveys coverin, v N 900 square arc minutes, while 
the open circles are from HDF-8. 

The important question is: how large a volume must be surveyed before 
one has a “fair” sample of the universe. ? This is not an issue of Poisson counting 
statistics, since galaxies are clustered on all scales to N 1005r Mpc, a scale two 
orders of magnitude larger than the transverse size of the HDFs. Perhaps the 
most vivid picture of the importance of sample variance from the recent literature 
is presented by Postman et al (1993). who performed an angular correlation 
function for faint galasies selected in the I band over an unprecedentedly large 
field (degrees on a side). Esin, (r the redshift clistribution for I-selected galasies 
from the CFRS survey (Lilly et al. 199C)> they found that their full survey 
yielded a co-moving correlation length that exceeded by a factor of two the 
correlation length obtained from the spectroscopic sample by the CFRS team 
(Le Fkvre et al 1996). The dispersion in the amplitude of the clustering found in 
the 236 independent fields comprising the full survey is striking. In general. for 
published redshift surveys, the correlation length measured at a given redshift 
exhibits a disturbing trend in that it appears to grow with the sample size! 

Perhaps a more directly relevant cautionary tale involves the luminosity 
function and co-moving luminosity density of high redshift gala-ties in the HDF- -:. 
N. Madau et al (1996) analyzed samples of LBGs in coarse redshift bins in the 1. i’ 
HDF. and found that the luminosity density seemed to be dropping quickly with 
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‘redshift beyond J N 3: with a factor of N 4 (later revised to a factor of - 2.5 
by Madau et al 1998) drop by z N 4. This prompted a great deal of excitement, 
since the “Madau plot” seemed to nicely show both the beginning and the end 
of the epoch of substantial star formation in gala,xies. However, Figure 5 shows 
results based upon large area ground-based surveys that appeared in S99. A 
comparison of the z - 4 and J N 3 LFs showed no significant difference at the 
bright end measured by the ground-based data; we speculated that the HDF-?i 
happened to be deficient in z - 4 galaliies relative to an average volume of the 
universe. This is not at all unexpected. High redshift gala,xies in particular are 
very strongly clustered (S98, i-ldelberger et al 1998, Giavalisco et al 1998); the 
variance in LBG counts in angular cells the size of the HDF embedded in our 
relatively large survey fields is very large. The nature of sample variance is that 
one is more likely to measure a deficit than an over-density in a given cell. 

There are a couple of important points to be emphasized here: first, fields 
the size of the HDF are not large enough to provide a fair sample of the universe, 
regardless of the quality of the data. ACS will provide an incremental improve- 
ment on the field of view, and it is likely that NGST will also be limited to fields 
of size a few arc minutes, although one gains at the highest redshifts (s 2 10) 
because the same angular scale maps onto a larger co-moving transverse scale. 
II second point relevant to those interested in the evolution of the luminosity 
density with redshift: the faint end of the luminosity function is very steep at 
J - 3 and probably also at z N 4. This means that a considerable fraction of 
the luminosity density is contained in objects which are beyond the detection 
limit of even the HDF. Taken together, this implies that it will be a long time 
before a proper UV luminosity density is measured at very high redshifts. Given 
uncertainties about extinction (see below), it will be even longer before we un- 
derstand the history of star formation. ‘The good news is that there is plenty of 
work left to do! 

4. On the Uses of Lyman cy Emission 

There has been recently renewed interest in using Lyman cy emission as a means 
to detect galasies at the highest redshifts, and for the first time even “blind” 
narrow band searches are turning up Lyman pi emitters (Cowie & Hu 1998; 
Hu, Cowie & McMahon 1998, Pascarelle et al. 1998) by reaching sensitivity 
limits only a few times better than previous searches. Lyman N, of course, has 
a long and somewhat sordid history; it suffers from resonant scattering and the 
resultant selective extinction if there is any dust in early galasies, and in any case 
the emergent spectrum alon, g any particular line of sight is subject to the vagaries 
of the geometry of the interstellar medium. Nevertheless, it can be a very 
prominent spectral feature, makin, p the discovery of objects that are extremely 
faint in the continuum possible from the ground. If galaxy searches that depend 
on Lyman Q are to be made quantitative, a relevant question is: what fraction 
of star-forming galasies at high redshifts will have Lyman N emission strong 
enough to allow discovery using narrow-band imaging? 

This question is easy to answer at z - 3; at least to 72 = 25, based on 
the spectroscopic sample of LBGs. Figure 3 shows the histogram of rest-frame 
Lyman Q equivalent widths for a single LBG field in which 92% spectroscopic 
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Figure 3. The distribution of rest equivalent width of the Lyman cy 
line for continuum-selected Lyman break galaxies at z N 3 and with 
72~~ 5 25.0. The histogram is drawn from a field in which the spectro- 
scopic completeness is 92%, and SO should be very close to the “true” 
distribution of Lyman alpha line strength. The mean value is zero, and 
the median is slightly smaller than zero (i.e., Lyman QI is in absorption). 

completeness has been achieved. to 2.4~ = 25. Note that the mean equivalent 
width for Lyman o is essentially zero: and the median is -11 +8.! The fraction 
of objects for which Lyman cu emission exceeds IT/ -A = 20-k in the rest frame is 
S = 0.20. Roughly speaking, this is the fraction of LBGs at a given redshift 
that would be recovered in a narrow band experiment. Of course. it is possible 
that the distribution of Lyman cy equivalent widths changes significantly with 
redshift and/or continuum luminosity, although there is no indication from our 
sample of J N 4 LBGs that strong Lyman Q emission is more common at the 
bright end of the LBG luminosity function than at s h 3 (see S99). 

Possibly the most promising use of narrow-band imaging techniques (a form 
of photometric redshift, after all) is to use it to “map out;’ the distribution of 
gala-ties over a large range of intrinsic luminosity within known or suspected 
structures at high redshift (cf. Campos et al. 1999: Steidel et al 2000). In this 
case, even if one were only seeing 0 20-X% of the galasies, the number of objects 
found could be very large given the steep faint end of the luminosity function 
(see figure 2 above). p5-e have recently obtained very deep Lyman cy images of 
a region containing a significant over-density of galasies at 3 = 3.09 that was 
identified as part ofour spectroscopic LBG survey (Steidel et al. 199s; S9S). The 
spectroscopic sample conta.ins 24 galasies with 3.09 f 0.03 in a field N 9’ on a 
side, an enhancement relative to an average volume at J w 3-0f.a factor of 6. The 
spectroscopic sample only reaches 2 = 25.5 and is far from complete; we were 
int,erested in whether narrow-band imaging. which is able to probe more than 
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Figure 4. The LF of narrow-band emitters within the J = 3.09 struc- 
ture in SSAz2a field (circles), together with the LBG “field” LF (solid 
curve); the triangles are from a “blank-field” survey by Cowie $2 Hu 
(199S), and the squares are from a CMB decrement field presented by 
Campos et al. 1999. The open circle represents a correction to the 
rn~~ z 26 point that accounts for relative incompleteness with respect 
to emission line equivalent width assuming the distribution function 
shown in Figure 3. The dotted curve is the LBG field LF with a 
normalization increased by a factor of 1.5. After accounting for the 
factor of 6 density density enhancement in the spike, this implies that 
about 1.5/6 zx 2570 of continuum-selected galasies would be found us- 
ing narrow-band Lyman o selection. (see S2000 for details) 

2 magnitudes deeper in the luminosity function for strong-lined objects: would 
allow us to detect enough objects to allow a significant detection of substructure 
in a region that is almost certainly destined to become a rich cluster by the 
present epoch (cf. Governato et al. 199S, S9S). Because this field is so over- 
dense, u-e detect a factor of about 6 times higher surface density of Lyman 
Q emitters than in comparable “blank field” samples (cf. Cowie $2 Hu 199S), 
and so it also represents an interestin, u laboratory for comparing continuum and 
narrow-band selected objects at the same redshifts. 

Figure 4 summarizes the continuum luminosity functions for Lyman cy se- 
lected gala,xies at z N 3 from the J = 3.09 “spike” field, and from two other 
narrow-band experiments at similar redshift. The main point is that the LF 
of strong Lyman Q emitters even at very faint continuum luminosities (after a 
correction is applied to make the sample sensitive to the same rest equivalent 
width threshold at each luminosity) mimics the field LBG luminosity function 
in shape: the implication is that there is no significant tendency for fainter COII- 
tinuum objects to have larger Lyman Q equivalent widths. In fact? accounting 
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Figure 5. Maps of the z = 3.09 “spike” on the plane of the sky. In the 
left panel, circles denote spectroscopically confirmed LBGs within the 
structure; triangles are narrow-band deficit objects that are also LBG 
candidates, and solid dots are narrow-band excess objects (smaller dots 
are fainter in the continuum). The large squares are the two giant (- 20 
arc second) Lyman cy Blobs discovered in the narrow-band images. The 
right panel is a surface density map smoothed on scales of 1 arc minute; 
the highest contours represent local density enhancements of a factor 
of 2, or regions that are about 12 times more dense than an average 
volume at z N 3. Note that one of these peaks is associated with a 
QSO (star symbol) and another with one of the two giant Lyman o 
blobs 

for the factor of G density enhancement in the SSAZa field at (z) = 3.09, the 
fraction of Lyman N emitters with IV,\ > 30 k appears to be - 25%: consistent 
with the estimate from the bright spectroscopic sample above. Details of this 
analysis can be found in Steidel et al. 2000 (S2000). 

Figure 5 shows the result of combining the narroxv-band selected galasies in 
the s = 3.09 & 0.03 “spike” with the e,xisting spectroscopic Lyman break galaxy 
sample. There is a total of 162 objects in this relatively small region which 
are either known or strongly suspected to be within the large over-density of 
galasies. The smoothed surface density map on the right yields an interesting 
result: while the overall distribution of objects within the volume is consistent 
with random. 2 of the 3 highest density peaks (all 30 peaks on comoving scales 
of ^v Ill- ’ blpc) are associated with unusual objects - one is associated with an 
R = 21.7 QSO, and the other is associated with one of the two giant Lyman cy 
*-Blobs” discovered in the narrow-band images (see ST000 for more information 
on this new class of 0bjec.t). , 

The bottom line: Lyman .(Y ima.ging can be an effective means of finding 
objects at high redshift, particularly in regions of known density enhancement, so 
long as completeness with respect to continuum luminosity is not important. Our 
best guess about what fraction of high redshift galasies will have strong enough 
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line emission to be found using narrowband techniques is 30-X%, independent 
of continuum luminosity. 

5. The UV and Sub-mm Views of the High Redshift Universe: Any 
Connection? 

If high-redshift galasies resemble rapidly star-forming galasies in the local uni- 
verse, the majority of the luminosity emitted by their massive stars will have 
been absorbed by dust and re-radiated at far-infrared wavelengths that cannot 
penetrate the earth’s atmosphere. This simple fact has profound implications. 
It means, for example, that standard estimates of star-formation rates for high- 
redshift galaxies based on the strength of their far-UV continua are likely to 
be serious underestimates, since most of luminosity of massive stars emerges 
from the gala-xies in the far-IR not the far-UV (a galaxy of median UV color 
in our LBG sample would have only about 1520% of its bolometric luminos- 
ity emerging in the UV - the rest presumably is re-radiated in the far-IR). It 
forces attempts to derive more accurate star-formation rates to rely on large 
and uncertain estimates of these galaJules’ undetected far-IR luminosities. It 
also raises the possibility that significant populations of high-redshift galasies 
may be missing from optical surveys altogether because too large a fraction of 
their massive stars’ luminosities emerges in the far-In instead of the far-UV (see 
Blain’s contribution to these proceedings). Understanding the effects of dust 
on high-redshift gal&es is evidently crucial for interpreting the results of ever 
growing high-redshift surveys. 

A useful tool in this regard is the relationship between local starburst galax- 
ies’ spectral slopes in the UV, ,O, and their ratios of far-IR to far-UV luminosity 
(see Xeurer et al. 1999). This relationship can in principle let one estimate the 
(often) dominant dust-processed component of high-redshift gala,xies’ luminosi- 
ties based on the (sometimes) trace amount of their UV radiation which escapes 
unabsorbed by dust. However! the p/far-IR relationship has been shown to hold 
only for starburst galaxies in the local universe, and in order to use it to estimate 
with confidence the dust-corrected star-formation rates of high-redshift galasies 
we need to show that these galasies also obey the relationship. In Adelberger 
et al. (2000) we attempt to b o-ather all the relevant evidence. These data, which 
consist, of 85Oprn and 20cm observations of Lyman-break gala,xies at z N 3, of 
lS/lm and 2Ocm observations of Balmer-break galasies at z N 1 (see $6 below), 
and of UV to radio observations of the sub-mm source SMM.Jl4011 at z = 2.~65 
and the extremely red object HRlO at z = 1.44; are largely consistent with the 
idea that the dust emission of star-forming galasies at high-redshift can be reli- 
ably estimated with Meurer et al.‘s p/far-IR relation. The only clear exception 
among the gala.<es in this sample is HRlO, whose relatively large 85ObLrn flus 
could not have been predicted from its faint UV continuum using the (O/far-IR 
relation. 

If it is in fact true that W-selected gala,xies at high redshift obey the 
,$/far-IR relation, then we are in a position to estimate these galaxies total 
contribution to the 85OLhrn background. Details of this calculation are presented 
in .Adelberger k Steidel (2000); the upshot: shown in Figure 6: is that known 
CT--selected populations at 1 5 s 2 5 could by themsel\~es account for most of 
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Figure 6. (Top) -4 comparison of the observed 530~1~~ background 
to the estimated S5OLlm background produced by known UV-selected 
galaxy populations at 1 < J < 5. The observed points from Barger, 
Cowie: S; Sanders (1999) are shown as points with error bars. Esti- 
mating total S5OjLm fluxes of these UV-selected galaxy populations is 
subject to significant uncertainties (see Adelberger 82 Steidel (2000)), 
but it appears that these populations could be responsible for pro- 
ducing the bull< of the observed SSO/lm background ~ our masimum 
likelihood estimate (solid curve) produces 90% of the 550 /lrn back- 
pround measured by Fissen et al. (199s). The bottom panel shows the b 
UV-predicted sub-mm integral number counts (solid curve) together 
with the observations of Blain et ~1. 1999 (points with error bars). 
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Figure 7. The redshift distribution of photometrically preselected 
z N 1 “Balmer-break” galaxies observed in one night in March 1999. 

the observed SsOLLm background, as well as the measured shape of the S5Opm 
number counts brighter than ImJy, if they obeyed the P/far-IR relation and had 
the same distribution of p as observed in Lyman-break galaxies at z N 3. -4s far 
as we can tell. none of the current SZO/sm data require a significant fraction of 
star formation at high redshift to have occurred in objects that are too heavily 
reddened to be detected in UV-selected surveys. Moreover, the UV selected 
samples successfully “predict” the sub-mm and far-IR observations, and make 
further predictions that can be tested with future sub-mm/far-IR observations. 

6. z = 1: The Next Frontier? 

Although galaxy samples at z N 3 can in principle teach one a great deal about 
galasv formation. there is a limit to what can be learned from studying galasies I 
at this redshift,. In particular, in order to understand better what these galaxies 
are, and how thev are related to the ensemble of virialized dark matter ha- 
los predicted by models of structure formation, we would like to measure the 
sizes of their older stellar populations, their typical circular velocities? and the 
dependence of their star-formation rates and clustering properties upon their 
circular velocities and/or comoving number densities. Unfortunately the neces- 
sary observations range from difficult to impossible at 3 N 3. -It z k lT however, 
all these observations are relatively easy: the I< band samples wavelengths red 
enough to be dominated by light from older stars: [OII]X3727 is still in the op- 
tical window. and. objects of fixed luminosity are N 2 magnitudes brighter than 
at s h 3. 

Fortunately it appears to be almost as easy to photometrically preselect 
gala,xies at s ry 1 as at 3 w 3. -4delberger et nl. (2000) describe a technique 
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.for isolating galasies at 3 - 1 from the dominant foreground and background 
populations on the basis of their G’RI colors: the Balmer-break falls between the 
R and 1 filters at this redshift, giving these galaxies their distinctive colors. The 
N 4Od redshifts we have obtained for Balmer-break g&ties to date suggest that 
these selection criteria, will provide an efficient way of finding star-forming galas- 
ies at s - 1; the mean redshift of galaxies matching our photometric selection 
criteria is (2) N 1.0 with an rms spread of Q: 21 0.1 (Figure 7). 

Gala-ties at z pv 1 will match our selection criteria only if they are currently 
forming stars at rate similar to their average star-formation rate over the previ- 
ous r-4 few hundred &Iyr. Data from deep redshift surveys in the Hubble Deep 
Field and in SSA22 suggest that about half of the known galaxies at J - 1 will 
satisfy this criterion. Our current sample of 3 N 1 Balmer-break galaxies cow 
sists of over 2000 photometric candidates in 0.2 square degrees; - 400 of these 
have measured redshifts J N 1. We anticipate learning much more about this 
sample in the near future. 

7. Summary 

We have described, through a few examples, how photometric techniques allow 
surveys covering very large volumes with the ability to slice samples by redshift, 
galaxy “type” : and luminosity, and therefore are perfect for making sense of the 
development of structure, and the connection with galasy evolution. The sma.ll 
fields available on space instruments like WFPC-2, ACS, and, later, NGST, will 
mean that sample variance may limit how accurately one can measure even the 
simplest global quantities (e.g., luminosity functions, luminosity density, gross 
clustering properties). 

Photometric techniques also make a 0 vreat deal of sense for improving the 
efficiency of spectroscopic surveys - one can use photometric selection to con- 
struct volume-limited samples at prescribed cosmic epochs (taking advantage 
of the ability to include a much wider range of luminosity at a given redshift 
than a survey selected by apparent magnitude)Y control the selection function 
to select only a particular class of object, and generally make every slit count. 
Such techniques will be essential for surveys over wide redshift ranges. as the 
ideal instrumental setup (e.g.. IA-/blue: optical: or near-IR., spectral resolution, 
etc.) will often depend strongly on redshift and galaxy color. 

We expect tllat photometric techniques will make the biggest difference in 
the coming decade over the redshift range 0 2 J < 4 using wide field imagers 
and suitable followup spectroscopy from the grind. The information content 
at higher redshifts or at the faintest luminosities will depend on space-based 
data, which will be limited until the advent of XGST. However; the amount 
of work do be done in understandin g galaxy formation/evolution at “modest” 
redshifts 3 5 4 is huge; an d the potential for progress is very high. 
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Abstract. I review the constraints imposed by the observed extragalac- 
tic background light (EBL) on the cosmic history of star formation a.nd 
stellar mass density today. The logarithmic slope of the galaxy number- 
magnitude relation from the Southern Hubble Deep Field imaging survey 
is flatter than 0.1 in all seven UBVIJHIC optical bandpasses, i.e. the 
light from resolved gala,xies has converged from the UV to the near-IR. 
From the number counts one obtains a lower limit to the surface bright- 
ness of the optical estragalactic sky of about 15 nW mm2 sr-l; comparable 
to the intensity of the far-IR background from COBE data. If the initial 
mass function has a Salpeter slope with a lower cutoff consistent with 
observations of 31 subdwarf disk stars, a lower limit of 0,+, > 0.005150 
(at Hubble constant 50 km s -I Mpc-‘) can be derived for the visible mass 
density required to generate an EBL at a level of 50 1.50 nW me2 sr-l . &IO- 
tivated by the recent microlensing results of the MIIACHO collaboration, I 
also discuss the possibility that massive dark halos around spiral gala.xies 
are composed of faint white dwarfs, and show that only a small fraction 
(6 5%) of the nucleosynthetic baryons can be locked in the remnants of 
intermediate-mass stars forming at ZF ,$ 5, as the bright early phases of 
such halos would otherwise overproduce the observed EBL. 

1. Introduction 

Recent progress in our understanding of faint gala-xv data made possible by the 1 
combination of HST deep imaging and Keck spectroscopy has vastly improved 
our understanding of the evolution of the stellar birthrate in optically-selected 
gala-ties from the present-epoch up to z e 4 (Steidel et al. 199s; Madau et 
al. 199S). The large increase in the quantity of information available on the 
high-redshift universe at optical wavelengths has been complemented by mea- 
surements of the far-In/sub-mm background by DIRBE and FIR-AS onboard 
the COBE satellite (Hauser et al. 1995: Fissen et al. 1998; Schlegel et al. 199S), 

and by theoretical progress made in understanding how intergalactic gas follows 
the dynamics dictated by dark matter halos until radiative. hydrodynamic. and 
star formation processes take over (Baugh et al. 1995; Somerville et al. 1999). Of 
perhaps equal importance for b o.ala,xv formation studies appear the recent find- y 
ings of the microlensing experiments in the direction of the LMC, which suggest 
that between 20 and 100% of the dark matter in the Galactic halo is tied up 
in O.j+O.” -o.2 A+ objects (-Alcock et al. 1997). The underlying goal of all these ef- 
forts is to understand the growth of cosmic structures, the internal properties of 



.gals,xies and their evolution, and ultimately to map the star formation history 
of the universe from the end of the cosmic ‘dark age’ to the present epoch. 

In this talk I will discuss the implications for galaxy evolution studies of 
the observed galaxy number-apparent magnitude relation and its first moment 1 
the integrated galaxy contribution to the extragalactic background light (EBL). 
The logarithmic slope of the differential galaxy counts is a remarkably simple 
cosmological probe of the history of stellar birth in galasies, as it must drop 
below 0.4 to yield a finite value for the EBL. Together with the far-In/sub-mm 
background, the optical EBL from both resolved and unresolved extragalactic 
sources is an indicator of the total luminosity of the universe, as the cumulative 
emission from young and evolved galactic systems, as well as from active galactic 
nuclei (AGNs), is recorded in this background. -4s such it can provide, for a given 
stellar mass function, a quantitative estimate of the baryonic mass that has been 
processed by stars throughout cosmic history. 

Unless otherwise stated, an Einstein-de Sitter (EdS) cosmology (QJbl = 1, 
Q,,,i = 0) will be adopted in the rest of this talk. The work presented here has 
been done in collaboration with L. Pozzetti (see Madau & Pozzetti 1999). 

2. Galaxy counts from UV to near-IR 

The HDF-S dataset we have used includes deep near-IR NICMOS images and 
the deepest observations ever made with the STIS 50CCD imaging mode (details 
of the data reduction, source detection algorithm. and photometry can be found 
on ftp://archive.stsci.edu/pub/hdf-south/versionl/.) Figure 1 shows the HDF- 
N and -S galaxy counts compiled directly from the catalogs, as a function of 
AB isophotal magnitudes in the UBV1JHK bandpasses for all gala,xies with 
signal-to-noise ratio s/;V > 3 within the band, together with a compilation of 
&sting HST and ground-based data. NO correction for detection completeness 
have been made. 

One should note that different algorithms used for ‘growing’ the photometry 
beyond the outer isophotes of galasies may significantly change the magnitude 
of faint gala,xies. -4ccording to Bernstein et al. (1999) (see also Bernstein. this 
volume), roughly 507~ of the flus from resolved galasies with V > 23 mag lie 
outside the standard-sized apertures used by photometric packages. XII es- 
tragalactic sky pedestal created by the overlapping wings of resolved galaxies 
appears to contribute significantly to the sky level: and is undetectable except 
by absolute surface photometry (Bernstein et al. 1999). Also, at faint magni- 
tude levels; distant objects which are brighter than the nominal depth of the 
catalog may be missed due to the (1 + 3)’ dimming factor. -4ll these systematic 
errors are inherent in faint-galaxy photometry; as a result, our estimates of the 
integrated fluxes from resolved galasies will typically be too low, and must be 
strictly considered as lower hits. 

3. The brightness of the night sky 
. 

The contribution ofknown gala,xies to the optical EBL can be calculated directly- 
by integrating the emitted flux times the differential number counts down to the 
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Figure 1. Left: Differential UBVIJHK galaxy counts as a function of 
-1B magnitudes. night: Estragalactic background light per magnitude bin, 
as a function of U @lied circles), B (open circles), V (filled pentagons), I 
(open squares), J (filled triangks), H ( p o 
magnitudes. 

en triangles), and li (filled squares) 
For clarity, the BVIJHK measurements have been multiplied 

by a factor of 2! 6, 15, SO! 150, and 600, respectively. 

detection threshold. In all seven bands, the slope of the differential number- 
magnitude relation is flatter than 0.4 above m.4~ N 20 (25) at near-IR (optical) 
wavelengths, and this flattening appears to be more pronounced at the shorter 
wavelengths. The leveling off of the counts is clearly seen in Figure 1, where 
tile function i, = 10-0.-l(m.AB+-18’6) -‘v’( rn) is plotted against apparent magnitude 
in all bands. While counts having a logarithmic slope dlogN/dm 2 0.40 COII- 
tinue to add to the EBL at the faintest magnitudes, it appears that the HDF 
survey has achieved the sensitivity to capture the bulk of the near-ultraviolet, 
optical, and near-IR extragalactic light from discrete sources. The flattening at 
faint apparent magnitudes cannot be due to the reddening of distant sources 
as their Lyman break gets redshifted into the blue passband, since the fraction 
of Lyman-break gala,xies at (say) B E 25 is small (Steidel et al. 1996; Pozzetti 
et al. 1998). Moreover, an absorption-induced loss of sources cannot explain 
the similar change of slope of the galaxy counts observed in the V; I, .J? H, and 
1< bands. While this suggests that the surface density of optically luminous 
galasies is leveling off beyond s N 1.5, one should caution against the possibility 
that a significant amount of light may be missed at faint magnitudes because of 
s>-stematic errors. 

The spectrum of the optical EBL is shown in Figure 2. together with the 
recent results from the COBE satellite. The values derived by integrating the 
galaxv counts down to very faint magnitude levels (because of the flattening 
of the number-magnitude relation most of the contribution to the optical EBL 
comes from relatively bright galxsies) imply a lower limit to the EBL intensity in 
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Figure 2. Left: Spectrum of the optical extragalactic background light 
from resolved sources as derived from a compilation (Msdau & Pozzetti 1999) 
of ground-based and space-based galaq counts in the UBVIJHK bands 
(filled dots), together with the FIR-IS 12555000 /-lm (dashed l&e) and DIRBE 
140 and 240 pm (filled/empty squares) detections. The empty pentagons 
at 3000, 5500, and 8000 -1 are Bernstein et al. (1999) measurements of the 
EBL from resolved and unresolved galaxies fainter than V = 23 mag. The 
solid curue shows the synthetic EBL produced by a WD-progenitor dominated 
IMF with ?Z = 4 and (ZF, X, lyw~) = (36,0.5,0.1), in the case of zero dust 
reddeuing. Right: Stell ar initial mass functions, d(m), multiplied by m2. 
Solid Zinc: Salpeter I&IF! d(m) K m-2.35 at high masses, matched to a GBF 
function at m 5 1. Dotted line: TVD-progenitor dominated IMF in galaxy 
halos. d(m) x e-(mlm)3 m-‘, with 76 = 2.4. Dot-dashed line: Same for 
m = 4. 411 I&IFS have been normalized to unit mass. 

the 0.2-2.2 pm interval of Iopt z 15 nTV me2 sr-r. Including the tentative detec- 
tion at 3.5 klm by Dwek & Arendt (1999) would boost Iopt to N 19 nW mP2 x-r. 
Recent direct measurements of the optical EBL at 3000, 5500, and SO00 -k from 
absolute surface photometry by Bernstein et al. (1999) lie between a factor of 
2.5 to 3 higher than the integrated light from galaxy counts. Applying this 0 
correction factor to the range 3000-8000 -4. gives a total optical EBL intensity 
in the range :! j-30 nW me2 sr-l. This could become N 4.5 n\Vmm2 sr-l if the 
same correction holds also in the near-IR. The COBE/FIRI-1S measurements 
yield IFIR z 14 nW me2 sr-r in the 125-2000 pm range. When combined with 
the DIRBE points at 140 and 210 pm. one gets a far-IR background intensity 
of IFIR( 140 - 2000 pm) z 30 nJV m-j sr -I. -The residual emission in the 3.3 to 
140 /lm region is poorly known: but it is likely to exceed 10 nWm-” sr-* (Dwek 
et al. 19%). -4 ‘best-guess’ estimate of the total EBL intensity observed today 
appears then to be 

IEBL = 35 * 20 nJv mp2 sr-’ . (1) 

In the following. I will adopt a reference value for the background light associated 
with star formation activity over the entire history of the universe of 1j7~~ = 
~OI~"IlmIl-" sr-*. 



-4. EBL from quasar activity 

X direct measurement of the contribution of quasars to the EBL depends on 
poorly known quantities like the bolometric correction, the faint end of the 
luminosity function, and the space density of objects at high redshifts. Estimates 
range from 0.7 to 3 nWm-” sr -r (Soltan 1952; Chokshi & Turner 1992; Small 
si Blandford 1992). Another source of uncertainty is the possible eAxistence of a 
distant population of dusty -AG?Js with strong intrinsic absorption, as invoked 
in many models for the X-ray background (e.g. Madau et al. 1994; Comastri et 
al. 1995). These Type II QSOs: while undetected at optical wavelengths, could 
contribute significantly to the far-IR background. It is in principle possible to 
bypass some of the above uncertainties by weighing the local mass density of 
black holes remnants (Soltan 1952), as recent dynamical evidence indicates that 
supermassive black holes reside at the center of most nearby gala,xies (Richstone 
et al. 1998). The available data (about 40 objects) show a correlation (depicted 
in Fig. 3) between bulge and black hole mass, with 114~~ E 0.006 i%!!+ as a 
best-fit (Magorrian et al. 199s). The mass density in old spheroidal populations 
today is estimated to be J&,hh = O.OOlS’~:~$& (Fukugita et al. 199S, hereafter 
FHP): implyin, w a mean mass density of quasar remnants today 

PBH = 3 5 2 X 10” h M’I, MilpCe3. (2) 

Since the observed (comoving) energy density from all quasars is equal to the 
emitted energy divided by the average quasar redshift, the total contribution to 
the EBL from accretion onto black holes can be estimated to be 

2.5 
z 4 f 2.5 nW rnF2 sr-r ~0.0~ ~ 

(1 t 2) 

(h=0.3), h q. w ere o o5 is the efficiency of accreted mass to radiation conversion in 
units of 570. Therefore, unless dust-obscured accretion onto supermassive black 
holes is a very efficient process (rlo.05 > l), a population of quasars peaking at 
s ry 1.5 - 2 is espected to make a contribution to the total brightness of the 
night sky not exceeding lo-20% (Fabian & Iwasawa 1998; Madau 1999). 

5. The stellar mass density today 

VJ;ith the help of some simple stellar population synthesis tools we can now set a 
lower limit to the total stellar mass density that produced the observed EBL. and 
constrain the cosmic history of star birth in gala.xies. One of the most serious 
uncertainties in this calculation is the lower cutoff, usually treated as a free 
parameter, of the initial mass function @IF). Observations of >I subdwarfs stars 
with the HST have recently shed some light on this issue. showing that the ISIF 
in the Galactic disk can be represented analytically over the mass range 0.1 < 
m < 1.6 (here m is in solar units) by log dj( m) = const -2.33 log m- l.S2(log ~72)’ 
(Gould et al. 1996! hereafter GBF). For mn > 1 this mass distribution agrees well 
with a Salpeter function, log O( m) = const - 2.35 log m. A shallow mass function 
(relative to the Salpeter slope) below 1 -?f, has been measured in the Galactic 
bulge as well (Zoccah et al. 1993). Observations of normal Galactic star-forming 
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Figure 3. Black hole mass distribution against the bulge luminosity of their 
host galaxies (from Magorrian et al. 1998). Arrows indicate upper hmits on 
&1n~. The symbols denote different galaxy types: empty circles (E), filled 
sq’aares (SO)! filled circles (Sab), and empty squares (Sbc-Scd). 

regions also show some convergence in the basic form of the IMF at intermediate 
and high masses, a power-law slope that is consistent with the Salpeter value 
(Elmegreen 1998). In the following, I will use a ‘universal’ IZIF (shown in Figure 
2) with the GBF form for m < 1, matched to a Salpeter slope for m 2 1; the 
mass integral of this function is 0.6 times that obtained extrapolating a Salpeter 
function domn to 0.1 iL1@.l 

As shown in Figure 4, the bolometric luminosity as a function of age r of a 
simple stellar population (a single generation of coeval, chemically homogeneous 
stars having total mass M, solar metallicity, and the above IMF) can be well 
appro,ximated by 

1200 L& r < 3.6 Myr; 

L(r)= 0.7 Lag (&)-1'2'5 2.6 5 T 5 100 Myr; . (4 
-0.8 

T > 100 My 

Over a timescale of 13 Gyr (the age of the universe for an EdS cosmology with 
h = O.z)> about 1.3 AIeV per stellar baryon will be radiated away. This number 
depends only weakly on the assumed metallicity of stars. In a stellar sy-stem tvith 
arbitrary star formation rate per comoving cosmological volume, jsT and forma- 
tion epoch f~, the bolometric emissivity at time t is given by the convolution 
integral 

rf 
Pbol(~) = 

I 
” L(r)b,(t - r)dT. (5) 

.o 

‘The bolometric light contributed by stars less massive than 1 ,\Ic, is very small for a ‘typical‘ 
ILIF. The use of the C+BF mass function at low masses instead of Salpeter then leaves the to&l 
radiated luminosity of a stellar population virtually unaffected. 
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Figure 4. &ft: Synthetic (based on an updat,e of Bruzual k Charlot’s 
1993 libraries) bolometric luminosit~y versus age of a simple stellar population 
having total mass M = 1 Ma, metallicity 2 = Za (solid line) and Z = 0.2 Z, 
(dotted line): and a GBF+Salpeter IMF. Right: EBL observed at Earth from 
the instantaneous formation at redshift 2~ of a stellar population having the 
same IMF (Z = Z,) and mass density flg+$h2 = 0.0018,0.0013, and 0.0008, 
as a function of “F. Solid cwp1e.s: EdS universe wit,h h = 0.5 (TV = 13 Gvr). 
Dashed curves: h-dominated universe with RAN = 0.3, RA = 0.7, and h = 0.65 
(fH = 14.5 Gyr). 

The total background light, observed at Earth (t = TV) is 

I EBL = f J tH 
77 tp 

where the factor (1 -/- z) at the denominator is lost to cosmic expansion when 
converting from observed to radiated (comoving) luminosity density. 

To set a lower limit to the present-day mass density, ‘(tg+s, of processed 
gas + stars (in units of the critical density Pcrit = 2.77 x 1Orr h2 M, h4pcm3), 
consider now a scenario where all stars are formed instantaneously at redshift 
ZF. The background light that would be observed at Earth from such an event 
is shown in Figure 4 as a function of zF for three values of fig+sh2 corresponding 
to 4, 7, and 9 percent of the nucleosynthetic baryon density, &,h2 = 0.0193 + 
0.0014 (Burles & Tytler 1998). T wo main results are worth stressing here: (1) 
the time evolution of the luminosity ra’diated by a simple stellar population 
makes the dependence of the observed EBL from ZF much shallower than the 
(1 + zp)-l lost t, o cosmic expansion, as the energy output from stars is spread 
over t,heir respective lifetimes; and (2) . III order to genera.te an EBL a.t a level 
of 50 150 nJY mW2 sr-r: one requires flg+$h2 > 0.0013 Ijo for an EdS universe 
with h = 0.5, hence a mean mass-to-blue light, ratio today of (AJ/LB)~+~ > 
3.5150 (the total bl 
10” 12 L,-, Mpc- 

ue luminosity density at the present-epoch is CB = 2 x 
3, Ellis et al. 1996). The dependence of these estima,tes on the 

cosmological model is rather weak. With the adopted IMF, about 30’% of this 
mass will be returned to the interstellar medium in 10’ yr, after intermediate- 
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mass stars eject their envelopes and ma.ssive stars explode as supernovae. This 
return fraction. R, becomes 50% aft,er a.bout 10 Gyr (e.g. Weidemann 19s:). 

-4 visible ma,ss density a.t the level of the a.bove lower limit, while able 
to explain the mea,sured sky brightness, requires that most of the stars giving 
origin to the observed light must have formed at very low redshifts (ZF s 0.3); 
a scenario which a,ppears t.o be ruled out by the observed evolution of the UV 
luminosity density (kIada,u 1999). For illustrative purposes, it is interesting 
to consider instea.d a model where t.he star formation rate per unit comoving 
volume stays a,pprol;ima.tely constant with cosmic time. In an EdS cosmology 
with h = 0.5; one derives from equations (4), (5), and (6) 

IERL = 1460 nW rnp2 sr-r ( is 
hil, yr-r I\?Pc-~ ) 

The observed EBL therefore implies a ‘fiducia.1’ mean star formation density 
of (is) = 0.034 Ijo l&yr-r iuIpC3 (or a factor of 1.6 higher in the case of 
a Salpeter IMF down to 0.1 Ala). Any value much greater than this over a 
sizeable fraction of the Hubble time will genera,te an EBL intensity well in es- 
cess of 50 nWnl-2 sr-‘. Ignoring for the moment the recycling of returned gas 
into new stars, the visible mass density at the present epoch is simply pg+s = 
JiH fis(t)clt = 4.4 x 10~ Is0 IvIo M~c-~: corresponding to flgSsh2 = 0.0016 Iso. 

Perhaps a more realistic scenario is one where the star formation density 
evolves as 

0 33 es.42 
p&z) = .- 

e3.sz + 44 7 Me yr-r Mpce3. 6% 

This fits reasonably well all measurements of the UV-continuum and Ha lumi- 
nosity densities from the present-epoch to ,7 = 4 after an extinction correction 
of -41500 = 1.2 mag (.42suu = 0.55 mag) is applied to the data (hiIa,dau 1999)> 
and produce a. total EBL of a.bout the right magnitude (150 z 1). Since about 
half of the present-day stars are formed at z > 1.3 in this model and their 
contribution to the EBL is redshifted away: the resulting visible mass density 
is Q2g+sh2 = 0.0031~~ ((M/LB),+, = 8.5 1.50); almost twice as large as in the 
is =const approxima,tion. 

Depending on the star formation history and for the assumed IMF? the ob- 
served EBL then requires between 7% and 16% of the nucleosynthetic baryon 
density to be today in the forms of stars, processed gas, and their remnants. Ac- 
cording to the most recent census of cosmic baryons, the mass density in stars 
and their remnants observed today is Q2,h = 0.00245’0,:~~&$ (FHP), correspond- 
ing to a mean st,ellar mass-to-blue light ratio of (fif/L~)~ = 3.4?::: for h = 0.5 
(roughly 7070 of this mass is found in old spheroidal populations). While this is 
about a factor of 2.5 smaller than the visible mass density predicted by equation 
(S): efficient recycling of eject,ed material into new star formation would tend to 
reduce the apparent discrepancy in the budget. Alternatively, the gas returned 
by stars may be ejected int,o the inCergalactic medium. With an IMF-avera,ged 
yield of returned metals of yz z 1.520,~ the predicted mean metallicity :at 

^ .._ _ j ‘Here I have taken j/z E [mpzmc$(m.)dm x [,/m~$(m~)clm~]-~, the stellar yields p&, of Tsujimoto 
et al. (1995), and a GB$+Salpet.er IMF. 



the present epoch is g~fl{,+~/Qb z 0.25 Z,z). in good agreement xvith the values 
inferred from cluster abundances (Renzini 1997). 

6. EBL from MACHOs 

One of the most, interestin g constraints posed by the observed brightness of 
the night sky concerns the possibility tha,t a large fraction of the dark mass in 
present-da,p galaxy halos ma,y be a.ssocia.ted with faint white-dwarf (W’D) rem- 
nants of a. population of intermedia.te-mass stars tha,t formed at high redshifts. 
The results of t,he microlensing X4CHO experiment t,owards the LbiC indicates 
that, 60 f 20(x, of the sought dark matter in the halo of the Milky TT;ay maJ- be 
in the form of 0.5~~:~ &?,7 objects (_4lcock et al. 1997). The mass scale is a nat- A 
ural one for white dwarfs; a. scenario also supported by the lack of a numerous 
spheroidal popula.tion of ion--mass main sequence st,ars in the HDF (Gould et al. 
1998). The total mass of U.ACHOs inferred within 50 kpc is 22;:; x 1O1l A/l,3. 
implying a ‘MACHO-to-blue light’ ra,tio for the hililky TT’ay in the range 5 to 25 
solar (Fields et al. 1998). If these values were typical of the luminous universe 
as a, n-hole, i.e. if MACHOs could be viewed as a. new stellar population ha.ving 
simi1a.r properties in all disk galaxies, then the cosmological mass densit.y of h4-4- 
CHOS today \\rould be flbl.,!,CHO = (5 - 25) fsCg/Pcrit = (0.0036 - 0.017) fB h-l, 
a significant entry in the cosmic baryon budget (Fields et al. 1998). Here 
.fB z 0.5 is the fraction of the blue luminosity density radia.ted by st.ellar disks 
(FHP). Xote that if i\lACHOs are halo TYDs, the contribution of their progeni- 
t,ors to the mass density pazameter is several times higher. 

Halo IMFs which are very different from tha.t of the solar neighborhood, 
i.e. which are heavily-biased towards WD progenitors and have very few stars 
forming with masses below 2 iW,3 (a,s these would produce bright TYDs in the 
halo today that are not seen), and above 8 JJa (to avoid the overproduction of 
heavy elements), ha,ve been suggested as a suitable mechanism for explaining 
the microlensing da.ta (Adams St Laughlin 1996; Chabrier et al. 1996). While 
the halo WD scenario may be tightly constrained by the observed rate of Type 
Ia. SX in galaxies (Smecker & Wyse 1991), the expected C and N overenrichment 
of halo stars (Gibson k hlould 199i), and the number counts of faint galasies 
in deep optical surveys (Charlot k Silk 1995), 1 lere a potentially more direct 
method is explored, namely I will compute the contribution of WD progenitors 
in dark galaxy halos to the ext,ra.galactic background light. 

Following Chabrier (1999); I will adopt a truncated power-law ITVIF; 

g772j = const x c -(iiT/m)3 -5 
nz . (9) 

This form mimics a mass function strongly peaked at 0.8452. To examine the 
dependence of the I14F on the results, let us consider two functions (shown in 
Fig. 3), nl = 2.4 and 171 = 4: both yield a present,-day Galactic halo mass- 
to-light ratio > 100 after a Hubble time, as required in the absence of a large 
non-baryonic component. I will further assume tha.t a popula.tion of halo WD 
progenitors having mass density .-r&h * = O.O193..Y formed instantaneously at 
redshift 2~ with this I&IF and nearly primordial (2 = 0.02 Z,) metallicity. The 
resulting EBL from such an event is huge, as sl~ow~~ in Figure 5 for -Y = 0.1; 0.3, 
and 0.6 a,nd a A-dominated universe. 
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Fi,gnre 5. Left: Synthetic bolometric luminosity versus age of a simple stel- 
lar 1)opulation having tot,al mass M = 1 AC!@, metallicit,y 2 = 0.022,, and a 
ST-D--progenitor dominated IMF v,-ith 7n = 2.4 (solid line) and ?n = 4 (dashed 
1inc). Right: EBL observed at Earth from the inst)antaneous formation at 
rv&hift zF of a stellar population having the same IMF and metallicit,y, and 
mass densit,y Xflbh2 correspondin g to 60, 30, and 10 per cent of the nucle- 
osynthetic value, as a function of ZF. A A-dominated universe with f12,v = 0.3, 
0.1 = 0.7, and h. = 0.G has been assumed. Solid line: 7ii = 2.4. Dashed line: 
?f7 =- 4. 

Consider the ??i = 2.4 case first. With JF = 3 and X = 0.6, this sce- 
nario would generate an EBL at a level of 300 nW mm2 ST-~. Even if only 30% 
of the nucleosynthetic baryons formed at ZF = 5 with a WD-progenitor domi- 
na?ccl I?\TF; the resulting ba.ckground light at Earth would exceed the value of 
100 n1Y mW2 sr-‘, the ‘best-guess’ upper limit to the observed EBL from the 
data plotted in Figure 2. The return fraction is R E 0.8, so only 20% of this 
stellar ma.ss would be leftover as WDs, the rest being returned to the ISM. 
Therefore; if galaxy halos comprise 100% of the nucleosynthetic baryons, only a 
small fraction of their mass, XWD Z 0.2 x 0.30 = 0.06 could be in the form of 
n-hit,e dsr-arfs. Pushing the peak of the IMF to more ma.ssive stars, 5i;i = 4, helps 
only marginally. With 7% = 2.4, the energy ra.diated per stellar ba.ryon over a 
timescale of 13 Gyr is equal to 2 MeV, corresponding to 10 MeV per baryon in 
ST’D 1c:mnants. -4 simi1a.r value is obtained in the ?Z = 4 case: because of the 
shorter lifetimes of more massive stars the expected EBL is reduced, but 01114 

1)~ 20% or SO (see Fig. 5). Moreover: the decrea.sing frxtion of leftover SYDs 
raises t!~-en more severe problems of metal galactic enrichment. 

One should note that these limits are not necessarily in contrast with the 
microlcnsing results, as they may imply either that WDs are not ubiquitous in 
galaxy halos (i.e. the Milky Way is atypical), or that the bulk of the baryons 
are actually not gala.ctic. One possible wa.y to relax the above constraints’on ‘. 
T;5’D ba~yonic.halos -is to push their formation epoch to extreme redshifts (ZF 5: ‘I. .. ,.‘,. *. ; 
10); and hide- the:.ensuing background light in the poorly constrained spectral- . ’ .: 
region betwetixi‘ 5 and 100 pm. In Figure 2 I show the EBL produced by a. ! . :’ .” ’ 
WD-progenitor dominated IMF with 77% = 4 and (SF: -y, -~\vD) = (36,0.5,0.1), 



assuming negligible dust reddening. While this model may be consistent with 
the observa.tions if the large corrections fa.ctors inferred by Bernstein et al. (1999) 
extend int,o the near-IR., it is important to draw a.ttention to the fact t,ha.t even 
a tiny fraction of dust reprocessin g in the (redshifted) far-IR would inevitabl) 
lead to a violation of the FIR,1S background. 
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HST/LCO Measurements of the Optical Extragalactic 
Background Light 

R.ebecca A. Bernstein 

Carnegie Obser~latories, 813 Santa Barbara St., Pasadena: CA, 91101 

Abstract. 
We present the first detections of the mea.n flux of the optical estra- 

galactic background light (EBL) at 3000, 5500, and 3000A&, derived from 
coordina.ted da.ta sets taken at. Las Campanas Observatory and with HST. 
III addition to detections in all three bands, we identify the minimum sur- 
face brightness contributed by resolved g&ties (23 < 1; < 25 AB mag) 
using a. novel method of aperture photometry to which these da.ta are 
uniquely suited. By comparin, r these results t,o the surface brightness 
from resolved galaxies measured using sta.ndard methods of galaxy pho- 
tometry, we identify systematic errors in the results of faint galaxy pho- 
tometry and place limits on the EBL flus originating from undetected 
sources. 

1. Introduction 

The optical extragalxtic ba.ckground light (EBL) is the int,egrat,ed flux from all 
estragala.ctic sources, both resolved and unresolved. The energy density of the 
EBL as a function of wavelength is directly related to the integrated star for- 
mation history of the universe; the total baryon fraction in stars: and the total 
met,al mass produced by stellar nucleosynthesis. Although t,he spect,ral energy 
distribution (SEDj of starbursting regions is dominated by UV emission from 
hot, young stars; older stellar populations emit most of their energy at l-1.5~rm. 
The optical EBL we det,ect, in the range 2500-9000.4 therefore includes signifi- 
cant flux from older popula.tions at low redshift as well as light from starbursting 
galaxies and younger populations out to z w 9, the redshift at which Lyman con 

tinuum absorption by intergalactic hpd:ogen redshifts to the wavelengt,h of our 
reddest ba,ndpass (FS14TY, An N SOOOA4). Further complicating interpretation 
of the EBL spectrum, dust in the emittin, b u calaxies will absorb and re-radia.te 
starlight at thermal infrared wavelengths. The energy densit,y of the EBL over 
the full wavelength range of UV to sub-mm must therefore be included to ob- 
tain a complete census of the energy produced by stellar nucleosynthesis in the 
universe. 

The cosmological significance of the EBL was first appreciated in the 1706’s, 
when expectations of a infinite, static universe., uniformly filled with stars: led 
astronomers to puzzle over the fact t,ha.t tlie nighttime sky is dark. The apparent 
conflict posed by the darkness of the night sky became k~lown as Olbers’ para- 
dox. While it is now readily explained by the expansion of the universe, the finit,e 
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s~)ced of light. and, most importantly, the finite lifetimes of stars, Olbers’ para- 
dox stands as an excellent illustration of the power of background mea.surements 
to test our model of the universe. Our present picture of the star formation and 
chemical enrichment hist,ory of the universe is based on quite a diverse range 
of obserxational methods. among these are: redshift, surveys, producing gala.sy 
luminosity functions and measurements of t,he luminosity- density from galasies 
v,ith z; spect,roscopy of QSO absorption systems. producing estimat,es of the 
conversion rate of hydrogen into stars and the rate of metal enrichment with 
s : and st.el1a.r population synthesis modeling: producing estimates of the star 
formation rates when combined with local IR luminosity functions. 

\5?th new lOn---class telescopes and HST, the limits of these resolved-source 
methods are being extended to ever fainter levels: however, a measurement of 
the EBL remains an invalua.ble complement to observational methods which rely 
on resolved-source detections. Galaxies with low qparent surface brightness - 
both intrinsically low surface brightness galasies a.t low redshift and the majority . . 
of the galaxy luminosity function a,t high redshift - a,re easily missed in surfa.ce- 
brightness-limited galasy counts and in redshift surveys. Identifica.tion, not to 
mention photometry, of faint galaxies becomes strongly biased near det,ection 
limits. Even efforts to understand galaxy evolution, chemical enrichment, and 
star forma.tion through QSO absorption line studies are now thought to be bia,sed 
against the chemically enriched, dustier systems: as these systems will obscure 
QSOs which might lie behind them (Pei S_ Fall 1995: Pettini et al. 1999). In 
contrast. a direct measurement of the EBL is a complet,e census of the energy 
~~roduced by star formation and is immune to surface brightness selection effects. 

In this contribution, we briefly describe the first detection of the EBL a,t 
optical wavelengths and some of the implica.tions of those results. On a, practical 
note. because the results we discuss here are based on HST/TVF’PC2 observa- 
tions. which have a j arcmin2 field of view, galaxies brighter than V = 23 AB mag 
are not st,atistica.lly well represented in these data. Our measurement of the EBL 
is therefore defined as the flux from resolved and unresolved galasies fainter than 
1’ =:. 23 -4B mag. We use the abbreviation “EBL23” as a reminder of this bright 
magnitude cut-off. We combine EBL23 with galaxy counts at brighter magn- 
tudes to obtain an estimate of the total EBL. 

2. Foreground Subtraction and Data Sets 

The key- to any ba.ckground measurement is the successful subtraction of fore- 
ground contamination. Figure 1 shows the surface brightnesses of foreground 
sources along lines of sight where they are faintest - at Galactic latitudes greater 
than 65 degrees and ecliptic latitudes greater than 30 degrees. For comparison, 
upper limits from previous attempts to measure the EBL are also shown, along 
nith l.ower limits from integrating the flux in resolved galaxies (i.e., from galaxy 
counts). The cumulative flus from foreground sources is roughly 100 times the 
EBL flux, so tl1a.t roughly 1% accuracy in foreground removal must be achieved 
in order to detect the EBL. 

The brightest and most problematic foreground source is airglow, the rapidly 
varying molecular and atomic line emission produced by the Ea.rth’s owl atmo- 
sphere. JVe have avoided this source a.t the wa.velengths of our observa.tions by 
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Figure 1. The surfa,ce brightness of airglow, zodiacal light, and dif- 
fuse gakctic Light are compared here to upper limits for the EBL from 
previous investiga.tions downward arrows and lower limits from t,he cu- 
mulative surface brightness of sources with Ii > 23 AB mag in the Hub- 
ble Deep Field (Williams et al. 1996). -4ll foregrounds are shown 
at the flus levels we identify in this work. Hatched regions show the 
HST/WFPC2 and FOS band-passes. 

using HST to mea.sure the total night sky flux from above the atmosphere. The 
dominant foreground from HST is sunlight scattering off of the large (2 1Opm): 
rough, interplanetary dust grains which concentrate in the ecliptic plane -- 
zodia.cal light (ZL). As the solar system is harder to escape than the Earth’s 
atmosphere, it is fortunate that the sca.tt,erin, n involved is well described by Mie 
theory and is only weakly wavelength dependent, with scattering becoming more 
efficient by 5% per 1000-k with increasing wa,velength. The mea,n zodiacal light 
flus can thus be identified by the strength of sola,r absorption fea.tures (Fraun 
hofer lines) which are preserved in its spectrum (see Figure 2). 

Stars in our own Galaxy can be resolved and subtract.ed relatively easily 
with modern optical CCD detectors. However; interstellar dust scatters incident 
st,arLight, producing diffuse Galactic light (DGL) a.t optical wavelengths. The 
dust column density and the interstellar radiation field strength, both of which 
determine the intensity of scattered DGL, are well correlated with the lOO/lrn 
thermal emission from the dust along the line of sight. Our field wa,s selected for 
it,s very low lOOpIn emission and therefore minimal DGL. The remaining low- 
level optical DGL can be estimated using simple scattering models, which are in 
good agreement v:ith the empirical observations of the DGL from 2500-9000~~ “.. ‘:‘ . ’ 
(see Witt. et a,l.. 1997 and references therein). 

Previous .efforts to measure the optical EBL have employed a variety of’ 
different approxhes. In a pioneering effort? Mat,tila. (19T6) attempted to iso- 
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Figure 2. The spectrum of the night sky from Las Campaaas Ob- 
servat,ory taken simultaneously with the observations of the same field 
from HS’T. il. solar spectrum is shown for comparison. Solar absorption 
features due to ZL in the night sky spectrum are readily identified. 

late the EBL by differencing the flux on a.nd off “dark” clouds a.t high Galactic 
la.titude, using them as opaque screens to spa.tially isolate foregrounds from the 
EBL. This work identified the rapid temporal varia.bility of terrestrial airglow 
and ext,inction and the spatial varia,bility of diffuse Galactic light which proved 
to be the primary obstacles to early efforts to measure the EBL. Toiler (1983) 
later attempted t,o a.void both atmospheric and zodiacal foregrounds using data 
from the Pioneer 10 spacecraft taken beyond the zodkcal dust cloud at a he- 
liocentric distance of 3 AU from the Sun. Poor spatial resolution (2’): however 
prevented the accurate subtra.ction of discrete Galactic stars, let alone the dif- 
fuse Gala.ctic component from these data. Dube, Wilkes, $2 Wilkinson (1979) 
made the first effort to measure and subtract foreground contributions explic- 
itly based on geometrical modelin g of airglow and Galactic foregrounds, and 
spectroscopic mea.surement of the ZL flux by the same technique which we have 
adopted. Rapid variability caused uncertainty in their airglow subkaction which 
domina.ted the errors in their results. 

In this work: we isolate the EBL23 using three data sets obtained simulta- 
neously: absolute surface photometry in lOOO&wide bands centered at roughly 
3000, 5500, and 8OOOA from WFPC2; low (- 300-L) resolution surface spec- 
trophotometry at 4OOO-7000-& from the FOS; and moderate (2.OA) resolution 
surface spectrophotometry from the Boller and Chivens spectrograph on the 
2.5m duPont telescope at Las Ca.mpanas. The HST data are used to measure 
the mean flus of the total background;-.~~rllile the LCO data are used to measure 
the ZL by the method described\-above. We estimate foreground DGL using 
scattering theory and empirical correlations between the optical DGL and ther- 
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Figure 3. Total sky flux from If-FPC2 (dots) and FOS (circles), 
Sovember and December (offset. +100-&j d&a sets. The 2% difference 
in flus results from changes in ZL due to Earth’s motion. Dashed line 
shows ZL spectrum. Horizontal bars show ZL convolved with TVFPC2 
filters. Sky flus at X > 4OOOA is w 95(% ZL. Error bars on all points c 
indica.te la RMS errors. Floating error bars a.t 2500-4 show systematic 
uncertainties for WFPC2 result; the error bar at 7000-& shows the FOS 
uncertainty. Solid lines show WFPC2 band-passes. 

ma1 100pm emission from the same dust. The HST observations were scheduled 
in three visits of six orbits each, with one month between visits. This allowed 
us to look for and confirm the expected modula,tion in the ZL with the Earth’s 
orbital position, to look for possible off-asis scattered light with the satellite ori- 
ented at, different, roll angles, and to safe-gua.rd against unidentified photometric 
anomalies with the instrument. 

Observations from LCO and HST must be simultaneous to ensure that the 
ZL measured from the ground is exactly the contribution seen by HST. -41~0; 
the HST and LCO data sets must be calibrated t,o the same absolute scale 
with -l(A) accuracy in order to detect the EBL. M’hen necessary to a.chieve 
the required a.ccuracy, original reduction procedures were developed and STScI 
calibrations were augmented with our own solutions. To eliminate stray light. 
HS’T observations were made only in the shadow of the Earth, with the Moon 
vca.ter tl1a.n 65 degrees from the optical axis of the telescope. We also selected b 
the field to avoid I/ > 7-4B mag stars within 3 degrees. 

3. Results on the EBL : * 

From ea.ch TVFPC2 CCD image, we obtain a measurement of the .night sky 
flUS. As expected, we find varia.tions in the sky flus between visits due to 
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the s-arying ZL contribution at different times of yea.r. We find no significant 
tiiri‘erence between the results from the three M’FPC2 chips, and no indication 
of stray light or photometric anomalies between visits. Final statistical errors 
are less than l'i;, in the two redder pass-ba.nds. The statistical error in the 
measurement at 3000-i is domina,ted by the a.ccuracy with which we can subtra.ct 
instrumental backgrounds. which are almost as bright as the tot,al sky flus at, 
ihis wavelength. Spstema,tic errors are also of order l’s, and a.re dominated by 
rl:e aI)erture correction and point source calibration. The results are shown in 
Fieure 3. FOS results have a much large systematic uncertainty (- 5%)); due 0 
to uncertainty in the aperture solid angle and point sprea.d function, a.nd non- 

uniform sensitivity a.cross the detector, which a.ffects surface brightness results 
much more than point source measurements. The WFPC2 and FOS results are 
discussed in detail in Bernstein et al. [1999a.). 

We took spectra of blank sky within the. HST/W’FPC:! field of view using the 
Boller and Chivens spectrograph at Las Campanas Observa.tory simultaneously 
with the November HST observations. We ha.ve used those specka to mea.sure 
the absolute flus of the ZL a.t 4650-L with a precision of O.S%,, a.nd a. systematic 
uncertainty of < 176, using the method outlined in $2. That mea,surement is 
tliscnssod in Bernstein et al. 1999b. 

The optical DGL was estimated usin g a simple non-uniform, ba.ck-sca,ttering 
model: 1~ = j, WA r-x S(g, b)? in which S(g, b) is the scat-tering phase function in 
terms of Galactic la.titude, b; and the a.verage phase function of the dust, 9 (Jura 
1979). The optical depth, 7~~ and the surface brightness of the interstellar ra.di- 
ati!)n field, j,, a.re empirically determined. The effective albedo, w, and phase 
fi,~:;-iion. 9: are based on estensive laboratory tests and modeling by Drake k 
i,,;c (1980) a.nd are in excellent agreement with both optical and IR observa- 
tions. The predicted DGL for our field (galactic latitude b 2 50”, 150” from 
the galactic center) is in good agreement with prediction from scaling rela.tions 
bt‘t~v~~n the optica,l and IN scattering and the 100pm thermal emission from 
tllf‘ galactic dust (see Witt et al. 1997 for a discussion of models and a review 
of results). The contribution from DGL is small enough that uncertainty in this 
es t irnate is an insignificant source of error for our final result. 

Combining the HST and LCO results with a model of the DGL, we obtain 
the detections of the EBL23 shown in Figure 4. The errors are dominated by two 
systematic effects: unavoidable limitations in the flus calibration of independent 
da.ta sets to the same a.bsolute scale; and uncertainty in the color of the ZL, which 
we combine with our absolute ZL flux measurement at 465Oa to obtain the ZL 
flux at each WFPC2 band. In comparison to the flux in individually detected 
galaxies in the HDF, the nominal detections plotted show roughly a, factor of 5 
higllcr flus: however, the counts are within the 30 error limits. 

In order to identify the EBL flux comin g from detectable gala-ties - which 
one cm regard as a.n absolute minimum value for the total EBL - we have 
developed a method for simplified aperture photometry. Briefly, to identify t,he 
total flux from detectable sources we simply average the flux of every pixel in 
t,he frame to obtain the mean surface- brightness of the foregrounds plus ‘all 
extra<>-alactic sources: this is a measure ,of the a.verage surfa.ce brightness per 0 
pixel from “sky + objects.‘> We-then ma.& out all detecta.ble objects, and again 
take the surfa.ce brightness of all remaming pixels to obtain the flus from what 
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Figure 4. The detected EBL23 - EBL from ga.lasies with V > 
23 -4B mag. Solid error bars show la RMS errors; dotted error bars 
show systema.tic uncerta.inties. The hatch-marked region shows (1~) 
uncertainty from ZL subtraction. The dashed line connects integrated 
galaxy counts from the HDF. The minimum EBL23 values we iden- 
tify from galaxies 23 < 11 < 28 AB mag are shown by the unconnected 
lower limit arrows. 

must be foregrounds only if one assumes that detectable galasies account for the 
entire extragalactic signal: this is a. measure of the average surface brightness 
per pixel from “sky-.:’ The difference between the surface brightness of ‘%ky + 
0lIjects” and “sky” is simply the flus recoverable from sources within the area 
of the ma.& we have used. 

We repeat this measurement by maskin, p the galaxies with masks that are 
the same size as the a.pert,ures used for individual source photometry by stan- 
dard photometric packa.ges (see, for exa.mple; Williams et al. 1996), and using 
masks which are 8 times tha.t size. We find tha.t roughly 15”% of the flux from 
sources is in the region beyond the apertures used by SExtra.ctor (Bertin & 
-4rnouts 1996) or FOCAS (Valdes 1982, Jarvis & Tyson 1981). Furthermore; 
this flux is included by such photometry packages in estimates of the sky level. 
To charact,erize the lost flux by the central surface brightness (~0) of the indi- 
vidual sources. more than 50% of each galaxy’s flux is not recovered by galaxy 
photometry for sources within 2 mag of the surface brightness limit of the data. 
This is an unsurprising result if one assumes that these galaxies have esponen- 
tial profiles. As has been discussed, est,ensively in the litera.ture with reference 
to low surface brightness galaxy detection (e.g. Disney 1976, Disney S_ Phillips 
1953, Davies 1990, Dalcanton 1998), one should expect to recover less than 30% 
of the light from a galaxy which has ALo within 1 mag of the limiting isophot of 
the dat.a. 
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Figure 5. The cumula,tive flux recovered from galasies fainter than 
V=23 -4B mag as a function of aperture radius for individual galaxies. 
Radius is given as the factor by which the limiting isophotal detection 
radius for each galaxy is multiplied. The solid line shows the flus 
recovered when isophotal detection radii are allowed to be smaller than 
three pixels, which is less than t,he 90% encircled energy radius for point 
sources in WFPC?! images. This reflects detection parameters similar 
to the isophotal detection radii used for the HDF ca,talog and most faint 
source photometry with HST. The dotted line shows the flus recovered 
when three pixels is the minimum allowed radius. This 3 pixel limit 
is not imposed in the tests discussed in the test and is shown here for 
comparison only. 

There are important distinctions between this simplified aperture phot,om- 
etry and individual galaxy photometry. First, we obtain a, single sky value for 
the entire frame. We can do so because the images in our data set are free of 
scattered light and are very accurately bias and dark corrected. Estimates of the 
“local” sky level from an aperture around a given object are more appropriate 
to data with significant scattered light (like the HDF-N images), or if the flux of 
an individual galaxy is the goal. Our goal is a.n a,ccurate ensemble flux mea.sure- 
ment. Also, the sky level is statistically very well determined in our method, 
a.s roughly 10’ pixels are used to estima.te it . And, finally, if the aperture sizes 
(masks) we use are too small: our “sky” estimate will include galaxy light, as 
discussed above, but our “sky t object” estimate will be accurate. In both PO- -; 
CAS and SExtractor, galaxy apertures will exclude some of each galaxy’s flus: . . . i L 
and tha.t flus will then also be included in the sky estimate and subtracted, so”; ’ 
tha.t individual galaxy photometry makes twice the flus error we identifycabove,’ 
w 3G% rather than N KY%. 



Figure 6. The large filled circles show the EBL23 from galaACes with 
V > 23 -4B ma.g. Error bars show the full 2a uncertainty: the upper 
bound show ?a upper limit on the detections, the lower bound shows 
the 2cr lower limit of the flux recovered from galasies in the range 
23 < T~,S5 < 38 AB mag by the aperture photometry method described 
in the test. The dark dashed line and da.rk lower limit arrows show 
the integrated flus in the HDF catalog. The small filled circles show 
the total EBL: the detected EBL23 from sources with V > 23 -4B ma.g, 
plus the integrated ground-based counts at 57 < 23 -4B msg. The lower 
limit arrows connected by the light dotted line mark the flux in HDF 
counts plus ground-based counts for V < 23 AB msg. 

As can be seen in the growth curve s1~ow1~ in Figure 5, the flus recovered 1~~ 
our largest masks has not completely converged. ,4t these a.pert,ure sizes, over 
40% of the pixels are associated with detect,ed sources, and the masks signifi- 
cantly over1a.p. Using light profiles measured from the HDF-N images and our 
own: we have modeled the flux from the wings of galaties which contributes to 
the sky level beyond the range of our largest ma.&. We find that overlapping 
Lvings of detectable galaties produce an extragalactic pedestal level which is is 
roughly 2 x 10-l”ergs s-* cmm2 -’ 

0 
sr -4-l in our data. This is a significant conI- 

ponent and ca,nnot be directly detected except by a.bsolute surfa.ce photometry. 
Including this flux: the minimum EBL23 as a function of wavelength which we 
identify from detected galasies is shown in Figure 4. 

4. Discussion 

‘The strongest limits we ca,n place on the EBL33 are shonr~l in Figure 6, which 
shows 2a upper and lower limits. The lower limits we identify are at least a 
factor of two higller than previous est.imates of the flus from resolved gala-ties 
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fainkr than Tr = 23ABmag (e.g. Pozzetti et al. 199s) due to errors in the 
absolute flus levels of galaxy phot~ometry discussed above. 

-4s t,he nominal flus values we detected for the EBL23 are higher than the 
minima by a factor of 2-3. it is interestin g to consider what flus one might ez- 
peci. from galasies which would escape det,ection in t.he HDF. In Bernstein et al. 
(1999c), we ha.ve estimat~ed the flux coming from galaxies falling below the ,Q 
clet,ection limits in the HDF-N images by modelin, o v malasy popula.tions with red- I 
shift (including only passive luminosity evolution) and imposing detection limits 
appropria.te to optical HST imaging for a 0.1” Ga.ussian PSF, and typical fore- 
ground sky levels. 15’e have run models with and without the populations of 
LSBs discussed in the recent redshift surveys of Dalcanton et al. (199T), Spray- 
berry et al. (199-i); and O-Neil et al. (1999). a.nd we conclude that roughly 
3-5x 10W1’crgs s-r cnrp2 sr-i A.-’ should b e expected based on t,he cha.rac- 
teristics of galaxy popula.tions identified in the local universe.. Furthermore, the 
fraction of the EBL which is coming from undetectable sources is larger at longer 
xavelengths. At ~va,velengths longer than 5500-k, the majority of the undetected 
light is produced at 1.5 < z < 3. At all wavelengths, > 90% of galaxies become 
undetect,able due to 1.1,~ detection limits at redshifk smaller than that at which 
the Lyman absorption edge shifts int,o the bandpa.ss. 

It should be appreciated that estimates of the star format,ion ra.te with 
redshift are typically based on UV LF’s as a function of redshift, which have 
errors in tota. flus due t,o the errors in individual source photometry discussed 
above. The UV luminosity density (dominated by the flus of hot young stars) 
is then combined with estimates of the initial mass function (IMF) a,nd SEDs 
of a.ging stellar populations to produce an estimate of the EBL. EBL est.imatcs 
ba.sed on evolving LFs are tuned to match the galaxy counts by construction. 
as total galaxy volume densities are tuned to match galaxy counts. Estimat,es 
of the star forma.tion rate as a function of redshift which are based on such GV 
LF models are low by more than a factor of two; as are estimates of the tot,al 
ba,ryon fra.ction processed through stars. The a.bove comments are independent, 
of dust, considerations, which concern the fraction of light which does not escape 
the galasies at optical wavelengths. 

Based on our upper and lower limits, the recent DIRBE measurements of 
the IR EBL, and models of the EBL flus at lo-400pm derived from empirical 
SED of galaxies in the local universe, we estimate that the total energy density of 
the EBL is in the range 61-153 nW mp2sr -‘. This range can be compared with 
t,he baryonic mass in stars and the total metal mass density found in clusters. 
Those comparisons depend on estimates of the IMF of stars: the SED of stars 
over their lifetimes, and the metal yield, all of which are uncertain by factors of 
a.t least 50-10070. Nonetheless, for reasonable estima.tes of these quantities, the 
total background range we give is in a.greement with observed cluster metalicitics 
(- l/3 so1a.r; Mushotzky si Lowenstein 1997, Renzini 199i), estimates of the 
baryon fraction processed through stars (O.O04p, ; Fukugita, Hogan & Peebles 
199s). For further discussion, see Bernstein et al (1999c); Dwek et al. (199s): 
and contributions in these proceedings (Dwek 1999, Madau 1999). 

Acknowledgments. I would like t,o thank J. Dalcanton: E. Dwek, T. Small, 
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Abstract. The estrsgalactic background light (EBL,) provides impor- 
tant constraints on models for the origin of galaxies, stars: met.als, and 
dust in the universe. It is also a source of opacity for ultrahigh energy 
cosmic ray nuclei and photons. This contribution reviews the current ob- 
servational status of the EBL in the 0.1 to 1000 pm wavelength regime. 
and examines its cosmological implications. 

1. Introduction 

The estragaktic b&ground light (EBL), limit,ed here to the 0.1 - 1000 /lm 
xvavelength regime, contains the record of all possible energy inputs in the un- 
verse since the epoch of recombina.tion. Its intensity and spectral energy dis- 
tribution (SED‘) contains therefore important, information on the star formation 
and metal production ra.tes in the universe. and the thermalization hist,org of 
starlight and other photons by dust (Hauser et al. 199s: Dwek et al. 199S, 
Harwit 1999, Madau 1999, and Dwek 1996 for furt,her references). It therefore 
provides important constraints on the cosmic history of galaxy formation a.nd 
evolution. The EBL is also an important, source of opacity for TeV photons 
(Stecker & De Jager 1993), and ultrahigh energy cosmic rays (Stecker SZ Sala- 
man 1999) in the universe. Detection of the EBL can therefore place important 
constraints on the intrinsic spectrum of ‘TeV T-ray sources, and hence on their 
photon production mechanism (Coppi & -4ha.ronian 1999, De Jager 8~ Dwek 
1995). 

Two major energy sources contribute to the observed EBL: nuclear and 
gravitational. The nuclear contribut.ion consists of the energy released in stellar 
nucleosynthetic processes. This energy is ra.diated predominantly at UV-visual 
wavelengths and either redshifted or absorbed and reradiated by dust into the in- 
frared (A 2 1 pm) wavelength region. Gravitational potential energy domina.tes 
the energy released by brown dwarfs? accreting black holes: and gra,vit,at,ionally 
collapsing systems, and ma.y make a significant c.ontribution to the EBL (Bond, 
Carr, 6; Hogan 1986> 1991). Black holes in act.ive galactic nuclei (,4GN) ma,y 
contribute a significant fra,ction of the EBL in the mid-IR. (Z lo-50 /xn) wa.ve- 
lengt,h region (Granat.0; E’ranceschini7 b Danese 199G), and -4GN may be con- 
tributing to the IR, energy released in starbursts as well. At far-IR wavelengths 
their contribution ma.y be smaller. The estimated contribution of AGN to the 
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Figure 1. Observational constraints on the estragalactic background 
light: filled squares Pozzetti et al. 1997; open dianzonds Bernstein 
(1999): jilled circles H auser et al. 199s; solid line Fissen et a.1. 19%; 
rq~eP1 diamonds lo-100 /lrn upper limits of Kashlinsky et al. 1996: ope72 
circle 100 pm lower limit from Dwek et al. 199s; open squares IS0 
lon,cr limits from -4ltieri et al. 1999; open triangles 1.65 and 2.2 pm 
ion-cr limits from Teplitz et al. 1995 a,nd Bershady et al. 1995; solid 
triangles upper limits from Dwek b: Arendt 199s; 3.5 pm error bar 
tentative detection by Dwek 6- Arendt 1995 

cosmic infrared background (CIB) at 550 pm has recently been estimated to be 
about lo-20% of the total intensity a.t that wavelength (Almaini et al. 1999). A 
third potential contributor to the EBL is the energy released by decaying relic 
part,icles (Bond, Carr; 8~ Hogan 19S6, 1991). 

2. Observational Status of the EBL 

Figure 1 depicts the current detection and observa.tional constraints on the EBL 
at T;S- to far-IR wavelengths. 

Determina.tion of the EBL from diffuse sky measurements is greatly ham- 
pered by the presence of foreground emission components. -4t infrared wave- 
lengths these include scattered light from the interplanetary dust (IPD) cloud, 
emission from discrete and unresolved stellar components in our Galaxy; and 
emission from dust in the Galactic interstellar medium (ISM). In a recent pub- 
lication, Hauser et al. (1995) presented the results of the search for the cosmic :, 
infrared background (CIB) in the 1.25 to 240 pm wavelength region that was. ” 1.1’ : 6. * > 
cci1ldllcted v,$h the Diffuse Infrared Background Experiment (DIRBE) on thk ) ‘. ! a 
Cosmic Background Explorer (COBE) satellite. Careful subtraction of fore’ :I 
ground emission from the IPD cloud (Kelsall et al. 199s) and from stellar and 



interstellar Galxtic emission components (Brendt et al. 1998) revealed a resid- 
ual emission component in the DIRBE skpmaps tl1a.t. after detailed analysis of 
the random and systema.tic uncertainties, was consistent with a positive signal 
at 100. 140. and 240 /xn. Subsequent rigorous tests showed tha.t only the 140 
and 240 /lrn signals were isotropic, a strict, requirement for their extragalactic 
origin. Only upper limits for the CIB intensity were given for X = 1.25 - 60 pm, 
where the CIB detection was hindered by residual emission from the IPD cloud. 
In the 1.25 t,o 4.9 pm wavelength region, uncertainties in the subtraction of the 
Galact,ic stellar component c.ontributed to the uncertainties as well. A4nalysis of 
the da,ta obtained with the Far Infrared A4bsolute Spectrophot,ometer (FIRAS) 
instrument on the COBE resulted in the detection of the EBL in the 125 - 
1000 /Lm region as well (Puget et al. 1996: Fissen et al. 199s). Independent 
analysis of the DIR.BE data. (Schlegel, Finkbeiner, 2~ Davis 1997) gave results 
that are consistent wit,11 the Hauser et al. (1998) 140 and 240 pm detections. 
Observations with the SCUBA array at the James Clark Maxwell Telescope re- 
solved most of the EBL at. 850 pm into discrete sources (Hughes et al. 1995, 
Blain 1999). 

Follow up analysis of the DIRBE da.ta reduced the systematic uncertainties 
associated with the subtraction of the Galactic stellar emission: yielding some- 
what lower upper limits on the 1.25 and 4.9 pm EBL intensities, and resulting 
in a t,enta,tive detection of the EBL at 3.5 pm (Dwek 22 Arendt, 1998). 

Stricter upper limits on the EBL in the 10 to 100 pm region, compared to 
those presented by Hauser et al.(1998), were derived from fluctuation analyses 
in the DIRBE 12 to 100 /lrn skyma.ps (Kashlinsky7 Ma.ther, & Odenwald 1996). 

Gala.sy counts provide strict lower limits on the EBL. The Ii(2.2 /Lrn) band 
constraints are represented by a lower limit obtained from deep galaxy counts 
(Bersha.dy> Lowenthal; &z Koo 1995). The lower limit, in the H(1.65 pm) band 
was derived from images obtained by the Near-Infrared Camera and Multiobject 
Spectrometer (XICMOS) on board the Hubble Space Telescope (HST) (Teplitz 
et al. 1998). At 7 and 15 pm the figure represents preliminary survey results 
obtained with the ISOCAM instrument on the Infrared Space Observatory (ISO) 
satellite (Altieri et al. 1999). The 100 Lsrn lower limit was derived from the 
DIRBE 140 and 240 km detections (Dwek et al. 1998). 

The total integrated EBL intensit,y detected in the 0.2 t,o 3.5 pm wavelength 
region is N 30 nTV mh2 sr-* using the Bernstein (1999) detections. The total 
intensity detected in the 100 to 1000 pm wavelength region is - 20 nW nl-2 
sr-i : giving a t.otal intensity of N 50 nTV me2 sr-l in these two wa.velength 
windows. 

3. The Extragalactic Background Light From Nucleosynthesis 

Most of the energy radiated by sta.rs is liberated during the transmutation of 
protons into helium and heavier elements. The frequency-integrated EBL.in- 
tensity, I. can therefore be related to 0%: the fraction of the total critical mass 
densit,y that has been processed through st,ars (Bond, Carr, & Hogan 19S6: ‘.’ . 
Peebles 1993). For simplicity me will first assume that all the elements were 7 
instanta.neously formed a,t some epoch corresponding to some redshift J,. The ” 
intensity of the EBL consists of the energy relea.sed from the production of He 
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that was not further processed into heavier elements. and of the energy relea.sed 
by the production of elements heavier than He. It can he witten as: 

The para,meter 7,’ = 0.0072 is the energy conversion efficiency for the nuc1ea.r 
energy generating reactions 4pA “He 172 = O.OOi'S is that for the 12p+ 12C , 
reaction that leads to the production of metals, 2, is the current mass fra.ction 
of matter that was converted into metals? and 41,’ is the net enrichment in the 
‘He mass fra.ction due to stellar processing. For Z, = Z,3 = 0.02, the solar 
metallicity; and 4Y = 0.04, which is the difference between the solar (Y = 0.3) 
and the primordial (Y = 0.24) “He mass fraction: most of the contribution to 
the EBL is due to the net enrichment, of He in the universe. and 

52 = 11x 10-21L-2 
I( nW 7n,-' ST-~) 

x . 50 
I 50 1 

(1 + &). (3) 

xvhere I is normalized to the observed EBL intensity. For an emission epoch of 
ze = 1, 0, Kz 0.02; lower than the upper limit of 0.15 derived from Big Bang 
nucleosynthesis arguments, and above the lower limit of 0.0014 implied from 
the amount of luminous matter currently locked up in stars. The EBL intensity 
therefore implies that at least N lo%, and possibly as much as N 30% of the tot,al 
baryonic mass density inferred from Bi g Bang nucleosynthesis was processed in 
stars into heasier elements. 

In a more realistic treatment, we have t,o consider the continuous release 
of energy in the universe, rather than an instantaneous release at some redshift 
2,. The intensity I received per unit solid a,ngle from such a continuous energy 
release is given by: 

(3) 

where E(Z) is the comoving luminosity density at redshift z: and z, represents 
the redshift when energy release first took place. 

Assuming that the EBL arises only from energy released by nucleosynthesis, 
the value of E(J) can be derived from the cosmic star forma,tion rate (CSFR.). 
Using the UV-optically determined CSFR presented by Madau, Pozzetti, & 
Dickinson (1998) ( see Figure 2), and integration the luminosity density over 
redshift for Re = 1 and 0~ = 0 gives a value of 1= 30 nW me2 sr-I. This value 
is significantly below the detected value of 50 nW me2 sr-I. The UVO star 
formation ra.te therefore lea.ves no room for any expected EBL emission in the 
3.3 to 100 /Lrn wavelength region: indica’ting t.hat the UV-optically determined 
CSFR underestimates the actual rate of star formation in the universe. The 
magnitude of the underestimate is; however, still unresolved. 

Rowan-Robinson et al. (1997) argued that IS0 observations of the HDF 
. suggest a constant star forma.tion rate a.t redshifts 2 1.5, instead of a decreasing’, 

one. In this scena.rio the UV observations of the HDF represent only a fraction 
of the actual star-formation activities a,t these high redshifts. The SCUBA 
detection of highly shrouded galaxies a.t high redshift (Hughes et al. 1995) 
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Figure 2. The cosmic star forma,tion ra.te. The curve marked UVO 
is the IN-optically determined rate presemed by Madau, Pozzetti, & 
Dickinson (199s). The other curves are explained in the text. 

supports t,his picture. The actual CSFR. n1a.y ha.ve been underestimated at, lower 
redshifts as well. Figure 2 depict. two possible alt,erna.tive cosmic st,ar formation 
histories (labeled ED and RR) each given by a. sum of two components: the first 
component is the UVO determined CSFR, and the second component is either 
sharply peaked a.t a redshift of z = 1.5 (giving rise to the ED curve), or more 
gradually declining at high redshifts (giving rise to the RR curve). The EBL 
intensity predicted by the ED and RR star formation rates are 49 and 46 nW 
ne2 sr-*, respectively, about equal to the detected intensity of the EBL. 

4. Spectral Energy Distribution of the EBL 

Additional constraints on the cosmic star formation histories can be derived from 
the comparison of the theoretically calculated spectral energy distribution of the 
EBL to the observational constraints. The specific int,ensity 1(1/e) of the EBL 
at, the observed frequency 110 is obtained by integrating the spectral luminosity 
density, E(V, z), from the comoving volume elements at J, over redshifts: 

~vhere 11 = ~(1 + 2) is the frequency in the rest frame of the comoving volume 
element.. -kt each redshift, the spectral luminosity density can be written as the 
su1rl: 
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Figure 3. Comparison of model predictions with the observa,tional 
constraints on the EBL. Models represented in the figures are: dot- 
ted line Malkan SL: Stecker 199s; dashed-dotted line Beichman & Helou 
1991; dashed line Franceschini et al. 1997: dashed-triple dotted line 
Guiderdoni et al. 1997; heavy solid line Dwek et al. 1998, model UVO. 

where E,(I/, z) and Q(Y, z) are, respectively, the attenuated starlight and the 
dust contribution to the spectral luminosity densit.y. The total, unattenuated, 
spectral luminosity density from starlight, E(V, z): can be calculated from pop- 
ulation synthesis models. Given the evolution of the CSFR as a function of 
time, the stellar mass spectrum, stellar evolutionary tracks and nucleosynthesis 
yields, and stellar a.tmosphere models as a function of metallicity, the spectral 
1uminosit.y density can be uniquely determined as a function of time (Cha.rlot, 
Worthy, & Bressan 19%). 

Figure 3 compares various recent models to the observational limits on the 
EBL. Older models are reviewed by (Lonsdale 1993, 1996). The curve labeled 
“S? represents a “dust-free” model, calculated mit,h the UVO star formation 
rate in which galactic st,arlight is allowed to escape into space unimpeded by dust. 
The curve illustrates the obvious, namely that in order to ha.ve any significant 
fa.r-IR emission, a significant fra.ction of the starlight has to be reprocessed by 
dust. The heavy solid curve represents the EBL spectrum calcula.ted by Dwek et 
al. (19%) with the UVO determined CSFR ( see Figure 2). The discontinuities 
in the flus at 7.7, 8.6, and 11.3 pm in the solid curve results from the cumulative 
contribution of the respective PA4H emission lines t.o the EBL. 

Very obvious in the figure is the failure of the UVO det,ermined star forma.- 
tion rate to produce the.obs&wed.EBL at far-IR wavelengths. Observationally 
this should not be too surprisin g-since the most intense star forming regions fre- 
quently manifest themselves primarily through their infrared, ra.ther tha.n their 
UV or optical emission. Furthermore, we have already shown that the total 
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integrated EBL intensity predicted by the GJ,-O model falls short of that of the 
detected EBL. leaving no room for any EBL intensity in the N 3.5 - 100 pm 

region of the spectrum. The calculated fa.r-IR intensit,y cannot be increased 
by simply increasing the fraction of sta~rlight that is rera.dia.ted in the model as 
thermal IR emission. This will require an increa.se in the extinction, causing 
the W-optical part of the EBL t,o fall below the lower limits of Pozzet,ti et al. 
(1997). The figure also shows tha.t all models (including the cosmic chemical 
evolution model prediction of Pei, Fall, & Hauser 1999 - not shown in the fig- 
ure) fall below the 2~ lower limit of the 140 LLrn detection. It seems clear that 
the excess IR emission needed to account for the detected EBL requires a star 
formation activity that escaped detection a.t UV and optical wavelengt,hs. 

These considerations have led Dwek et. al. (199s) to consider alterna,tive 
cosmic star formation scenarios for calculating the EBL. The model described 
in their pa,per uses a global CSFR. to calculate the unattenuated stellar spectral 
luminosity density, E(I), 2): at each redshift using detailed popula.tion synthesis 
models. A simple dusty slab model is then used to calculate the attenuated 
stellar spectral luminosity density at each redshift: 

E,(V, 3) = [l - P&(V)] x E(Z/, Z) j (6) 

n-here P,bs(v) is the probability tha.t a photon of frequency 11 is locally absorbed 
by the ambient dust. In t.his model P,bs(v) = 1 - exp[-Fabs(l/)], independent 
of redshift: where rnbs is the dust absorption opacity, calculated for an average 
Galactic interstellar extinction law normalized to some value in the V band, 
with a wa.velength independent albedo of 0.5. The absorbed stellar radiation is 
reemitt,ed by dust at IR wavelengths with a spectrum given by the luminosity 
function-averaged SED of the IRAS galaxies. The local IR spectral energy 
density is shown in Figure 4, a,nd the details of its derivation are presented in 
Dwek et al. (199s). The spectral luminosity density of the dust a.t redshift z 
can then be expressed in terms of its local spectral luminosity density, ~d(l/,O), 
as: 

Figure 5 compares the EBL detections and constraints (represented here by 
the shaded area) with various model predictions using the UVO: ED, and RR 
cosmic st.ar formation rates. The calcula.tions show that the excess star forma.tion 
in the ED and RR models must be produced by massive sta.rs, otherwise the 
calculated M-band luminosity density at z = 0 would exceed the observed local 
value. Stars formed by the second component therefore release all their radiative 
output instantaneously into the ISM, where we assume it is totally a,bsorbed 
by dust,. To produce the observed excess IR ba,ckground emission, over tha.t 
predicted by the UVO model (see Figure 3): requires the rest frame spectra of 
these dusty, optically opaque, galaxies or star forming regions to peak shortwards 
of N 100 p,rn. These optically opaque sources should therefore have spectra. 
similar to that of ultraluminous IR galaxies (ULIRGs), peaking at wavelengths 
of about SO pm. 

The figure shows that bot,h: the ED and the RR, models provide a signifi- 
cantlg improved fit to the nominal DIRBE detections compared to other model 
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Figure 4. The luminosity function-averaged spectra1 luminosity den 
sity of IRAS galasies. 
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Figure 5. Comparison of model predictions with the observational 
constraints on the EBL, represented by the shaded area in the plot. 
Shown here are models UT/O, thin solid line; ED, bold line; and RR, 
thick dashed line. ,41so shown are the predicted fluxes from various 
‘exotic’ contributions: exploding stars (ES), decaying pa.rticles (DIP), . 
very massive objects (VMO), halo bla.ck holes (HBH), primeval galaxies 
(PG), and -4GNs (Bond, Carr, 8~ Hogan 1986, 1991). 
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Figure 6. Observational constraints on the estra.galactic background 
light. 

predictions shown in Figure 3: and by construction, produce the local luminosity 
density at IR and UV-optical wavelengths. The RR model predicts a. some- 
what la.rger IR background above N 200 pm than the ED model: since a larger 
fraction of its star forma.tion rate takes place at higher redshifts. 

Figure 5 also shows the contribution of several unobscured “exotic” sources 
to the EBL. The contribution of some sources to the EBL can already be ruled 
out from the DIRBE upper limits in the 1.25 to 4.9 pm wa.velength region 
(Ha.user et al. 1998; Dwek & Arendt 1995). Complete obscuration of these 
sources by dust would move their spectra horizontally to longer wa.velengths, 
with the loca,tion of the peak determined by the a.bsorbing dust temperature. 
With some modification, these sources could contribute to the far-IR spectrum 
of the EBL. The possibility tha.t some exotic and non-nuclear energy sources 
may contribute to the EBL, and the fact that the ED and RR star formation 
histories produce similar IR ba.ckground spectra shows that there is no unique 
way to account for the EBL spectrum. The current ambiguity in the magnitude 
and evolution of the cosmic star formation rate can only be resolved by future 
mea.surement,s of high redshift systems a.t infrared wavelengths. 

5. The Opacity to Local TeV y-ray Sources 

The EBL is also a source of opacity to high energy y-rays, which can be strongly 
attenuated by pair production via y + ‘yb -+ eS f e- rea,ctions. The interaction 
cross section has a peak value of N 1.5 X 1O-25 cm2 a.t energies E,(TeV)/&,(pm) 
z 0.4-1.2, where E, is the r-ray energy, and At, the wavelength of the EBL 
photon. Background photons in the lo-lo3 pm wavelength range are t.herefore 
a. main source of opa.city for N l-lo3 TeV y-ray sources, which should only 
be detectable up to distances of -50 Mpc to ~10 kpc, respectively (Gould & 
Schreder 19GG, Stecker 1998). 

_ 

The att.enuation, as much as it is a hindrance to high-energy astrophysics, 
can be used to probe the intensity of the CIB if a source of TeV photons just 
ha.ppens t,o be present at a, relatively close dista.nce (e.g. Stecker, De Jager, 
& Salarnon 1992; SDS92). Determination of the CIB by this method requires 
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definitive evidence for intergalactic absorption in the observed source spectrum, 
and knowledge of the intrinsic spectrum of the source, which is a priori unknown. 
These two requirements are tight,ly coupled, and most limits on the CIB intensity 
are ba.sed on the assumption tl1a.t the source spectrum is known and represented 
by a single power la,w (e.g. SDS92, Dwek & Sla.vin 1994, Biller et al. 1995, 
St.a.nev k Franceschini 1998). The shape of the source spectrum depends on 

the emission mecha.nism producing the TeV photons (e.g. Coppi SZ Aharonian 
1999): a,nd ma.y not be necessarily described by a. single power law. It may 
therefore be more useful to use observational limits on the CIB to set limits 
on the intrinsic spectrum of the TeV y-ray sources (De Jager S_ Dwek 1998). 
Figure 6 depicts the limits on the intrinsic spectrum of Mrk 501, a TeV blazar 
loca,ted at a redshift of z = 0.034. The heavy solid line depicts the analytical 
fit t.o the spectrum observed by the High Energy Gamma Ray Array (HEGRA) 
collabora.tion (Konopelko 1999), and the light solid line its extrapolation to 
lower and higher energies. The upper da.shed line represents the intrirrsic source 
spectrum obtained by propagating the observed spectrum ba.ckwa.rds through 
a,n EBL chara.cterized by the upper limits in Figure 1. The lower dashed line is 
the intrinsic source spectrum when the observed one is propagated through the 
lower limits of the EBL. The super exponential blowup in the intrinsic source 
spectrum a.t energies a.bove N 25 TeV is clearly unphysical, and caused by the 
estrapola,tion of the observed source spectrum to energies a.bove N 20 TeV where 
it is is probably completely absorbed by the cosmic microwave background. 
Currently, the sprea.d between the two dashed curve is too large to provide any 
useful constraints on the intrinsic source spectrum. Much tighter limits on the 
CIB in the 10 - 100 pm wavelength region are required for that purpose. 
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Figure 1. a)(bottom)Redshift histogram obtained by applying a 
maximum likelihood photometric redshift method to deep BVRI ob- 
servations of the CLOO24+16 cluster field. The spurious redshift peak 
at z N 3.5 is caused by the color/redshift degeneracy between cluster 
members and high-z galaxies (see text). b)The top plot shows the effect 
of estimating the redshifts using BP2 (Benitez 1999). The high-z pea.k 
disappears and the cluster is clearly visible in the redshift distribution. 

(Frye 1999), t i is virtually impossible to obtain spectra for all or even for most of 
the I > 24 objects present in those fields, and one has to resort to photometric 
redshifts. 

We have obtained extremely deep BVRI imaging of several 0.2-0.55 galaxy 
clusters with LRIS at Keck II (magnitude limits B < 28.5, V < 28, R < 27.7, I < 
26.9). Due to the lack of a blue arm in LRIS and the small angular size of NRC, 
it is not practical to obtain matching U and near-IR imaging at Keck. The ex- 
tent of the color baseline is therefore very limited, what strongly hinders the 
estimation of photometric redshifts with traditional methods. Fig la. shows 
the n(z) distribution resulting of applying standard maximum likelihood (ML) 
techniques to the C10024t16 field (B enitez 8-r Broadhurst 1999). It is obvi- 
ous from this plot that many cluster members have been assigned erroneously 
high redshifts by the ML procedure, what ‘it is not surprising since their op- 
tical colors are indeed very similar. to. those of high-z galaxies. This confusion I 
renders the ML photo-z virtually useless. for, most purposes. However, there is 
plenty of information which ML photo-z estimation is not taking into account, 
like the conspicuous presence of a galaxy cluster in the field, the expected fra.c- 
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Figure 2. a)( bottom)Redshift distributions for background galasies 
close to the cluster center (dashed line) and in the cluster outskirts 
(continuous line).b) (top) 3 -ormalized ratio of the above quantities. 

tions of cluster and field spectroscopical types or the field redshift distribution. 
Bayesian photometric redshift estimation (BPZ. Benitez 1999) uses all those 
data, together with the galaxy colors, combining them in an optimal fashion. 
This significantly- improves the redshift estimation. since many of the spurious 
peaks present in the redshift likelihood are eliminated in the final bayesian prob- 
ability by using the appropriate prior. An example is shown in Fig. lb, where 
a cluster prior as described in Benitez 19Wb has been used. ‘There is also a 
very good agreement with spectroscopic redshifts. The cluster lensing effects 
have been tentatively taken into account by alloxing for a certain amount of 
magnification in the central parts of the cluster. The photo-z estimation proce- 
dure is robust enough to be practically immune to errors of a factor of a few in 
the magnification estimation. Nevertheless; in the future it would be desirable 
to perform a simultaneous. iterative estimation of the cluster lensing properties 
and the photometric redshifts. 

With the photometric redshifts thus obtained. it is possible to detect the 
‘shift’ in the redshift distribution of background galasies due to the cluster 
magnification (Broadhurst. ‘Taylor & Peacock 1994). If we set a magnitude 
limit and increase the redshift. we sample brighter and brighter parts of the 
luminosit>- function. and therefore the observed number counts as a function of 
redshift become steeper. Due to the magnification bias effect, there is an excess 
in the number of J > 3.3 galasies behind the cluster. as Fig 2. shows for for 
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C10024+16 at s = 0.39. A similar effect is observed in other clusters of our 
sample (Benitez 2k Broadhurst 1999). 
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Completeness and Confusion in the Identification of 
Lyman-Break Galaxies 

Garret Cotter’, Toby Haynesl, Joanne C. Baker2, Michael E. Jones1 
and Richard Saunders1 

Abstract. 
We have carried out a study to simulate distant clusters of galasies 

in deep ground-based optical images. We find that when model galasies 
are added to deep images obtained with the S;t’illiam Herschel Telescope, 
there is considerable scatter of the recovered galaxy colours away from 
the model values; this sca.tter is larger than that expected from photomet- 
ric errors and is significantly affected by confusion, due to ground-based 
seeing, between objects in the field. In typical conditions of z l-arcsec 
seeing, the combination of confusion and incompleteness causes a consid- 
erable underestimation of the true surface density of s z 3 gala,xies. 
We argue that the actual surface density of z M 3 galaxies may be sev- 
eral times greater than that estimated by previous ground-based studies, 
consistent with the surface density of such objects found in the HDF. 

1. Introduction 

The field of the of the z = 3.5 quasar pair PC1643+1631 A & B contains a 
Cosmic Microwave Background decrement (Jones et al. 1997) which may be 
the Sunyaev-Zel’dovich effect of a cluster of galaxies at 3 >> 1 (Saunders et 
al. 1997; Iineissl et al. 1998). In an attempt to detect such a cluster, we have 
carried out deep UGVRI imaging of the field. Yo cluster is immediately obvious 
in the images, so we carried out Monte-Carlo simulations to quantify our ability 
to detect a cluster of galasies in our images (full details are given in Haynes et 
al. 1999 and Cotter et al. 1999). 

2. Model high-z cluster galaxies 

Qodel clusters were created using simulated colours of evolving galasies in the 
redshift range 0 < z < 4: and added to our WHT images. We then used 
photometric redshift techniques to try to recover the simulated cluster. As the 
cluster redshift reached z z 1 and beyond, the lack of strong spectral features 
in the optical made the cluster increasingly difficult to detect. However, even at 
J rv 3. w-here the characteristic Lyman-limit break became detectable, a large 
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Figure 1. Recovered UGR colours of simulated 2.5 < z < 3.5 cluster 
galaxies. All objects shown have measured R < 25.5 and G > 2~. The 
triangles denote 1-a lower limits in U-G. The crosses are stars from the Gunn 
8.1 Stryker (1983) database and the dot-dash line is our bound for selecting 
II > 3 candidates. The tracks shop the simulated galaxy colours at various 
redshifts; the point at C - G = 2.2 and G - R = 0.3 corresponds to 2 = 3.0, 
and points at larger G - G are at higher redshift in steps of A: = 0.1. Note 
that the recovered colours are skerved towards the red in G - R. 

fraction of the the fake cluster gala,xies were still recovered from the simulation 
with ambiguous colours (Fig 1). Indeed, in our z = 3.0 simulation, only one 
in five of the model cluster gala,xies was identified as such by UGR selection. 
The recovered colours were skewed towards the red in G - R; this is a result of 
confusion with other objects in the field. 

3. Recovery of model z z 3 galaxies 

Our original search for J E 3 Lyman-break gala,xies (LBGs) in these images 
[Cotter k Haynes 19%) had recovered a reasonable number of candidates- 
approsimately 1.1 arcmine2, similar to the findings of the surveys of Steidel et 
al. (1996,1995). The fact that our recovery of simulated high-s cluster galasies 
was so inefficient therefore prompted us to measure the effects of completeness 
and confusion specifically for z z 3 galasies. 

II’e ran 1000 simulations, each time adding ten fake LBGs to our images. 
Fake LBGs were drawn from a Schecter luminosity function with R, = 24 and 
cy = 1.06: all had input colours G - R = 2.2. U - G = 0.3. We used input 
half-light radii of 0.2-0.3” (Giavalisco et al. 1998). 

.: T&n, using FOC_iS. we attempted to recover the LBGs. Our select,ion ‘. i 
criteria-are chose11 to be as close as possible to that of Steidel et al. M’e .selCct‘ 
only those gala,ties clearly detected with R < 25.5 above the 3-a isophote in RT- ‘1. 
measure magnitucles in U and G through this R-band isophote, and then impose 
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acolour cut of U-G > 2 i U-G > 4(G-R)+O. 5: which is closely equivalent to 
the “robust” colour selection of Steidel et al. First, we find that 5370 of gala-ties 
with input R < 25.5 are selected to the isophotal R = 23.5 limit. Second, we 
find that, as for our fake cluster gala.xies, a large fraction of the fake LBGs are 
scattered far away from their input colours. 

In total, only 2370 of the input LBGs with R < 25.5 remain within the 
2 2 3 region of the UGR plane (Fig 2). Therefore. the true number of LBG 
candidates in our images may be four times greater than the 1.1 arcmine we 
measure. again we stress that. while our UGR filter set is slightly different from 
the I;,GR used by Steidel et al.: our search for genuine LBG candidates in these 
images finds a surface density at least CLS great as that of Steidel et al. 

Figure 3. Recovered colours of fake z = 3.0 LBGs; all have input colours 
G-R = 2.2, U-G = 0.3. -111 ga avies recovered to the R = 25.5 3-a isophote 1 _ 
are shown; crosses mark those outside the z > 3 region of colour-colour space 
defined by the solid line (C - G > 2. 5 - G > 4(G - R) $ 0.5). Dots mark 
the 2370 of the galaxies with input R < 25.5 remaining in the 2 > 3 region. 

These results suggest that ground-based UGR selection. while extremely 
successful at identifying z + 3 galasies. may miss a significant fraction of the 
population. This may have a bearing on the apparent discrepancy between the 
surface densities of”LBGs measured in the Hubble Deep Field JHDF) and in 
ground-based surveys. There are 12 galasies in the HDF which have spectro- 
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scopic redshifts 2.8 < z < 3.5 and V- bus < 25.5 (Dickinson 1997). These g-alasies 
correspond to those which would be detected by the “robust” LBG candidate 
criteria of Steidel et al. (1998). However, one would expect, given the published 
surface-density of ‘!robust” LBG candidates of % 0.7 arcminp2 (Steidel et al. 
1998), to find only three such LBGs in the HDF. Of course; cosmic variance will 
be significant for the HDF; but it is strikin g that the apparent overdensity of 
LBGs in the HDF corresponds with our estimate of the fraction of LBGs lost to 
incompleteness and confusion in the ground-based images. 

4. Conclusions 

We have carried out simula.tions to examine the effectiveness of searches for 
high-redshift $ala*xies in deep optical images typical of those obtained with 4-m 
telescopes. We find that the scatter of the recovered colours of model galasies 
away from their model colours is two to three times greater than that expected 
from the photometric errors alone and arises as a result of confusion between 
the simulated galasies and the real objects in the field. Because of the effects of 
incompleteness and confusion, the surface densities of LBGs based on ground- 
based imaging may be underestimated by a factor of four; this is consistent with 
the surface density of LBGs measured in the HDF. 

To investigate these effects further, we will carry out more detailed simula- 
tions using our present data to investigate how the inferred luminosity function 
of the LBGs is affected by incompleteness and confusion. We also plan deep 
imaging programmes with the new generation of wider-field, high-image-quality 
instrumentation as it becomes available. 
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Dust in High Redshift Starburst Galaxies 

Karl D. Gordon1.2, Tracv L. Smith” and Geoffrey C. Clayton’ I/ 

Abstract. We have determined that the dust in starburst gslasies with 
z = 0 to 3 in the North si South Hubble Deep Fields is similar to the 
dust seen in the Small Magellanic Cloud star forming bar. Measuring the 
attenuation due to dust in individual galasies with better than 1 mag 
accuracy is not possible without combining EV and far-In observations. 

1. Introduction 

To study gsla,xies, it is crucial to be able to separate the effects of the dust 
intrinsic to the galaxy from those associated with the galaxy’s stellar age and 
metallicity. The accuracy of this separation directly affects the determination of 
a galaxy’s physical properties (star formation rate. dust content. etc.). The im- 
portance of dust in galasies has recently gained attention through investigations 
into the star formation rate as a function of redshift (e.g., Madau: Pozzetti, &k 
Dickinson 19%; Steidel et al. 1999). 

For starburst galasies. one important method to determining their star 
formation rate is to use their observed UV fluxes. The unattenuated UV fl~zs 
of starburst gala;xies is a good measure of their star formation rates as the 
majority of a starburst’s flus is emitted in the UV. The main uncertainty in 
using the UV flus is determining the level of correction needed due to dust 
attenuation. In order to calculate the attenuation suffered by a galaxy, we need 
to know the type of dust in the galaxy (MW/SMC/other): the amount of dust, 
the globa, distribution of the stars/gas/dust: and the local distribution of the 
dust (clumpy/homogeneous). 

2. Dust Properties 

2.1, Type of Dust 

The type of dust at a particular redshift can be determined using suitably chosen 
color-color plots. In Figure 1, we show the color-color plots which probe the 
presence/lack of the 3175 -$ bump in a galaxy’s dust at z = O7 1: 2: & 3. 
The s asis gives the color associated with the short wavelength side of the 
2175 -A. bump and the y asis o’ moves the color associated xvith the slope under the 
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-1 0 -0.5 0.0 0.5 1.0 I.5 
(FA5OWF606W) 

-1.5 -1 0 -0.5 0.0 0.5 1.0 i5 
(F606W-FBlW) 

Figure 1. The color-color plots probing the presence/lack of the 
2175 -1 bump are given for z = 0 (upper left), 1 (upper right), 2 (lower 
left)? and 3 (lower right). 

bump. Fig. 2 gives the rest-frame location of various filters for different redshifts. 
The observational data for z = 0 is from the IUE sample of starburst galasies 
(Kinney et a,l. 1993). The data for z = 1, 2, 8~ 3 is from the Hubble Deep Fields 
(Fernandez-Soto et al. 1999; Chen et al. 1999). The z = 1, 3: si 3 observational 
points include galaxies with spectroscopic or photometric redshifts ranges of 
0.9-1.1, 1.9-2.1: & 2.5-3.2, respectively. The intrinsic colors of galasies were 
determined using 1 &Iyr to 10 Gyr constant star formation PEG.UE SES models 
(Fioc & Rocca-Volmersnge 199i’). The reddenin g trajectories were determined 
using the DIRTY dust radiative transfer model (Witt si Gordon 1996; 1999). 
Details of the calculations can be found in Witt & Gordon (1999) 

-All four plots in Fig. 1 show that the dust in most starburst galasies at 
redshifts between 0 and 3 lacks a 217’5 A bump since their colors lie on the 
reddening trajectories associated with SMC-like dust, not MWlike dust. This 
is most likely due to processing of the dust in starburst gala.xies due to the in- 
tense shock and radiative environment present in near starburst regions (Gordon, 
Calzetti. A2 Witt 1997). Similar behaviors have been seen for dust extinction 
curves in the SMC (Gordon S; Clayton 199S)> the LMC (Misselt: Clayton. & 
Gordon 1999), and the Halo of the tililky SiVay (Clayton & Gordon 1999). 
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Figure 2. The rest-frame location of various WFPC2 and Johnson 
filters for z = 0; 1: 2, si 3 are shown along with the Milky Way and 
Small l\iIagellanic Cloud Bar extinction curves. 

2.2. Effects of Dust 

The determination of the effects of dust in a galaxy (e.g., parameterized by the 
attenuation at 1600 k) is not possible with the available data. Currently, the 
best available method is to use the slope of a galaxy’s UV SED (parameterized 
by /3) and an empirical calibration based on the observed properties of local 
starburst gala-ties (Meurer et al. 1999). This calibration is shown in Fig. 3a along 
with the results of our dust radiative transfer model (DIRTY). In the Meurer 
et a,l. empirical calibration, the -4tt(1600) for each galaxy was determined from 
the galaxy’s J’(FIR)/F(1600). In Fig 3b, we show the relationship between the 
F( FIR)/F( 1600) and ,$ for the gala,xies used by Meurer et al. and our radiative 
transfer model runs. AS can be seen from both figures, the uncertainty in using 
,O to determine .&t(1600) is around 1 mag. This is due to not knowing the dust 
geometry or local distribution (i.e. dusty VS. shell and homogeneous vs. clumpy). 

In order to determine the attenuation at 1600 x in starburst galaxies to 
better than 1 mag uncertainty, CV and infrared observations are needed. This 
is illustrated in Fig. 4 which gives the relationship between F(IR)/F(1600) and 
Att(1600) predicted using our radiative transfer model. F(IR) is the integrated 
flux emitted by the dust in a galaxy. -4s can be seen from this figure? this 
relationship is only weakly dependent on the dust type, star/gas/dust geometry; 
or local dust distribution. This relationship is also only weakly dependent on 
the age or metallicity of the stellar population. This is because the majority of 
the flus which heats the dust (producin g F(IR)) is absorbed in the UV. Thus, 
if UV and infrared observations can be obtained of a galaxy at any redshift, the 
galasv’s .4tt[1600) can be determined fairly accurately, and the star formation 
rate can be measured with a much reduced uncertainty. 
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Figure 3. The relationship between Att( 1600) and ,8 is shown in the 
graph on the left. The relationship betxeen F(FIR)/F(1600) and /3 
is shown on the right. The value of p is determined by fitting the UV 
SED to F(1300 A& < X < 3400 -4) ix A-$. 

Figure 4. The relationship between F(1R)/F(1600) is plotted. 
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A Serendipitous Search for Hy-Redshift Lycv Emission: A 
Case Study of Two Sources at J N 3 
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Abstract. In the course of our on-going search for serendipitous high- 
redshift Lycv emission in deep archival Iieck spectra, we discovered two 
Lycr emission line candidates in a moderate dispersion (X/AX 2 1200) 
spectrogram. Both lines have high equivalent width (Wffb” 2 450-A): 
low velocity dispersions (o-~ N 60 km s-l)? and deconvolved effective 
radii r, z 1.0h;J kpc. Their sizes and luminosities are suggestive of 
the primeval galaxy model of Lin SL Murray (1992). based on the self- 
similar collapse of an isothermal sphere. We argue that the line emission 
is Lya: and it is stellar in origin. The sources are consistent with being 
primeval. 

1. Introduction 

Strong Lycr line emission has been proposed as a possible signature of primeval 
gala.xies. Though early modelin, u conjectured that these emission lines would 
be highly luminous but diffuse, searches on 4m-class telescopes found no such 
emission lines (Pritchet 1994; Thompson & Djorgovski 1995). Deep spectra 
at the Keck telescopes, however, regularly reveal serendipitous high-equivalent 
width, isolated emission lines (e.g., Stern et al. 1999). Indeed, the first confirmed 
galasv at J > 5 tvas discovered in this manner (Dey et al. 199s). MYe report 
on two sources with strong line emission identified on a single slitlet from deep 
slitmask observations of the SS-122 field: with equivalent widths WfbS > 375-L. 
The source targeted by this slitlet is a color-selected Lyman-break galas? (LBG); 
we analyze it in parallel for comparison. We adopt (Q, 11. Ho) = (1,O: 50). 

2. Observations and Results 

JVe have obtained deep. moderate-dispersion spectra of z 2 3 LBGs in the SSX22 
field with the aim of detailed studies of the ages, kinematics: dust-content. and 
abundances of the LBG population (Dey et al., in preparation). The data were 
taken with the Low Resolution Imaging Spectrometer (Oke et al. 1995) at the 
Keck II telescope on VT 1991 September 10. using the 600 lines mm-’ grating; 
blazed at 5000-i. Slitlet widths were l/125. resulting in a spectral resolution of 
- 4.4-i (FSVHI\II) _ Four 1300 Y exposures (seeing FWHM- 0!‘7S) are analyzed in 
this report. The data were processed using standard slit spectroscopy procedures 
(for details. see Manning et al.. in preparation). 
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Figure 1. Two-dimensional spectrogram of slitlet in the SSA22 field 
targeting the LBG Cl7 at 2=3.299. 'TWO strong line emitters are 
serendipitously identified, ser-1 and ser- 2. The high-equivalent widths, 
narrow velocity widths, and lack of secondary spectral features strongly 
argue that these are Lycv emitters at z II 3. Note the foreground con- 
tinuum source and residual of the [0 I]sT'~-L skyline. 

We find two serendipitous, isolated emission lines, ser-1 and ser-2, in a 100" 

long slitlet centered 011 the LBG: Cli’ (z=3.299; see Fig. 1). Though only one 
of these serendipitously discovered sources (see Fig. 2) displays the obvious 
asymmetry characteristic of most high-redshift Lycr emission (e.g., Dey et al. 
1998), we argue that Lycv is indeed the most likely interpretation for both. We 
performed a simulation of the [O II] doublet under the 4.4-L resolution of our 
observations. We find that an [0 II] identification is inconsistent with ser-1 
and ser-2, since the doublet is marginally resolved and has significantly greater 
FWHM than our lines. The absence of associated emission argues against H$, 
[0 III]4959, or [0 11115007 interpretations. Finally, the lines are shortward of 
6563,$, so Ha is not a viable identification. In the following, we assume what 
is most certainly the case - that these are in fact Lya emission lines. Notably, 
neither spectrum displays perceptible continuum. 

Measured continua were consistent with zero counts. We establish a 2a 
(95% confidence) limit on the equivalent width, bV,ybs 2 550x (ser-l), and 2 
ilT&& (ser-2). Rest values are tabulated in Table 1. Cl7 has %TjXOhS = 35.6-l. 

Table 1. Emission Line Properties 

Intrinsic source sizes are approximated by deconvolution of the observed 
spatial FW-HM with the seeing, obtained from a quasar in an adjacent slitlet. 
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Figure 2. Extracted spectra of ser-1, ser-2 and the targeted LBG, 
Cli. The ordinate on the left refers to the serendipitous sources, while 
the ordinate on the right refers to Cl:. Inserts illustrate the charac- 
teristic asymmetric Lyai profile in ser-2 and Cli. 

The velocity widths have been deconvolved using the instrumental resolution. 
obtained from spectra of a i\SeAr lamp (see Table 1). The velocity dispersions 
of ser.2 and Cl’7 are lower limits, as possible truncation of the blue-side of the 
emission line has not been accounted for. 

3. Discussion and Conclusions 

What is the physical origin of these isolated, high-ecluivalent width emission 
lines? The small velocity dispersions (0, E 60 km s-r) and lack of associated 
N v or C IV emission argue against the presence of an AGN, while the high 
surface brightness is inconsistent with photoionization by the metagalactic flus 
(e.g., Bunker et al. 199s). Thus we assume the lines are stellar in origin. Below 
we argue that they are primeval. 

The starburst modeling of Charlot & Fall (1993) suggest that the Lycv rest 
ecluivalent width may exceed N 150-i for timescales of at most a few x10’ yr. A 
model of primeval gala-ties based on a collapsing isothermal cloud (Lin & Murray 
1992) predicts that primeval galaties should have isophotal radii T, N 1 kpc? and 
luminosities of order k L”; strong star formation continues for N 1.7 Gyr, fed by 
the continuing collapse of the cloud. Cloud mass may be tuned to fit observed 
luminosities. We suggest that this theory holds promise for the modeling of our 
serendipitous sources. 

The Lya luminosities imply lower limits to star formation rate (SFR) of 
O.S7/0.51 & yr-* for ser-l/ser-2 (e.g., Dey et al. 199S), while non-detection of 
continua imply upper limits of 2.6/2.4 1sI, yr-r . llssuming a SFR of 1 Mc3yr-r: 
and IP’,yst = 150-4; we project I’& Y 25.0 at z = 3. Steidel et al. (1999) find 
a steep faint end slope -for- the luminosity function of star-forming gala,ties at 
z-3(0= -1.6). implying that a large fraction of the UV luminosity density 
is produced bv gala-ties fainter than the spectroscopic limits of photometric 



surveys. By virtue of the association of USi luminosity with SFR, this would also 
imply that a large fraction of the star formation density is unobserved. Because 
the Lycr lines of such as our serendipitous objects are likely to be observable only 
for a very small fraction of 1 Gyr, these two are tangible evidence for this many- 
fold larger population of slightly older, faint continuum, star forming gala-ties 
with self-absorbed Lya, inaccessible to even the deepest spectroscopic or color 
selection surveys. 

The evidence strongly su,, DDests that ser-1 and ser-2 are primeval. In the near 
future, interesting conclusions may be possible regarding the degree of clustering 
and/or isolation of these low-luminosity emission line galaxies. The large surface 
density variance in Lycv emission line galaxy candidates between different fields 
in a coarse “narro\v-band” (z F 2.37) HST study (Pascarelle et al. 199S), 
indicates that these compact galasies are often at least loosly grouped. Clearly, 
the model of L’in & &Iurray requires that primeval gala>xies be born in relatively 
quiescent; yet gas-rich environments. However, as star-forming gala,xies, their 
likely evolutionary antecedents, the LBGs, are often found clustered on large 
scales (e.g.. Steidel et al. 199s); perhaps they are protoclusters. The dynamics 
involved in the growth of large scale perturbations (i.e., infall and rising central 
densities) may be accompanied by a spreading “wavei’ (in the Lagrangian sense) 
of primeval galaxy formation, perhaps occurring at a characteristic overdensity 
- a scenario reminiscent of stellar “shell burning” - reproducing the inside- 
out, older-to-younger galaxy age distribution seen in some recent studies of lower 
redshift fields and groups (e.g.. Loveday et al. 1999; Cohen et al. 1998). 

Acknowledgments. We thank C. C. Steidel and A. Dey for useful discus- 
sions and assistance with the observations. 
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The Halo Formation Rate and its Link to the Global Star 
Formation Rate 
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Abstract. The star formation history of the universe shows strong evo- 
lution with cosmological epoch. Although we know mergers between 
galaxies can cause luminous bursts of star formation, the relative impor- 
tance of such mergers to the global star formation rate (SFR) is unknown. 
We present a simple analytic formula for the rate at which halos merge to 
form higher-mass systems! derived from Press-Schechter theory and con 

firmed by numerical simulations (for high halo masses). X comparison of 
the evolution in halo formation rate with the observed evolution in the 
global SFR indicates that the latter is largely driven by halo mergers at 
z > 1. Recent numerical simulations by Kolatt et al. (1999) and Iinebe 
8.~ Miiller (1999) h s ow how merging systems are strongly biased tracers 
of mass fluctuations, thereby explaining the strong clustering observed 
for Lyman-break gala,xies without any need to assume that Lymanbreak 
gala,xies are associated only with the most massive systems at z r.2 3. 

1. Calculating the Halo Formation Rate 

In our analysis, a halo formation event is considered to have occurred when all 
the mass in the halo is assembled. Yote that this is different to that previously 
used by some authors (Lacey si Cole 1993). Ke wish to anslver the cluestion: 
‘Given a halo of mass %I forms at some time, what is the probability P(tlM)dt 
that it forms in the time interval (t,t+dt)?’ 

Standard PS theory calculates P(Mjt)dM. the distribution of halo mass at 
fixed epoch: and we have shown that it is possible to calculate P(tlM)dt from 
this using Bayes’ theorem. We can also calculate the same formula using intrinsic 
properties of Brownian random walks invoked in PS theory. The mass of halo 
a small mass element resides in at time t is given by the first upcrossing of the 
line 6 = 6, by a Brownian random malk in (S,CT~&) space, where 6 is a function 
of time and & is a function of mass. Using the theory of random walks we can 
calculate the distribution of first upcrossing times at o,t17 P( S,la.tl). from which 
a simple change of x-ariables can be used to obtain P(tJJf)dt: 

This equation is in good agreement with Monte-Carlo realisations of Brow- 
nian random walks (Fig. 1). We have also run a large Y-body simulation. using 
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Figure 1. Comparison of N-body results (solid circles) with Press- 
Schechter predictions of the halo formation rate for halos of mass N 
1.3 x 1o13\1 I a. The curve shows the prediction of equation 1 at this 
mass with parameters as given in the test and normalised to the N-body 
values. The distribution of 10’ ‘formation events’ at the required mass 
from Monte-Carlo realisations of random walks is also shown (open 
circles). 

the Hydra N-body hydrodynamics code (Couchman, Thomas & Pearce 1995). 
Groups of between 45 and 47 particles (1.3 x 1013 M, j were identified using a 
standard friends-of-friends algorithm at 362 output times. The number which 
could have formed in each time interval is compared to the expected distribution 
in Fig. 1. 

Now suppose we are only interested in a subset of formation events - e.g. 
those which involve similar mass objects mergin, c together. The formation rate 
from such mergers is the same as that derived above, because all walks which 
pass through a given point can be thought of as new walks starting from that 
point. Consequently the mass distribution of progenitors immediately prior to 
the formation event is independent of the formation epoch. Turning this argu- 
ment around, placing constraints on the progenitors of halos immediately prior 
to their formatiorl doesn’t affect the diskibution of formation times, although 
this might affect the bias (see later). 

2. The Star Formation Rate 

It is interesting to compare the halo formation rate with the observed global 
star formation rate. -At 2 < 1 the rate of halo formation falls off very rapidly 
with cosmic time, independently of halo mass: and it is Likely that this effect 
is primarily responsible for the observed rapid evolution in the CFRS. Such 
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Figure 2. The observed mean comoving volume-averaged SFR as de- 
termined from the CFRS (Lilly et al. 1996) (solid circles), optical HDF 
data (Madau et al. 1996; Pettini et al. 1997) (crosses) and Connolly 
et al. (1997) (solid stars), estinction-corrected Lyman break gala.ties 
(Steidel et al. 19%) (solid squares), sub-mm data (Hughes et al. 1998) 
(open circle), and Ha surveys (Gallego et al. 1995) (solid triangle) 
and (Glazebrook et al. 199s) ( p 0 en triangle). We assume a Salpeter 
IMF and flat fllb~ = 1 cosmology. Dotted lines are the predicted halo 
formation rates normalised to the local SFR (convolved with a nom- 
inal starburst lifetime of 0.6Gyr, Bruzual et al. 1993) for masses of 
1010.0 loll.0 loll.5 &I a and for a mass of lo”.” MY (dashed line). As 
an illJstratidn> we combine the formation rate of different mass halos 
weighted by a Gaussian in dn/dlogM centred at a mass of 10rosMIc, 
(solid line). Th e 1 ow-z evolution is unaffected, but an increasing con- 
tribution from lower-mass halos flattens the curve at high z. 

strong evolution is not seen in semi-analytic models that only include a quiescent 
component of star formation (Guiderdoni et al. 1998). 

3. The Clustering of Lyman-break Galaxies 

The strong clustering of Lyman-break galasies has been explained as being due 
to the high bias of the most massive overdensities, and consideration of the 
abundance of Lyman-break galasies and their clustering leads to an interpre- 
tation of them as being associated with massive halos, M N S x 101lh-‘JJ,, 
(*idelberger et al. 199s) for an R = 0.3 flat universe. If star formation is ini- 
tiated after halo formation then these most massive halos form too late in the 
universe to reproduce the observed evolution in SFR in a simple way: we would 
require the efficiency of star-formation to evolve with redshift. Conversely, if the 
Lyman-break gal&es have lower mass but are associated with newly-formed. 
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merging halos, then we might suppose that such mergers are also highly biased, 
and recent simulations indicate this to be the case (Iiolatt et al. 1999: Iinebe 
9; Miiller 1999). 

4. Conclusions 

U’e have presented the key points involved in deriving a simple formula for the 
rate of formation of new halos using Press-Schechter theory. It agrees with 
Monte-Carlo and N-body simulation results. We have argued that the strong 
cosmological evolution observed in the SFR. is primarily driven by the cosmic 
variation in the rate of halo formation. Given that quiescent star formation 
does not provide enough evolution (Guiderdoni et al. 1998) we suggest that 
merger-induced starbursts are extremely important for star formation at 2-+ 
1 and are perhaps the principal sites of the observed star formation at high 
redshifts. At high z, a more physically-motivated model is needed to deduce 
the relative contributions of a range of halo masses, but we have shown that a 
simple combination of such a range can produce evolution consistent with present 
data. Recent results indicate that such merging-halo systems are also sufficiently 
highly biased to explain the stron g clustering of Lyman-break galasies at z N 3. 

The work highlighted here is more comprehensively covered in our recent 
paper available as astro-ph/9906204. We are also continuing to work on the bias 
of merging halos from numerical simulations. 
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Abstract. We present the results of a survey utilizing the KICMOS 
Camera 3 Parallel grism and imaging observations. We have identified 
33 Ho emission-line galaxies at 0.75 < z < 1.9. The inferred co-moving 
number density of these objects is 3.3 x lo-" h$, Mpcm3, similar to that 
of the bright Lyman break objects at 3 N 3. The mean star formation 
rate of these galasies is 21 hI@ yr -r for He = 30km/s/Upc. Using this 
sample, we derived the HCY luminosity function (LF) at z = 1.3. The 
integrated Ha luminosity density at z w 1.3 is 1.64 x 10”’ hje erg s-l 
Mpc- 3, appro?rimately 14 times greater than the local value reported 
by Gallego et al. (1995). The volume averaged star formation rate at 
5 = 1.3 & 0.5 is 0.13 MC3 yr -* MpC3 without correction for extinction. 
The SFR derived at N 6500 Ak is a factor of 3 higher than that deduced 
from 2500 A& continua. We believe that this difference is largely due to 
dust extinction. The implied total extinction at 2SOOk is in the range 
of 2 - 4 magnitude. However, the precise determination of the total 
extinction is sensitive to the model assumptions. 

Deep ground-based VRI images of the SICMOS fields have revealed 
roughly a dozen of extremely red objects (EROS) with R - H > 5 and H 
brighter than 20.6. The surface density of these objects is around 0.6 per 
square arcminutes. 

1. Introduction 

The NICMOS parallel imaging and grism observations were both made with 

Camera 3 with a field of view N j?‘X 32”. The imaging data were taken with 
broad band filters FllOW and F16OlV at 1.1~~ (J band) and 1.6~~ (H band). 
The grism data has a spectral resolution of 200 per pixel and covers wavelength 
regions from O.Sp to 1.2;~ (G096) and 1.1~~ to 1.9~ (Gl-ll). MJe have reduced 
and analysed the NIC3 parallel imaging data covering -150 sq. arcminutes and 
the grism data in Gl-ll grism -65 sq. arcminutes. 

2. Emission-line Galaxies and the Hcu Luminosity Function at 3 N 1.3 

from the NICMO§/HST Grism Parallel Observations 

The recent detections of dust enshrouded gala.xies at z > 1 at sub-millimeter 
wavelengths (Smail. Ivison k Blain i997; Hughes et al. 1995; Barger et al. 199s: 
Lilly et al. 1999) suggest that significant amounts of star formation activity at 
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high redshifts may be obscured. Observations in the rest-frame UV wavelength 
suffer large uncertainties in extinction corrections. Furthermore; little is known 
about. the properties of normal galaxies in the region between 1 < z < 2, where 
neither the 4000-i break nor the Ly continuum break are easily accessible. The 
NICMOS data at the near-IR offers one means of accessing both redshift indi- 
cators and measures of star formation within this critical redshift range. 

We have reduced and analysed the NIC3 parallel grism G141 data, cover- 
ing N 65 sq. arcminutes. The details of the data reduction can be found in 
McCarthy et al. (1999). We found a total of 33 emission line galades over 
an effective co-moving volume of 10” h$ Mpc3 for 40 = 0.5. The implied co- 
moving number density of emission line galasies in the range 0.75 < z < 1.9 is 
3.3 x 10--r h;. Mpc- 3; very similar to that of the bright Lyman break objects at 
z w 3. These objects have a median Ha luminosity of ‘2.7 x 10”’ erg see-r. The 
most, if not all, of the emission lines detected are either Ha or unresolved blend 
of H~~+[NII]6583/6548. This identification is mostly based on H-band appar- 
ent magnitudes (median value of 20.5), the emission line equivalent widths and 
the lack of other detected lines within the G141 bandpass. The redshifts of 6 
galasies in our sample have been confirmed by detection of [011]3727 emission in 
the optical spectra using LRIS on the Keck 10m telescope (Teplitz et al. 1999; 
Malkan et al. 1999). Figure 1 ~110~s the spectra for a subset of galasies in our 
sample. 

We compute the Hcu luminosity function (LF) based on this sample of 
emission-line gala,xies. .$A of the detailed results are in Yan et al. (1999). 
Figure 2 shows our derived Ha: LF at 3 = 1.3 and the local Hai LF as measured 
by Gallego et al. (1995). This plot shows strong evolution in the Ha luminosity 
density from 3 N o to z N 1.3. ‘This is no surprise given the evolution in the 
ultraviolet luminosity density, but our result provides an independent measure 
of evolution for Ha emission alone. The LF is well fit by a Schechter function 
over the range 6 x lO‘*l < L(Ha) < 2 X 10d3 erg set-r with L” = 7 X 10d2 erc 
set-I and +j” = 1.7 x lOA ?/ipch3 for He = 50 km s-* Mpc-r and qe = 0.5. Thz 
integrated Ho luminosity density at z N 1.3 (our median 3) is 1.64 x 10”’ hso erg 
S -I Mpc-3: ~14 times greater than the local value reported by Gallego et al. 
(1995). 

We compute the star formation rates from the integrated Ho and the 
IAT continuum luminosity densities using the relations from Iiennicutt (1999): 
SFR(?+yr-r) = 7.9x10-“2L(Ha)(ergs-1)and. SFR(M,yr-‘) = l.4x10-2sL(1500- 
2S00A%)(erg s- . r Hz-l) In Figure 3, we plot uncorrected published measurements 
of the volume-averaged global star formation rate at various epochs. The star 
formation rates shown in Figure 3 are calculated from the luminosity densities 
integrated over the entire luminosity functions, for both Hoi and the UV COIF 

tinuum. The clear trend for the longer wavelength determinations of the star 
formation rate to exceed those based on UV continua is one of the pieces of 
evidence for significant extinction at intermediate and high redshifts. ‘The an- 
plitude of the extinction correction is quite uncertain Our measurement spans 
0.7 < s < 1.9. overlappin, m with the Connolly et al. photometric redshift sample 
and allowing a direct comparison between the observed ZSOOA~ luminosity den- 
sity and that inferred from Ho. Our Ha-based star formation rate is three times 
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Figure 1. 1-D spectra of a subset of 33 Ha emission-line galasies. For 
each object we have marked our candidate emission-lines with arrows 
below the line. The redshifts. assuming an Hn identification for the 
line are given for each object. 
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luminosity function by Gallego et al. (1995). The solid and dashed 
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et al. (1993). whereas the filled squares are the measurements using 
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larger than the average of the three redshift bins measured by Connolly et al. 
(1997). 

If we attribute the entire difference to recldening, the total extinction cor- 
rections at 28OOA and Her are large and model-dependent. The calculation is 
sensitive to the relative geometry of the stars Y gas and dust, as well as the 
adopted reddening curve. In the extreme case of a homogeneous foreground 
scseen and a MW or LMC reddening curve: we derive -4~soo = 2.1 magnitucles. 
If we adopt the Calzetti reddening law (Calzetti 1997): where stars: gas and 
dust are well mixed, our estimate of the dust extinction at 2500A% is one to two 
magnitudes larger than in the simple screen case. 

3. Extremely Red Objects (EROS) 

We have obtained deep ground-based optical images of 2i’ XIC3 fields: yielding 
N 20 square arcminutes. -Among these fields: we have identified about a dozen 
of EROS with R-H > 5 and H brighter than 20.6. ‘The surface density of EROS 
with H < 20.6 and R-H > 5 is roughly 0.6 per sq. arcminutes. We also found 
some evidence that EROS are highly clustered. rlmong 2i NC3 fields, we found 
2 clusters of EROS. The details of this work can be found in Yan et al. (1999). 
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Galaxies at High Redshift - 1999’ 

Hyron Spinrad 

Depurtment of Astronomy, U. C. Berkeley 

Abstract. We characterize the normal galasies found recently at 7 > 4 
and in particular discuss the techniques used for their location. These 
most distant galasies are found through photometric redshifts from broad- 
band imaging; Ly-cu emission-line searches with narrow-band filters, and 
by serendipity 011 long-exposure multislit spectrograms. We derive typ- 
ical (un-obscured) SFR N 10 - 15 -Ir, yr-’ from their rest-IN continua 
and Ly-CY emission-lines. 

The z > 4 systems are often small: and fairly frequently show multi- 
ple nuclei with kpc spacings - likely merger signs. 

The star formation rate (SFR) density we derive from the spectra 
and the extant photometric redshifts at s = 5 41 0.5 suggest a roughly 
constant co-moving SFR density from z = 3 to J N 5. 

Finally we speculate on several future observations and techniques 
which may lead to the detection of star-forming gala,xies to J ^v lo? en- 
tering the ‘dark ages’. 

1. Introduction 

In this symposium which recognizes the estragalactic research efforts of my 
students, my post-dots and myself it seems appropriate to discuss the usual low 
S/N spectra (and to some extent the better quality HST images) of the faint 
galaxies now safely measured to 17 > 1 ( lately to at lea,st z = 5.7). 

Gntil recently exploring non-AGX galasies at z > 3 seemed very difficult in- 
deed; howe\-er the pioneering photometric research of Steidel & Hamilton (1992) 
defined the class of Lymalz-break galasies as those with fairly active SF rates 
(to flatten their continua in fy) and large enough redshift to place the Lyman 
limit well into the photometric I; band. 

Following this lead. Cowie QL Hu (1995) and Hu, Cowie gi McUahon (199Sj 
pushed their narrow-band imaging deep Hawaii fields sufficiently far down the 
emission-line lumillosity function to findly extract a fairly high surface density 
of Lya emitters at 3 > 3 ( and now S = 5.7). 

We are still using these techniques. or modest variants of them plus an eye 
toward “Serendipitous Discovery’, to uncover and eventually study galasies at 
= > 4. 
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2. Some Recent Spectroscopic Results 

X synthesis of these observations and recent work by Steidel et al. (1999) am1 by 
Manning et al. (1999 - this volume) su,, DDests that the observed normal distant 
galaxies are generally small in angular and linear isophotal size - with diameters 
of only a few kpc. They seem to show a L,,ee.; luminosity function not too 
different from that derived for present-day gala,xies. They are actively forming 
new: massive stars ~ although clearly we are biased against even detecting those 
systems which have not partaken in active SF over the past 5 x 10’ - 1 x 10” 
years. The creation of a modest dust supply can easily absorb the scattered 
Lya line; thus we assume that if a starburst lasts for > 10” yrs, that region of a 
young galaxy might not show Ly-cr in emission - it could even have a localized 
‘damped’ absorption line. 

For the z > i galaxies with photometric redshifts in the Hubble Deep Field 
HDF, Williams et al. 1996) we have been successful in obtaining spectroscopic 
redshifts to R or I = 357n (AB) with LRIS on the Keck telescopes. We find good 
spectroscopic accord with the photometric redshift predictions of Fernandez-Soto 
et al. (1999). 

Even without a strong Ly-cr emission line we can determine robust redshifts 
for I,$j = 25m gala,xies. Figure 1 illustrates the “spectral dominance” of the 
strong Ly-cr and LyJp absorption ‘edges’ very near or at the systemic velocity of 
each galaxy. The spectrogram of HDF1-473 (not shown here) does not have a 
continuum detection in its N 5 hr integration; this redshift is entirely based upon 
the strong Ly-CY emission line and the extant YICMOS and WF photometry (c.f., 
Weymann et al. 1998). 

Note the amplitude of the Ly-cu and Ly-,8 dis$ontinuities and the lack of 
measurable flux below rest wavelength Arest = 912X (the Lyman limit). ‘These 
three features show well in the spectrum of HDF4-:39! as does the strongest of 
the UV IS&I absorptions, the Si II doublet at 1260-4 (rest). 

Can we do as well with the emission-line candidates and the serendipitous 
galasies? The anstvers are also positive for these search techniques; Hu, Cowie 
si McMahon in particular have been successful in locating and (to some degree) 
spectroscopically validating the strong emission lines with the ‘hoped-for’ Ly- 
o identifications. They used filters which transmit well only in OH sky band 
windows: corresponding to z = 3.4, 4.5 and now 5.7 (see Esther Hu’s paper in 
these proceedings). The surface density of z = 4.3 galasies (assuming that 3/4 
of the candidates really show a Ly-cu line rather the common [0 II] alternate) is 
N 3 arcmin-’ : a bit higher than the surface density of 1 < 26.5”’ 3 = 5 gala,xies 
selected photometrically in the HDF (roughly a density of 1.2 there). Of course 
the narrow band emitters might be fainter in their I-band continua than our 
(a,rbitrary ) I = 26 .Sm limit. 

The serendips at high redshift represent a novel and rich method to locate 
2 > 4 galaZxies, especially those with moderate or strong Ly-a emission lines. 
Our first distant galaxy success at z > 5 was discovered serendipitously by Dey 
et al. (1998); since then our UCB team has located three galaAxies with J 3.9, one 
at z = 5.64, a probable at z = 5.7 and perhaps-one new serendip at z = 6.2 if 
the emission line observed at 8787-4 is really .Ly-a (the [0 II] alternative would 
be 2 = 1.36). 
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In most cases the strength of the Ly-o line is consistent with an unobscured 
SFR of 10 - 15 M9 yr-I; the 1500~& ( rest-frame) continuum also yields that level 
of SF (c-f: Dey et (~1. 1998). Of course some dust may reduce both the Ly-Q 
line and the ultraviolet continuum, as suggested by Pettini et al. 

One the other hand. more spectacular and speculative case of a serendipi- 
tous galaxy discovery has been presented by Chen et al. (1999). These authors 
used the HST and STIS to obtain a deep slitless spectrogram near the HDF; 
the galaxy ‘-4’ while quite small and faint, appears to show a probable Ly-a line 
with its associated redward continuum at 3 = 6.68. However the observation 
is difficult and a confirmation by an independent group or a different technique 
would seem advisable. 

Our serendips at high redshift are sufficiently numerous as to suggest a 
measure of their surface density. We find the surface density at approximate 
I,@j < 26.5”’ and 4.5 < z < 5.5 to be 2 & 1 arcmin-’ (Stern S;: Spinrad 1999). 
This leads to a remarkably high co-movin g star formation rate density at s = 
5, if the individual SFR in all the serendip galasies (or the average one) is 
N 10 - 15 A& yr-l! That would be the same (unobscured) individual galaxy 
SFR found by Dickinson (1998) and this then gives a density of SFR at z = 5 
similar to the Madau et al. (1998) and the Steidel et al. (1999) rate at z = 3. 
There is no substantial decline. 

3. Morphologies of Some Distant Galaxies 

Of our six HDF galasies with spectroscopic and photometric z > 4 at least two 
show signs of recent likely merger events in their 1sl.l WFPC2 images. 

Most interesting is the ‘double-core7 of HDF4-625 (3 = 4.58) which has 
two distinct components, easily separated visually when one exams the WF I,,, 
image with an appropriate display stretch [see Fig. 21. The two components are 
separated by O/117; this corresponds to a 1.0 kpc distance (in projection) for a 
He = 50 km s-l Mpc-r . q. = 0.5 cosmology. The companion nucleus is about 3.5 
times fainter than the primary. This composite galasy image seems to represent 
an excellent case for a merger seen late in its evolution; the picture seems roughly 
consistent with the theme of a recent paper by Kolatt et al. (1999) who used 
semi-analytic models to replicate young merging gala,xies. 

The picture for the HDF3-951 (Spinrad et al. 1998) is very similar; there 
are three close objects. with the brightest nucleus a double again with N 1 kpc 
separation of the pair of nuclei. Interestingly neither galaxy (pair) shows strong 
Ly-o emission during these merger events when perhaps shock activity would 
be anticipated. 

4. Some Future Hopes/ Plans with Different Techniques 

a) Infrared spectroscopy of = z 3 galaAGes has already proven quite useful for 
allowing us to observe diagnostics not available with the emitted ultra\-iolet 
region (c.f.. Pettini et al. 1998). 

But it should be possible to push ahead to even fainter. more distant 
systems-perhaps at s > 9. I speculate on the chance of detecting the Ly--0 
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line and perhaps a large continuum discontinuity due to the Ly-a forest (and 
perhaps an additional Gunn-Peterson trough) through J- and H-band spec- 
troscopy with a 10-m class telescope and IR spectrometers like NIRSPEC at 
Keck II. 

The first trials of NIRSPEC in 1999 suggest that an unresolved galaxy Ly-cr 
line could be measured with a S/N ratio = 5 for a line of flus lo-l7 ergs cm-2 s-r 
at 1.2~~m (3 = 9) in one hour. A more realistic case of a resolved galasy and a 
spectrally resolved emission line would likely require N 4 hr in good conditions to 
observe the emission line profile; mere detection would be easier. A continuum- 
break redshift, caused by the Ly-cu forest and a putative Gunn-Peterson trough 
might be observed at J band for z = 9.0 (A = 1.216/m). That would only 
yield a S/N m 0.8 per resolution element in N 10 sets of integration, for a 
hypothetical continuum level of 0.5LLJy redward of Ly-cr. Time may test this 
speculation. 

b) The detection of the X = 1% pm [C II] cooling line at J > 6 is likely to be 
possible early in the next millennium. This cool-gas emission line is observable 
in considerable strength in local SF regions; when the line redshifted sufficiently 
(5 > 5.3 to 3 = 11.6) it will be observed in the lmm to 2 mm region where 
its accessible to mm-interferometers and its detection will probably result in 
some rather useful line profile examples as well as the obvious value in either 
confirming or initiating a large redshift measurement. 
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Figure 1. LRIS spectra of the = > 4 gala.xies photometrically selected 
in the HDF: Ilote the discontinuities at the prominent Lyman-series 
Lines and at the Lyman-limit (for HDF4139). The right hand dotted 

> 
vertical Lines indicate the position of the Si II 1260 -1 blend. The spectra 
represent long integrations fro111 multiple observing seasons. 
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Figure 2. Inlages of z > 4 HDF gala-ties .as seen in the IS14 band. 
Note the mnltiple nuclei of HDF 3-051 and HDF 4-623 and the -tidal- 
tails’ possible for HDF 3-512 and HDF 4-439. Presumazbl?; both mor- 
phologies are result of previous close encounters or mergers. 
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Galaxies of Redshift z > 5: The View from Stony Brook 
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> 

Abstract. We report on some aspects of our efforts to establish proper- 
ties of the extremely faint galaxy population by applying our photometric 
redshift technique to the HDF and HDF-S WFPC2 and XICMOS fields. 
We find that cosmological surface brightness dimming effects play a dom- 
inant role in setting what is observed at redshifts J > 2, that the comov- 
ing number density of high intrinsic surface brightness regions increases 
monotonically with increasing redshift, and that previous estimates ne- 
glect a significant or dominant fraction of the ultraviolet luminosity den- 
sity of the universe due to surface brightness effects. The ultraviolet 
luminosity density of the universe plausibly increases monotonically with 
increasing redshift to redshifts beyond z = 3. 

1. Introduction 

We have over the past few years applied our photometric redshift technique to the 
Hubble Deep Field (HDF) and Hubble Deep Field South (HDF-S) WFPC2 and 
NICMOS field- ( s e.g. Lanzetta, Yahil, & Fernandez-Soto 1996, 1995; Fernbndez- 
Soto, Lanzetta, & Yahil 1999; Yahata et al. 2000). Our objective is to establish 
properties of the extremely faint 0 valxxy population by identifying gala,xies that 
are too faint to be spectroscopically identified by even the largest ground-based 
telescopes. Our experiences indicate that photometric redshift measurements 
are at least as robust and reliable as spectroscopic redshift measurements (and 
probably significantly more so). Specifically, comparison of photometric and 
reliable spectroscopic measurements in the HDF and HDF-S fields demonstrates 
that the photometric redshift measurements are accurate to within an RXS 
relative uncertainty of A2 (1 t Z) 5 loo/ o and that there are 120 known examples 
of photometric redshift measurements that are in error by more than a few 
times the RUS uncertainty. These results apply at all redshifts z < 6 that have 
yet been examined. It thus appears that the photometric redshift technique 
provides a means of obtaining redshift identifications of large samples of the 
faintest gala-ties to the largest redshifts. 

Here we report on some aspects of our efforts. Highlights of the results 
include the following: 
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1. We have identified nearly 3000 faint galasies, of which nearly 1000 galas- 
ies are of redshift J > 2 and more than 50 galaxies are of redshift z > 5 (ranging 
up tq and beyond 2 = 10). Further, we have fully characterized the survey 
area versus clepth relationships, in terms of both energy flus density and surface 
brightness, in order to measure statistical properties of the very high redshift 
galaxy population. 

2. VVe find that cosmological surfa.ce brightness dimming effects p1a.y a 
dominant role in setting what is observed at redshifts z > 2. Most importantly, 
we find that it is more or less meaningless to interpret the galaxy luminosity 
function (or its moments) at high redshifts without explicitly taking account of 
surface brightness effects. 

3. We find that the comoving number density of high intrinsic surface 
brightness regions (or in other words of high star formation rate density regions) 
increases monotonically with increasing redshift. 

4. We find that previous estimates neglect a significant of dominant fraction 
of the ultraviolet luminosity density of the universe due to surface brightness 
effects and that the rest-frame ultraviolet luminosity density (or equivalently 
the cosmic star formation rate density) has not yet been measured at redshifts 
J 2 2. The ultraviolet luminosity density of the universe plausibly increases 
monotonically with increasing redshift to redshifts beyond 3 = 3. 

The most recent versions of our photometry and redshift catalogs of faint 
o.ala.sies in the HDP and HDF-S fields can be found on our web site at: 0 

http://www.ess.sunysb.edu/astro/hdfs/. 

Here and throughout we adopt a standard Friedmann cosmological model of 
dimensionless Hubble constant h = He/( 100 km se1 Mpc-r) and deceleration 
parameter qo = 0.5. 

2. Observations and Analysis 

Our current observations and analysis differ from our previous observations and 
analysis in three important ways: 

First, we have included all available public ground- and space-based imaging 
observations of the HDF, HDF-S VVFPC2, and HDF-S XICMOS fields. Details 
of the current observations are summarized in Table 1. 

Field 

Table 1 
Filters 

HDF . . . _ . . . . . . . . . . . . . . . F300W, FGOW, FGOGW, FS14W, 
FllOW, FlGOW, J. H, A- 

HDF-S JVPPC2 . . . . . . . . . F300W, FGOW? F606W, FS14W, 
C: B: V, R. I. J, H. A- 

HDF-S XCAIOS . . . . . . . . FllOW. FlGOJV, F322M> STIS. 
L-. B. V-> R: I 

Second. we have developed and applied a new quasi-optimal photometry 
technique based 011 fitting models of the spatial profiles of the objects (which 
are obtained using a non-negative least squares image reconstruction method) 
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Figure 1. Comparison of 105 photometric and reliable spectroscopic 
measurements of gala.xies in HDF and HDF-S. The RMS dispersion 
between the photometric and reliable spectroscopic measurements is 
z 0.1 at z < 2, z 0.3 at 2 < 2 < 4: and % 0.15 at z > 4. 

to the ground- and space-based images, according to the spatial profile fitting 
technique described previously by Fernandez-Soto, Lanzetta, & Yahil (1999). 
For faint objects, the signal-to-noise ratios obtained by this technique are larger 
than the signal-to-noise ratios obtained by aperture photometry techniques by 
typically a factor of two. 

Third: we have measured photometric redshifts using a sequence of six spec- 
trophotometric templates, including the four templates of our previous analysis 
(of E/SO, Sbc, Scd, and Irr gala,xies) and two new templates (of star-forming 
galasies). Inclusion of the two new templates eliminates the tendency of our 
previous analysis to systematically underestimate the redshifts of gala,xies of 
redshift 2 < 3 < 3 (by a redshift offset of roughly 0.3): in agreement with results 
found previously by Benitez et al. (1999). 

The accuracy and reliability of the photometric redshift technique is illus- 
trated in Figure 1, which shows the comparison of 10s photometric and reliable 
spectroscopic redshifts in HDF and HDF-S. (Note that a non-negligible fraction 
of published spectroscopic redshift measurements of galasies in HDF and HDF- 
S have been shown to be in error and so must be excluded from consideration.) 
With the sequence of six spectrophotometric templates, the photometric red- 
shifts are accurate to within an RNS relative uncertainty of .A?/(1 + Z) 2 lO$$ 
and there are 120 known esamples of photometric redshift measurements that are 
in error by more than a few times the RMS uncertainty. These results apply at 
all redshifts z < 6 that have yet been e2uamined. Details of some of our current 
observations and analysis are described by >*ahata et al. (2000). 



Galaxies at 2 > 5: The View from Stony BrOOli 54-i 

3. Stony Brook Faint Galaxy Redshift Survey 

Our analysis of the HDF and HDF-S WFPC2 ancl XCMOS fields constitutes 
a survey of gala.xies to the faintest energy flus density and surface brightness 
limits currently accessible. Properties of the redshift survey are as follows: 

First, we have determined nine- or 12-band photometric redshifts of faint 
galasies in three deep fields. 

Second, we have selected galaxies at both optical and infrared wavelengths, 
in two or more of the FS14Sv, FlGOVV, H, and li bands (depending on field). 
(We have related selection in different bands by adopting the spectral energy 
distribution of a star-forming galaxy). 

Third, we have fully characterized the survey area versus depth relations, 
as functions of both energy flus density and surface brightness. 

Fourth, we have established properties of the extremely faint galaxy pop- 
ulation by using a ma.ximum-likelihood parameter estimation technique and a 
bootstrap resampling parameter uncertainty estimation techniclue. The derived 
parameter uncertainties esplicitly account for the effects of photometric error, 
sampling error; and cosmic dispersion with respect to the spectrophotometric 
templates. 

The Stony Brook faint galaxy redshift survey includes nearly 3000 faint 
galasies: of which nearlv 1000 gala,xies are of redshift z > f! and more than 30 
galasies are of redshift 3 > 5 (rangin g up to and beyond z = 10). The depth 
and scope of the survey is summarized in Figure 2, which shows redshift distri- 
butions of all gala-ties identified in the HDF and HDF-S WFPC2 and NICMOS 
fields. The redshift distributions of galaxies identified in the HDF and HDF-S 
M7FPC2 field are characterized by broad peaks at redshift s KZ 1 and long tails 
extending to redshifts z > 5. Further, the distributions are statistically different 
from one another (with the HDF-S WFPC2 field exhibiting a statistically sig- 
nificant excess of gaJa.ties of redshift J > 2 compared with the HDF), and both 
exhibit statistically significant large-scale fluctuations. The redshift distribution 
of gala,xies identified in the HDF-S NICMOS field is characterized by a broad 
peak at redshift J z I and a long tail extending to redshifts 2 > 10. 

4. Some High-Redshift Galaxies 

Examples of some high-redshift galaxies are shown in Figure 3, which plots ob- 
served and modeled spectral energy distributions and redshift likelihood func- 
tions of galaxies identified in the HDF-S WFPC2 and NICMOS fields. 

The top group of panels of Figure 3 shows four galasies of redshift 3 < J < 4 
and near-infrared continuum magnitude .4B(S140) z 23, and the middle group 
of panels of Figure 3 shows four galaJxies of redshift 5 < s < 6 and nea,r-infrared 
continuum magnitude .4B(S140) M 26. In each case: the spectral energy distri- 
bution shows unambiguous evidence of the Lycr-forest and Lyman-limit decre- 
ments, and the redshift likelihood function is very sharply peaked, indicating 
that, of all the spectrophotometric models considered, the appropriately red- 
shifted spectrophotometric template provides the only plausible fit to the obser- 
vations. We believe that the redshifts indicated in the top and middle groups of 
panels of Figure 3 are established with essentially complete certainty-and with 
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Figure 2. Redshift distributions of all gala,xies identified in the HDF 
(upper left) and HDFPS WFPC2 (upper right) and XICMOS (lower 
left) fields. 

substantially greater certainty than has been or could be achieved by means 
of spectroscopic observations of gal&es of the same redshifts and continuum 
magnitudes. The galasies shown in the top and middle groups of panels of 
Figure 3 are unexceptional7 and results shown for these galasies are completely 
representative of results obtained for other similar galaAGes. 

Results of Figure 1 indicate that at redshifts 3 < z < 4: the RUS mea- 
surement uncertainty of the photometric redshift technique is Aa M 0.3 or 
Lil=/(l+J) “N loYc, which we believe results primarily due to stochastic vari- 
ations in the density of the Lya forest among different lines of sight. Results 
of Figure 1 indicate (albeit with limited statistical certainty) that at redshifts 
3 < z < 6 the RliS measurement uncertainty of the photometric redshift tech- 
nique is AZ % 0.13 or Az/(ltz) M 3%> which we believe is superior to results at 
redshifts 3 < 2 < 4 because almost complete absorption in the Lyn forest allows 
for less stochastic variations in the density of the Lycv forest among different 
Lines of sight. 

The bottom group of panels of Figure 3 shows four galasies of best-fit pho- 
tometric redshift measurement 2 > 6 and near-infrared continuum magnitude 
.4B(16:000) z 2i’. including two gala,xies (gala.xies B and C) that we identified 
previously as candidate estremely high redshift gala.xies on the basis of grountl- 
based near-infrared measurements (Lanzetta. Yahil: & FernAndez-Soto 199s). 
-At these redshifts and continuum magnitudes: the redshift determinations are 
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Figure 3. Observed and modeled spectral energy distributions (left- 
most of each pair of panels) and redshift likelihood functions (right- 
most of each pair of panels) of galaxies identified in the HDF-S. Top 
group of panels shows galxsies of redshift 3 < 3 < 4. middle group of 
panels shows gala,xies of redshift 5 < z < 6. and bottom group of panels 
shows galaxies of redshift z > G. Filled circles are measured fluses and 
open squares .are best-fit model fluxes. Vertical error bars indicate la 
uncertainties and horizontal error bars indicate filter FWHM. 
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detection limits that will be required for working at higher redshifts. Fig. 4 from 
Thommes (1998) 1 s lows the expected surface number density of Lycr emitters for 
four r.edshift intervals (2 = 3.5,4.5,5.7, and6.5) corresponding to spectral regions 
free of strong nightsky lines. Overplotted are the data from Cowie S; Hu (1998) 
for z = 3.4: and other upper limits. It can be seen that, in agreement with the 
properties summarized above, surveys will need to exceed 5~ detection limits of 
lo-l7 ergs cm-Z s-r (lo-"* W mW2), and preferably cover wide arex. 

6. (A - 2) Color Selection 

Because SSMZHCI\IIl is so bright in 2 it is interesting to examine color statistics 
for objects in (R - 2) vs. Z. Fig. 5 shows the color distribution of objects in 
the HDF and SSAA.22 fields over a sample area of 75 arcmin2. Magnitudes are 
measured on the *AB system using 2” diameter corrected apertures. The fiducial 
color boundary used here of (R - 2) > 2.75 lies marginally above the range 
of possible >I star contaminants, which might be distinguished by compactness 
criteria. At faint magnitudes the depth of the R esposure dominates the errors 
in the (R - 2) color measurement, which can be quite large. Filled symbols 
indicate known z > 5 galaxies (or in the case of HDF 3-395.1 and 3-395.2> 
the summed magnitudes of the object pair). In the case of HDF 4-473.0: the 
colors are estimated from deep WFPC2 and NICMOS photometry (Weymann 
et al. 1998). The 5g Z band criterion is not sufficiently deep to include SSAZ- 
HCMl? the z = 5.60 galaxy HDF 4-4’73.0, or the d = 5.34 emission-line galasy 
RDl (based 011 the estimated I(AB) = 26.1), but the threshold is only a few 
tenths of a magnitude from reachin, * the brighter two objects. Thus, it appears 
that the use of deep Z-band filter imaging and R - 2 color selection on the large 
telescopes may be a possible way to extend methods for selecting candidates to 
higher (3 > 5.7) redshifts for ground-based studies, although the background 
sky brightness near 9200 Ai is high. This could be used in combination with a 
near-In color measurement to distinguish break objects from highly reddened 
galxxies. 

7. Evolution of the Continuum Break 

The new z N 5 quasars discovered by the Sloan Survey (Fan et al. 1999) provicle 
a means of evaluating the expected continuum depression below the Lycr line at 
high redshifts. Because of the rapid increase in the gas density with redshift: it is 
expected that, at the higher redshifts, there will be a sizable break. In Fig. 6 we 
show a spectrum of the newly discovered z = 5 quasar. .JO33829.31+002156.3. for 
which we determine a factor of 4 break across the emission line. By comparison, 
Zhang et al. (199i’) find: at s = 5: for Ho = 50 km s-l Mpc-r, fib = 0.06 and a 
Haardt-Madau (1996) spectrum and ionizing flux: that the spectrum of a 2 = 5 
quasar will have an average flux in the region between 1050 14 and 1170 Ai that 
is 10% of the continuum value which would be present in the absence of Lyman 
alpha scattering. A plot of the continuum ??reak across Lyff for various z > 4 
quasars (Schneider et al. 1991; Iicnnefick et al. 1995) and galasies is shown in 
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Figure 5. (R - 2) colors of galasies in the HDF and SSX22 fields. The 
dashed vertical line shows the 5a magnitude limit in 2. The filled squares 
show the colors of (both components of) HDF 3-395 and HDF 4-473.0, ant1 

the filled diamond shows the measured (R - 2) color for SSA22-HCMl. The 
solid line at (R - 2) = 2.75 provides an arbitrary divider for very red objects. 
Known stars (indicated with asterisks) can lie in the region above the line. 
Galaxies populating the upper part of the plot include both dust-reddened 
objects and high-z continuum break objects. 

Fig. 7. DA is the index (Oke si Korycanski 1982) 

f,(observed) 
’ - f,(continuum) 

in the rest-frame wavelength range 1050 .& to 1170 A. 

8. Future Investigations 

It is useful to consider possible directions for future studies. X number of J > 4 
gala,ties have been found using cluster lens systems (e.g., Trager et al. 1997; 
Franx et al. 1997, Frye 8~ Broadhurst 1998, Pell6 et al. 1999), where amplification 
of the source has increased its detectability. In general? such discoveries do not 
provide information on the statistics, continuum magnitudes, and base emission- 
line fluxes of the high-redshift gala*ties found, but for very well-studied cluster 
lens ‘systems (e.g., Bezecourt et al. 1999) it may be possible to recover such 
information. Typical magnification is about 1 magnitude (Smail et al. 1999): 
and this may be a fruitful way to extend high-redshift searches. : . 

The availability of new IR spectrographs for the 8-10-m. class telescopes 
will make it possible to study [0 II] associated with the z < 5 systems (e.g. 
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Figure 6. The Lyman break strength at high reclshift is estimated to be 
a factor of 4 from LRIS spectra (Son&a et al. 1999) of the 2 = 5.00 Sloan 
Survey quasar (Fan et al. 1999). 

Egami 1997). Such observations may provide more information on the degree of 
dust extinction in the high-redshift galasies detected by their Lya. However, for 
2 > 5 systems [0 II] lies in the thermal IR and cannot be readily studied from 
the ground. 

For redshifts J > j; high equivalent width Ho emission from high ionization 
foreground extragalactic HII regions is a possible contaminant which can mimic 
Lycu. Such systems may have no detectable continuum, and [X II] suppressed to 
less than 2% of Ho (Stockton & Ridgway 199s). The incidence of these systems 
is not known: but a few cases have been encountered in our J N 5.7 and J N 6.5 
surveys - and identified by wide wavelength spectra covering the corresponding 
[0 II] and [0 III]. Extensive wavelength coverage is required to verify sources as 
Lya emitters. 

Searches for yet higher J galasies are of necessity forced into the near IR n 
since the light belox 1216( 1-t Z) .A will be essentially extinguished by the strong 
Ly cy forest blanketing or by H I Gunn-Peterson (Miralda-Escude & Rees 1993) 
at the redshifts where the IGM was neutral. 11-e can look forward to detecting 
these objects wit11 the Nest Generation Space Telescope. 
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Abstract. 
Quasars continue to be the most luminous objects known in the uni- 

verse but no longer have the largest redshifts. I review current techniques 
for finding quasars at J > 5 and the status of current optical surveys. I 
compare the spectra of known quasars with z z 5 with the spectra of 
some recently discovered galasies with 2 > 5 to see what we may expect 
in the future from surveys for high redshift quasars and gala.xies. The 
prominent emission lines of quasars should make them easier to detect 
and confirm spectroscopically than the 3 > 5 galasies discovered so far. 

1. Introduction and Background 

I am grateful to the Organizing Committee for the opportunity to speak on 
searches for high-redshift quasars at this meeting. -Although I have not worked 
directly with Hy, we have known each other for many years; and I have ad- 
mired his research. I think three qualities stand out: 1) his determination and 
persistence at pushing telescopes and instruments to their limits, 2) his evident 
success at finding and studying successively more distant galasies, and 3) his 
cheerfulness and optimism, which I think inspired his students and collaborators 
to be so successful over the many years of his career. I have also heard that Hy 
never liked quasars very much, so I feel honored that the topic made it on the 
program. Maybe the organizing committee decided it was safe to do so: now 
that galaxies have overtaken quasars as the objects of highest known redshift 
since 1997, when they displaced quasars for the first time since 1965. 

Turning to the subject of this paper: the goals of surveys for high-redshift 
quasars include the observational determination of: 

l The epoch of quasar formation 

D The role of dust obscuration 

e The relation of quasars to galaxy formation and evolution 

o The contribution of quasars to the ionization of the intergalactic medium 
at high redshifts 

According to the picture that quasars are powered by the accretion of matter 
onto massive black holes in the nuclei of galasies. the formation and evolution 
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Figure 1. -4 linear plot of space density VS. lookback time for quasars 
with A.$, < -24.5, based on the results of Warren et al. (1994). MC is 
the AB continuum magnitude at the observed wavelength correspond- 
ing to Lycv. 

of black holes, quasars, and galaxies are closely related. The evolution of the 
space density of luminous quasars shows a strong peak at lookback times of 0.S 
to O.S5 (Fig. 1). The evolution of gala,xies is very much under debate, as we 
are hearing at this meeting: but it appears to extend over a broader range of 
redshift. 

Among the questions we would like to address are: Which formed first; 
galasies (or at least parts of gala,xies), or quasars ? What roles do interactions 
and mergers play in the fueling of quasars? and How do we account for the 
chemical abundances in high-redshift quasars, whose emission-line spectra look 
very similar to those at lower redshift? 

We now have the observational capabilities to map the evolution of both 
quasars and galaxies to redshifts beyond 6: when the universe was 5% or less of its 
present age. Hubble Space Telescope and S - 10-m ground-ba.sed telescopes have 
already enabled us to discover more objects at s > 5 than seemed possible just 
a few years ago. Now the challenge is to carry out sufficiently large, systematic. 
and quantifiable surveys to answer the questions posed above. 

In this paper I will discuss how to search for quasars at z > 5> concentrating 
on optical methods. Nest I will review the status of current surveys and then 
compare the spectra of the quasars and galasies with J >Z 5 that have been 
found to date. I will close by making.some speculations based on the current 
results and considering what we may expect in the future. 
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2. How to Search for Quasars at 3 > 5? 

Since the discovery of the first quasar with J > 4 in 1957 (Warren et al. 1957), 
more‘ than 150 such objects have been found (G. Djorgovski and R. M&la- 
hon, private communications), and several search techniques are by now well 
developed. ‘They include: 

0 Multi-color imaging 

l Slitless Spectroscopy 

a Deep Radio Surveys 

a Deep S-Ray Surveys 

The multicolor technique pioneered by Warren et al. (1957) and now applied 
to several surveys (see, e.g., Warren et al. 1991, Irwin et al. 1991, Kennefick 
et al. 1995, Djorgovski 1999) has contributed the majority of the known z > 4 
quasars. It uses the large B - R color of quasars as a discriminant; the presence 
of Lya emission in the R filter band combined with the continuum depression 
caused by intervening Lya absorption in the B filter band makes quasars stand 
out from cool stars and yields an effective search criterion. The addition of I 
band photometry, which is an indicator of the continuum level longward of Lya, 
aids in distinguishing high-redshift quasars from late-type stars. The multicolor 
technique was first used with photographic plates and Schmidt telescopes. The 
subsequent development of large format CCD cameras is now enabling wide- 
angle surveys to significantly fainter magnitudes, as discussed in more detail 
below. 

Xt higher redshifts. e.g. z > 5. the same principle applies; with Lycr shifting 
into the 1 band. However, as me shall see below, it is critical to have observations 
in the Z band, which is in the continuum longward of Lya, to separate quasars 
from late-type stars. 

The slitless spectroscopy technique is an effective way to discover high- 
redshift quasars through the direct detection of Lycr emission in low-resolution 
slitless spectra (Smith 1975, Osmer 1952) and has been used by Schmidt: Schnei- 
der, and Gunn (SSG, 1995 and references therein) in their Palomar Grism Sur- 
veys. The selection effects and survey efficiencies are more straightforward to 
model for slitless spectroscopy in many cases than they are for the multicolor 
technique. The SSG survey is one of the cornerstones of our knowledge of the 
evolution of opticallv selected quasars at z > 3. 

Deep radio surveys offer a different way to discover high-redshift radio galas- 
ies and quasars. -4 kev property of radio-selected objects is that they are sig- 
nificantly less affected by surroundin g or intervening dust that blocks optical 
radiation. Although radio-loud quasars in general constitute about 1070 of the 
total quasar population. the availability of deep radio surveys that cover a sig- 
nificant fraction of the sky offers the opportunity to find significant numbers of 
radio-loud quasars and radio gala.xies at high redshift. 

Current radio searches for high-redshift quasars make use of deep surveys 
for flat-spectrum sources (e.g. Hook and McSlahon 199s) while searches for 
high-redshift radio galasies focus on steep-spectrum sources (e.g. van Breugel 
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et al. 1999, also this volume). In both cases, subsequent selection concentrates 
on optically faint objects to help weed out objects of lower redshift. Hook and 
McMahon (1998) select objects that are red in B - R to enhance the selection 
of high-redshift objects. van Breugel et al. (1999) make use of the well-defined 
1< - z diagram for radio galasies and concentrate on objects with faint .l< mag- 
nitudes. The discoveries of the radio-selected quasar of highest known redshift, 
J = 4.72 bv Hook and McMahon (1998) and the radio galaxy of highest known 
redshift, z”= 5.19 by van Breugel et al. (1999) demonstrate the power of their 
approaches. 

It may be argued that X-ray emission is the key defining property of the 
global quasar/AGl\j population and should be the primary search criterion for 
discovering them. However: until recently, X-ray observatories have not had 
sufficient sensitivity to reach the objects of highest redshift. The ROSAT Deep 
Survey (Hasinger et al. 19%) is an indicator of the advances we may expect from 
CHA3’DR-4 (e.g., hIathur> this volume) and XMM as they come into operation; 
it has yielded the X-ray selected quasar of highest known redshift, z = 4.45 
(Schneider et al. 1998). The requirements are a limiting X-ray sensitivity of 
~2 lo-l5 erm s-l c*nw2 (0.5 - 2keV) and high accuracy: M 1 arcsec positions 
(to avoid c&fusion with foreground objects). Then follow-up optical imaging 
and spectroscopy, presumably concentrating on faint, red objects, should be an 
effective way of isolating high-redshift objects. 

To summarize. all approaches to find z > 5 quasars need to cover a wide 
area on the sky to faint limiting sensitivities because the objects are so rare. 
Optical surveys need to have wavelength coverage extending to 0.91.L; indeed all 
approaches benefit from such coverage. Searches at even higher redshifts will 
push the requirements into the infrared (A > 1~). 

3. Status of Current Optical Surveys 

I would like to give a status report on two multicolor surveys my collaborators 
and I are carrying out: the BTClO and the BFQS. I will also describe two other 
major optical surveys! CADIS and SDSS, and note the important contributions 
they are makin, D to the search for quasars at z > 5. 

The BTC4.0 is a large collaborative effort led by E. Falco and is aimed at 
finding gravitational lenses and distant galaxy clusters as well as high-redshift 
quasars. It is an optical. multicolor survey that makes use of the BTC camera 
and the CT10 4-m telescope. Julia Iiennefick is leading the quasar survey team: 
whose other members include Xlberto Conti, Richard Green, Pat Hall; Eric 
Bonier, Malcolm Smith, and myself. BTC40 has imaging data at high galactic 
latitude for 40 deg2 in the B7 V, 1,Z bands and reaches to “N 25th magnitude at 
its deepest limit. -U the imaging data are in hand and are being analyzed. The 
goal is to select 5 > 5 quasar candidates to I = 22. 

The BFQS survey is being led by Pat Hall in collaboration with the other 
team members mentioned above. It also uses the BTC camera and reaches to 
nlinL = 26.7 over 7 deg’. It uses the B, R,I bands and is aimed at quasars with 
3.3 < s < 3 down to. I,“’ luminosities. The BFQS imaging clata are also in hand 
and are being analyzed. 
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Together: the BTCiO and BFQS surveys estend the multicolor technique 
to fainter magnitudes and wider areas than have been covered before. 

The CADIS (Calar Alto Deep Imagin g Survey, Meisenheimer et al. 1998) 
survey estends the multicolor concept to higher spectral resolution and broader 
wavelength coverage by using 13 medium-band filters over the 0.39 to 0.93~~ 
range and 3 broad-band filters, including I\-‘. The filters are designed to give 
both improved sensitivity to the quasars being sought and improved rejection 
of non-quasars, such as emission-line galasies (the veto filter concept). CADIS 
plans to cover 9 fields, each 10'~ 10’ in area. To date the CADIS team (Wolf et al. 
1999) have shown the effectiveness of their approach by finding 6 quasars with 
2.2 < J < 3.7 to R = 22 mag in one field, about 6 times the expected number. 
The CADIS technique is more powerful than the original multicolor approaches 
because of its increased spectral resolution and greater number of filters. On the 
other hand, it requires more observing time per unit area on the sky to reach 
a given limit in sensitivity. Thus, it is a. complementary and valuable addition 
to techniques for finding high-redshift quasars. It will be very important to see 
if the initial C-1DIS results on the surface density apply to the additional fields 
in their survey. Previous surveys have been subject to considerable field-to-field 
fluctuations, and it will be very interestin, r to see how the CADIS results come 
out. Our knowledge of the luminosity function of quasars to 2nd magnitude 
and fainter is still rudimentary. 

The SDSS (Sloan Digital Sky Survey. Gunn & Weinberg 1995) will be the 
definitive survey for high-redshift quasars (and also for quasar clustering) down 
to 20th magnitude because of its large area coverage, 10,000 deg2. SDSS is 
expected to yield IO5 quasars when completed. -Already the initial results are 
very exciting. Fan et al. (1999) report the discovery of 15 quasars with s > 3.6 
in 140 deg2, including quasars with z = 4.9 and z = 5.0. They extend the 
high-redshift record for quasars for the first time since 1991l. 

3.1. The Importance of the Z band 

Initial spectroscopic results from the BTU0 survey confirm the importance of 
using the 2 band for isolating z > 5 quasar candidates. Unlike the situation at 
-1-c z < 5, where quasars can be selected with reasonable efficiency solely on 
their large values of B - R: the analogous approach using V-I does not work for 
J > 5 quasars. Julia Kennefick found that samples selected on the basis of large 
V - I are overwhelmed by late-type stars. The 2 band is necessary because it is 
a measure of the continuum level at wavelengths long-ward of the Lycr emission, 
and the behavior of late-type stars and z > 5 quasars is significantly different in, 
for example, the (I- 2) U.S. (V-I) two-color diagram, as Iiennefick’s simulations 
show (Fig. 2: left). We are now in the process of selecting z > 3 candidates for 
follow up with spectroscopic observations. 

The importance of the 2 band is amply demonstrated in the SDSS results 
(Fig. 2, right), where Fan et al. (1999) illustrate the stellar locus in the (Z - 
z”) us. (I.- - ;*) plane and the location of their 2 > 4.5 quasars, which are xell 

‘-After the meeting, Fan et al. (astro-ph/99091fi9)reported the discovery of a quasar at z = 5.03. 
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Figure 3. (Left) S imulation of stellar and quasar colors by J. Ken- 
nefick. (Right) The first SDSS results for stars and z > 4.5 quasars 
(Fan et al. 1999) 

separated from the stars. Their results confirm that we now have well established 
techniques for finding the most distant quasars. 

4. The Spectra of z z 5 Quasars Compared to J > 5 Galaxies 

It is of interest to note that the spectra of the z z 5 quasars discovered to 
date (Fig. 3) show the characteristically strong emission features of Lycu, C IV, 
K-V and SI IV + 0 IV] seen in quasars at lower redshift and look remarkably 
similar to them. Furthermore, the spectra provide information on the chemical 
abundances in the broad-line region that have important implications for the 
evolutionary history of the host galasies of quasars (see review by Hamann Sr 
Ferland 1999). 

On the other hand; the spectra of the galasies found so far at z > 3 are 
very different fronl those of quasars (Figs. 4 and 5). For example; the Dey et 
al. (1998) galaxy at z = 5.31 has a very strong but narrow Lycv emission line 
on a weak continuum. The Weymann et al. (1998) galaxy at z = 5.60 and the 
van Breugel et al. (1999) radio galaxy show Lycr emission that is considerably 
weaker, while the Spinrad et al. (1998) galaxy pair at z = 5.34 has very weak: 
if any: emission and is distinguished primarily by a break in the continuum. 

Let us consider for a moment the faintness of these gala>xies and the large 
amount of spectroscopic observing time that has been dedicated by several 
proups of observers with the Keck telescopes to searching for faint gala,xies at 
Eigh redshift. It is surely impressive that gala.xies with z > 5 are being foutid.~ 

-The ,numerous discoveries exceed what I thought only a few years ago mbu-ld 
occur.., But the weakness of the spectral features of the galasies shown in Figs:’ 

.,&and 5 compared to the strength of quasar emission lines in Fig. 3 do Imake one 
Lvonder if quasars/_AGNs with broad-line spectra are truly very scarce at z > 5. 
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Figure 3. Spectra of PC1247$3406, 2 = 4.9 (Schneider et al. 1991) 
and the SDSS 3 = 5 quasar (Fan et al. 1999) 

Figure 4. Spectra of the Dey et al. (1998) galaxy at s = 3.34 (left) 
and the Weymann et al. (1398) galaxy at 3 = 5.60 (right) 
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Figure 5. Spectra of the van Breugel et al. (1999) radio galaxy at 
z = 5.19 (left) and the Spinrad et al. (1998) galaxy pair at J = 5.34 
(right) 

Their spectra are much easier to identify than those of the galasies seen to date. 
What is their absence telling us’? 

Of course: it may just be too early to tell, and we must pursue the spec- 
troscopic follow up of the z > 5 surveys described above. In any case, the 
observational opportunities that we now have to study the universe at z > 5 are 
very exciting, and we may espect continued important discoveries in the near 
future. Let’s meet again on the occasion of Hy’s 70th birthday to see what we 
have learned. 

Acknowledgments. I am grateful to the Organizing Committee for the 
invitation to speak and for their financial support. This work has also been 
supported by the National Science Foundation under Grant -AST-9802658. 
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Abstract. I investigate the kinematics of damped Lycr systems with 
high resolution (M 7 km s-r ) Keck spectra. The low-ion profiles comprise 
discrete velocity components within velocity intervals Av = (20, 290) 
km s-r . The Av distribution rules out semi-analytic CDM models in 
which the damped systems are rotatin, 0 disks in dark-matter galasy halos. 
The high-ion profiles also consist of discrete velocity components, but 
they do not line up with the low-ion components. Thus, the low-ion and 
high-ion gas are in separate kinematic subsystems. I describe Monte- 
Carlo models which test whether the kinematics are consistent with the 
standard paradigm of the collapse of ionized gas to a rotating plane of 
neutral gas. None of the models, including those assuming galaxy disks 
to be in place at z > 4: satisfy all the tests we have devised. 

1. Introduction 

So far, our discussion of the Hy-redshift universe has relied exclusively on emit- 
ting objects selected from flux-limited samples of gala,xies and QSOs. This is 
not surprising at a meeting honoring Hy Spinrad who has achieved so much 
with these techniques. However, my approach is different. Rather than search 
for emission from the stellar components of protogalasies, I have focused on the 
gas. Specifically my colleagues and I have searched for the cold neutral gas com- 
ponent by detecting the Lycr absorption line that is imprinted on the continuum 
emitted by background QSOs. To ensure the gas is neutral we select damped 
Lye lines arising from gas with iV(H I) 2 2~10~’ cnlP2. 

This technique has the disadvantage that it does not provide an image of the 
protogalaxy. But it has the advantage of probing further down the protogalactic 
mass function than is possible with flus limited surveys. This is indicated bv 
the results of our investigations which show the damped Lyn: systems contain 
sufficient baryons in cold neutral gas to account for the visible mass in current 
spiral galasies (Wolfe 1938). -4s a result we can check a crucial prediction of 
CD&I; namely: that the progenitors of current luminous galasies were low-mass 
subunits at z r~ ;I. In principal such objects are detectable in a&sorption, s&ice 
according to the semi-analytic model of MO et al. (199s) the probability for 

‘Visiting Astronomer, W. AI. Keck Telescope. The Keck Observatory is a joint facility of the 
University of California and the California Institute of Technology 



intercepting the HI disks responsible for damped Lycr absorption along the line 
of sight increases with decreasing dark-halo mass. In fact the median halo mass 
of these interceptors is - 101oiP1O at z N . 4. By contrast if spiral galaxies were 
already in place, i.e., if the dark-matter halos and gaseous disks were in place 
by this redshift (e.g. Prochaska 8.~ Wolfe 1997): a similar calculation suggests 
the median halo mass to be at least 10 times higher. 

What is the nature of the damped Lycv systems? In this paper I discuss 
tests distinguishing models based on CDM from the null hypothesis (hereafter 
TF model) that the gravitational equilibrium of the damped systems has not 
changed since 2 - 4. In particular I will focus on kinematic observations and 
tests that can distinguish mass distributions weighted toward high-mass objects 
from those dominated by low-mass subunits. First I will discuss kinematics of 
the neutral gas, then I will discuss kinematics of the ionized gas, and finally the 
relationship between the two. 

2. Kinematics of Low Ions in Damped Lycr Systems 

Figure 1 shows our most recent compilation of optical depth profiles for 35 
damped Lycr systems acquired with the HIRES Echelle spectrograph on Iieck 
I. The profiles are obtained from transitions such as Si II 1508 and Fe II 1608, 

i.e., singly-ionized species that trace the neutral gas dominating the damped Lycr 
systems (see Prochaska si Wolfe 1996). The profiles, which are in the redshift 
interval z = (1.2:4.1), have been ordered according to increasing velocity width, 
4~, and are reflected so that the strongest component is at the lowest velocity. 
The figure shows that the gas is in narrow velocity components distributed over 
velocity intervals in the range 4~ = (20,290) km s-l . The components are 
not randomly distributed in velocity space. Rather, the component with largest 
optical depth is at the profile edge in 75 % of the profiles with 4v > il0 km s-l 

The velocity profiles add new information not obtainable from properties 
of gas content alone. Specifically, J. X. Prochaska and I used Monte Carlo 
techniques to test the semi-analytic CDM models of Kauffmann (1996). These 
models assume the damped systems arise in dark-matter halos modeled by sin- 
gular isothermal spheres with circular velocities, Vui,., distributed according to 
Press-Schecter theory, where Vuir is the circular velocity at the virial radius. 
We generated velocity profiles by letting sightlines penetrate randomly oriented 
disks. The models were tested by comparing empirical and synthetic distribu- 
tions of test statistics such as 4~. Although the Kauffmann (1996) models are 
consistent with the Q,(Z) relation, they cannot reproduce the z 100 km s-r 
median of the observed 4v distribution, owing to the predominance of halos 
with Vvir < 100 km S-I (Prochaslia & Wolfe 1997). 

Results for new semi-analytic models are shown in Figure 2. These incorpo- 
rate more realistic halo models (Navarro et al. 1997; Burkert 1995) and the disk 
models of &IO et al. (1998) which include cross-section weighted distributions of 
the spin parameter: X, ignored previously. These additions result in larger Au 
for a given &I~. The model labeled LCDM is the ACDM model (see figure cap- 
tion for details) and the results are typical of all the CDM models we computed. 
The PI<S are the Kolmogorov-Smirnov probabilities that empirical and synthetic 
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not unambiguous, and the high-redshift solutions are typically accompanied by 
lower-redshift solutions. of early-type galaxies of redshift ,I z 3. -Additional deep 
imaging observations of these galaxies are needed to establish their redshifts with 
certainty. 

5. The Galaxy Luminosity Function at Redshifts s > 2 

VVe have modeled the rest-frame 1500 A luminosity function of gala,xies of red- 
shift z > 2 by adopting an evolving Schechter luminosity function 

@(L, 2) = tt~~/L,(2)[L/L,(z)]-~ exp[-L/L,(J)] 

with 

L,(s) = L*(z = 3) F 
( 1 

P 
. 

(1) 

(2) 

The best-fit parameters for a simultaneous fit to the HDF and HDF-S WFPC2 
and NICMOS fields (where we have related selection in different bands by 
adopting the spectral energy distribution of a star-forming galaxy) a,re ip, = 
0.004f0.001 h3 Mpc-a, L j = 2.710.3 x 10Z8 h-2 erg s-l Hz-l, Q = 1.49&0.03, 
and /3 = -1.2 + 0.3. The best-fit model is compared with the observations in 
Figure 4; which shows the cumulative galaxy surface density versus redshift and 
magnitude for galasies selected in the FSlilW and F160VV bands. 

From a practical point of view, Figure 4 presents our best measurements and 
models of the empirical galasy surface density versus redshift and near-infrared 
magnitude. The most striking result of Figure 4 is that gala,xies identified by our 
analysis at the highest redshifts z > 7 (which are detected only at the faintest 
F1601V mao-nitudes AB 2 25) are predicted by a straightforward estrapolation 0 
of a plausible model of the high-redshift gala.xy luminosity function. For our 
analysis to have uncovered 710 galasies of redshift z > 7 would have implied 
rapid evolution of the galaxy luminosity function at redshifts z > 6. 

6. Effects of Cosmological Surface Brightness Dimming 

Results of the previous section indicate that the galaxy luminosity function 
evolves only mildly at redshifts s > 2, i.e. as (1 f z)j3 with ,8 z -1. But due 
to (1 t z)~ cosmological surface brightness dimming, the measured luminosities 
of extended objects decrease rapidly with increasing redshift: even if the actual 
luminosities of the objects remain constant. For this reason, we consider it more 
or less meaningless to interpret the galaxy luminosity function (or its moments) 
over a redshift interval spanning 3 = 2 through s = 10 without explicitly taking 
account of surface brightness effects. 

‘To make explicit the effects of cosmological surface brightness dimming on 
observations of high-redshift galasies. we have constructed the iLstar formation 
rate intensity distribution function” h(z). Specifically. we consider all pixels 
contained lvithin gala,xies on an individual pixel-by-pixel basis. Given the red- 
shift of a pisel (which is set by the photometric redshift of the host galaxy), an 
empirical k correction (which is set by the model spectral energy distribution 
of the host galaxy) and a cosmological model determine the rest-frame 1500 -4 
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z z 
Figure 4. Logarithm of cumulative galaxy surface density versus red- 
shift and magnitude (i.e. surface density of galaxies of redshift greater 
than a given redshift) for gala,xies selected in the FS14W (left panel) 
and F160W (right panel) bands. Smooth curves are best-fit model: 
and jagged curves are observations. Different curves S~IOVI different 
magnitude thresholds, ranging from AB = 24 (bottom curves) through 
AB = 28 (top curves). 

luminosity of the pixel: and an angular plate scale and a cosmological model 
determine the proper area of the pixel. Adopting a Salpeter initial mass func- 
tion to convert the rest-frame 1300 -k luminosity to the star formation rate and 
dividing the star formation rate by the proper area yields the “star formation 
rate intensity” z of the pixel. Summing the proper areas of all pixels within 
given star formation rate intensitv and redshift intervals, dividing by the star 
formation rate intensity interval.“and dividing by the comoving volume then 
yields the “star formation rate intensity distribution function,” which we des- 
ignate as h(z). The star formation rate intensity distribution function h(z) is 
exactly analogous to the QSO absorption line systems column density distribu- 
tion function f(M) ( as a function of neutral hydrogen column density N). In 
terms of the sta.r formation rate intensity distribution function, the unobscured 
cosmic star formation rate density bs (or equivalently the rest-frame ultraviolet 
luminosity density) is given by 

Results are shown in Figure 3. which plots the star formation rate intensity 
distribution function h(z) versus star formation rate intensity x determined 
from gala-ties identified in the HDF and HDF-S i\lICMOS field. Several results 
are apparent on the basis of Figure 5: First. the star formation rate intensity 
threshold of the survey is an extremely strong function of redshift, ranging from 
,z'min ~2 5 X lo-’ 214~ yr-l lipc-” at 2 Z 0.5 to CC,;, M 1 Ad@ yr-r kpC-” at 
J z 6. We conclude that cosmological z&ace brightness dimming effects play 
a dominant role in setting what is observed at redshifts z > 2. Second. the 
comoving number density of high intrinsic surface brightness regions increases 
monotonically with increasing redshift. We conclude that the comoving nuin-b&- “: 
density of, high intrinsic sllrface brightness regions (or equivalently of high star 1 .:. 
formation rate density regions) increuses monotonically with increasing redkhift. ; : 
(See also Pascarelle, Lanzetta, & Fernandez-Soto l!I!IS). Third, at redshifts 
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Figure 5. Logarithm of star formation rate intensity distribution 
function h( ;c) versus logarithm of star formation rate intensity :c: deter- 
mined from galasies identified in the HDF and HDF-S NCbIOS field. 
Different panels show different redshift intervals. ranging from z = 0 
through 10. Points show observations, with vertical error bars indi- 
cating lo uncertainties and horizontal error bars indicating bin sizes. 
Smooth curves show a fiducial model (based on a bulge spatial profile) 
adjusted to roughly match the observations at 5 = 0 - 0.3. 

z < 1 5 [at which h(z) is measured over a wide range in x], the distribution is N . 
characterized by a relatively shallow slope at log IC 2 - 1.3 l&f,3 yr-r kpcp2 and by 
a relatively steep slope at log x2 - 1.3 4~1~ yr-’ kpcp2. These slopes are such that 
the bulk of the cosmic star formation rate density occurs at log-z z -1.5 AI,3 
j-1 .-l lcpc-“. which is measured only at redshifts 35 ‘2. We conclude that previous 
estimates neglect a significant or dominant fraction of the ultraviolet Luminosity 
density of the universe due to surfuce brightness eflects and that the rest-frame 
ultraviolet luminosity density (or equivalently the cosmic star formation rate 
density) has not yet been measured at redshifts z 2 3. 

This last point is illustrated in Figure 6: which sl~ow~ the ultraviolet lumi- 
nosity density of the universe versus redshift measured to various intrinsic sur- 
face brightness thresholds. Specifically. Figure 6 shows the ultraviolet luminosity 
density of the universe versus redshift measured to intrinsic surface brightness 
thresholds that could be detected in the HDF at all redshifts to z = 5.0, to 
2.= 3.4, to 3 = 2.3. to z = 1.6, and to z = 1.1. (Higher intrinsic surface bright- 

ness thresholds can be seen Do higher redshifts, whereas lower intrinsic surface- 
brightness thresholds cm be seen only to lower redshifts.) Results of Figke 6. 
indicate that to any fixed intrinsic surface brightness threshold, the ultraviolet 
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Figure 6. Logarithm of ultraviolet luminosity density versus redshift 
measured to various intrinsic surface brightness thresholds, determined 
from galaxies identified in the HDF. 

luminosity density of the universe increases monotonically with increasing red- 
shift. Apparently, the ultraviolet luminosity density of the universe plausibly 
increases monotonically with increasing redshift to redshifts beyond J = 5. 
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Abstract. We review the properties of z > 5 galasies studied with 
HST and with the Keck telescopes, and discuss the detectability of Lye 
emission-line galaAGes out to J N 6.5 based on these data and ongoing 
narrowband imaging surveys. The brightest sources may show (22~ - 2) 
color breaks, although the high sky background at 2 (A,, z 9200 -I), 
makes such observations challenging for typical faint sources. Keck LRIS 
observations of the z = 5 SDSS quasar and J > 5 galaxies observed with 
HST in the HDF show that the strength of the Lyman break is evolving 
more slowly than extrapolations from models at z N 3 would predict. 

1. Introduction 

Over the last year and a half, a number of very high redshift (J > 5) gala,xies have 
been reported (Dey et al. 1998, Hu et al. 1998, Weymann et al. 1998, Spinrad 
et al. 1998, Chen et al. 1999, Hu et al. 1999), and our knowledge of the z > 4 
galaxy population (e.g., Hu et al. 1996, Petitjean et al. 1996, Fontanaet al. 1996, 
Hu & Mchlahon 1996: ‘Trager et al. 1997, Franx et al. 1997, Hu et al. 1997, Frye 
& Broadhurst 1998, Hu et al. 1995, Soifer et al. 1995, Pelld, et al. 1999, Steidel 
et al. 1999. Hu et al. 1999) has been substantially increased. These samples 
have recently been joined by radio galaxy identifications which reach z > 5 (van 
Breugel et al. 1999a: 1999b). Xt the highest redshifts now probed, identification 
of gala,xies basically relies on two key diagnostics: the Lyman break across the 
continuum and the redshifted Lycr line. Both characteristics have been used to 
select and to verify high-a galaxy candidates. 

The extremely faint nature of the high-s galaxy population in infrared con- 
tinuum light and the increasing strength and frequency of nightsky emission 
lines at very long wavelengths makes it clear that the contrast and detection 
of high-redshift galalries from the ground is challenging, even for the new gen- 
eration of S- to 10-m class telescopes. The discovery of very high equivalent 
width emitters at z = 4.55 (Hu & McMahon 1996) indicated the esistance of a 
substantial population of stron g Lycr emitters which could be observed to very ’ .I ;. 
high redshifts, beyond 2 > 5. In this paper we report on the status of ongoing 
Lycr emission-line searches combined with color-selection data and consider the . 
prospects for future identifications at the very high redshift end. 
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2. Lyci Searches 

‘The Lycr searches are designed to address issues of detectability of field galasies 
at very high redshifts, using the increased contrast of the object against the 
background sky when viewed in the Lyci emission line. The contrast of emission 
features against the neighboring continuum is also enhanced by the (1 f z) mag- 
nification of line widths, producing high equivalent width signatures. Through 
the use of spectral regions free of strong night sky lines (e.g., Fig. 1): these stud- 
ies are also designed to address object statistics over a range of different red- 
shift intervals, since our ability to detect and reliably confirm very high-redshift 
galasies is otherwise highly dependent on the location of emission features with 
respect to background nightsky lines. Narrowband Lya searches combined with 
deep multi-color data on the Hawaii Survey Fields and HDF have been used as a 
training set (Cowie & Hu 199s; Hu 1998) to test emission line identifications in 
terms of color and equivalent width diagnostics over an extensive spectroscopic 
database, starting at J N 3.4, where color selection is robust, and working out to 
successively higher redshifts ( s N 4.6,5.7,6.5). This allows studying continuity 
in properties of genuine Lye emitters and both color-selected gala-ties and low- 
redshift foreground emitters at progressively longer wavelengths, where higher 
sky backgrounds from the increased density of strong nightsky lines and fainter 
continua for the more distant galasies are issues. A variant approach is to use a 
Fabry-Perot (Calar Alto Deep Imaging Survey, Neisenheimer et al. 1998): which 
requires a high-level of precision in low-level light processing and flat-fielding. 
The present Lye surveys have reached z N 5.7 (Hu et al. 1999)> and z N 6.5 
narrowband studies have recently been started. 

From the initial wide-field narrowband surveys for Lye emitters at J N 3.4 
and 4.5, Hu et al. (1998) estimated a surface densitv of Lye emitters of N 
13: OOO/unit S/U’ down to an emission flux of N lo-““ergs cmL2 set -I. These 
estimates were found to be consistent with a complementary deep spectroscopic 
study, where the slit provided limited spatial sampling; but wide wavelength 
coverage at somewhat greater sensitivity, and recovered 4 Lycy emitters with 
redshifts from 3.05 ---f 5.64. Preliminary results from the z N 5.7 searches 
suggest number densities perhaps a factor of 6 lower than the value for the 
lower redshift systems given by Hu et al. (1995). 

3. Spectroscopic Searches 

The surface number density estimates for Lycr emitters imply that sufficiently 
deep spectroscopic exposures may intercept some of these systems, at least over 
the lower redshift ranges. In fact, the first published z > 5 galaxy, RD-1, was a 
serendipitously discovered Lycr emitter at z = 5.34 reported by Dey et al. (199s) 
during deep long-slit observations of a neighboring object in the field, with both 
emission line and break identified in the spectra, and with the break confirmed 
by broad-band filter imaging. For RD-1, estimates of the continuum magnitude 
above the Lyman break are y 26.3 AB mags using the broad-band imaging data: 
with emission-line flux = 3.5 x 10.-l’ ergs cm -2 s-l: WA = 600 A (Dey et al. 
1998). ‘The success of the spectroscopic searches depends on the surface number 
density at the redshifts and fluxes being probed. Equivalent width estimates. 
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Figure 1. Sarrowband filter at 8185 a and fluxed background night sky lines. 

and particularly continuum magnitudes for faint objects measured in dispersed 
modes have larger associated errors than estimates tied to standard broadband 
filter photometry. Higher sensitivities trade off against small area coverage: 
and for slit spectroscopy there is the additional issue of whether with chance 
superpositions sample objects fall only partly within the slit. The additional 
problem in using this method as a search technique is that it is difficult to assess 
the fraction of emitters missed because they lie in regions of strong nightsky 
lines, and that for such cases confirming observations can be extremely hard to 
make. 

An interesting variant of this search technique is to use slitless spectroscopy 
(Chen et al. 1999). Incomplete object sampling by a slit is removed; but the 
general problem of overlapping galaxy spectra must be dealt with. I;sing ex- 
tremely deep STIS parallel exposures from HST, Chen et al. (1999) identify a 
Lycv emitter at a probable redshift of 6.68. At z = 6.65 Lycr falls in regions 
of strong OH lines, which makes confirmation with ground-based observations 
extremely challenging. 

4. Color Breaks I .- 

The strong depression of the continuum below the redshifted Lyman break 1 
caused by the numerous neutral hydrogen absorbers dubbed “the Lye forest” : 
is the most notable feature in the galaxy continuum light of very high redshift 
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Figure 2. Multicolor B, V, R, I, 2, and narrowband 6185/105 .i images 
taken with LRIS on Keck of the z = 5.74 object: SS.422HCMl. Each panel 
is 30” on a side. The strong contrast of this object in the 8185 -i narrowband 
filter can be seen, in comparison with the 2 band, which samples the con- 
tinuum in a region free of emission. SSX22-HCMl is an R ‘dropout’ and the 
object is absent at B, V, and R in these estremely deep I&k LRIS images. 

systems, where the extreme faintness of these objects, typically > 26 mags (AB) 
above the break, precludes the use of detailed absorption features to estimate 
the redshift. This method has been most successfully applied (eg,, Fernandez- 
Soto et al. 1999) in the Hubble Deep Field (HDF; Williams et al. 1996), where 
the high precision of the photometric measurements permits robust detection 
of a brea,k signature, and where the availability of photometric data at longer 
wavelengths (NICMOS infrared observations) allows discriminat.ion of Lyman 
break galaxies from red objects. HDF $473.0 (Weymann et al. 1998), shown to 
be a ‘V dropout’ by the absence of detectable flux in the WFPCZ F606W filter, 
combined with a roughly flat fv spectrum out through 1.6~rn~ was confirmed as 
a z = 5.60 galaxy through deep LRIS spectra on Keck. An emission line with 
flus h lo-l7 ergs cm -2 s-1 and PV,, = 300 A&, identified as Lya, was used to 
establish the redshift. The magnitude above the break is N 26.6 -4B mags. 

X second color selected target, HDF 3-931.1 and 3-951.2. was identified 
by the color break, and placed at an estimated redshift ; = 5.34 (Spinrad et 
al. 1998) on the basis of the break location. For this close pair, no emission 
features are detected (Fi g. ,3 of Spinrad et al. 1995): with upper limits on possible 
Lycr more than a factor of 10 below the observed-flus of HDF 4473.0 Spinrad 
et al. (1998) consider the possibility that the absence of Lye emission might 
be associated with its brighter continuum. Because studies at this depth and 
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Figure 3. Spectral energy distribution for SSA22-HCMl obtained using 
LRIS, and showing the bandwidths and errors for measurements in B, V, R, 
I, narrowband 81851105 .k ( emission), RG850 (line-free continuum longwards 
of the emission), J, and H + K’. Significantly, the object has no flus in the 
R band, where strong Lyman cy forest absorption is expected to be present. 
The strong break (2~7 upper limit of 0.23 across the line) combined with the 
strong emission line is a signature for Lycr. 

precision of color measurement are only available for a small region of sky (- 
5 arcsec’ each for the HDF and HDF South), key questions one would like 
to address from the HDF color-break selected gala,xies are: (1) How typical 
are these properties of the high-reclshift gsla,xies; what are the consequences 
for future detections? (2) Are the bright high-redshift galaxies devoid of Lycr 
emission? 

5. Properties of the 2 > 5 Galaxies 

Figs. 2 and 3 show images and a spectral energy distribution (SED) for the 3 = 
5.74 galaxy, SSA22-HCXl (Hu et al. 1999). This object is an 'R' dropout, and is 
notably absent in deep Keck LRIS images in B. V, and R: which reach 1g limits 
of B=28.3, V=28.2: and R = 27.3 for a 2” diameter aperture. The SED shows 
both the strong Lyman break and the Lycv emission feature (flus=1.75 x 10-r’ 
ergs cm-2 s-r; T/v, = l-- I 3 -4). which was confirmed with deep LRIS spectroscopv. 
The increased contrast in the appearance of the object as detected in the 8185 14 
narrowband filter compared with the line-free 2 band filter around 9200 Ai ma\ 
be noted. For these measurements we use fluxes measured in the narrowband 
filter. instead of values recovered from spectroscopic extractions, for greater 
precision. -Aperture 1~ errors are estimated from laying down random apertures 
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Figure 4. ‘Theoretical models (Thommes & Meisenheimer 1999, in 
preparation) for the surface density of high-z Lyon emitters as a function 
of flus and redshift. The plotted points show the fits to the z = 3.43 
emitters (Cowie & Hu 1998). Arrows show limits from non-detections 
by earlier long-slit surveys of Thompson & Djorgovski (1995) and of 
the current limits for the Fabry-Perot surveys by the C-4DIS group 
(Thommes et al. 199s). The main qualitative points to note are: (1) 
the surface density of emitters falls off dramatically as a function of 
limiting survey flux and (2) reaching the redshift z > 6 population 
critically requires getting clown to below 10-l’ erg cmd2 s-l. At cur- 
rent sensitivities coverage of fairly wide areas is desired. 

away from identified sources. since in the deep exposures magnitude limits are 
set by the background faint source population (Fig. 3). The measured continuum 
above the break. 25.5 mags (.4B)> is a magnitude higher than the Weymann et 
al. (199s) observed estimate for HDF 44T3.0, and lies between our estimated 
continuum magnitudes of 21.9 and 25.7 (based on our deep 2 band observations 
of the HDF) for the 3-931 pair. SSAXJ-HCMl is the brightest of the 2 = 5.7 
Lycy emitters surveyed to date, and in contrast to 3-951 has strong emission. 
However: it appears that more typical emitters at these redshifts have properties 
like 4-473.0 (Hu et al. 1999, in preparation). We can summarize the expected 
properties for Lyre-emitting galaxies above z N 6> based on the current 3 N 5.7 
survey, as: Lycr fluxes. y 10-J’ ergs cme2 s-l: equivalent widths of a few 100 1. 
and continuum magnitudes fainter than N 26.5. 

Efforts to model the high-redshift emitters have begun (e.g., Thommes 199s; 
Haiman QL Spaans 1999), and we can use these as a starting point to estimate the 
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Figure 2. Comparison of empirical and synthetic distributions of test 
statistics, ilv! fmnlp fedg, and frpk (Prochaska & Wolfe 1997). The 
empirical distributions are in the top panel in every case. The model 
paranleters for LCD?/I, TFc, and TFa are R,br = 0.3, QA = 0.7, h = 
0.7, and g8 = 1.0 for the CDM models. The input %Lil. vary between 
30 and 300 km s-l for the LCD11 and TFc models and 100 and 300 
km s-l for TFa model. 

distributions are dra\vn from the same parent population. For this and other 
CDd$/I models we combined the input power spectra with Press-Schecter theory 
to venerate cross-section weighted distributions of Vuii. Despite the interception 
of rarger gradients in rotation speed than in the Kauffmann (1996) models: none 
of the “adiabatic” CDl,f models reproduce the A71 distribution. Late formation 
of high-mass halos stiU. puts too much power in slowly rotating disks. While the 
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non-Gaussian character of the linear density field in isocurvature models (Pee- 
bles 1999) results in earlier formation of massive halos, the fraction of high vci, 
is still too low to reproduce the observed AU distribution. The only plausible 
model incorporating single rotatin, u disks is the null hypothesis which assumes 
the disks of present gala,xies to be in place at redshifts higher than observed for 
damped Lya systems. In this case the VU;,. are inferred from the Tully-Fisher 
relationship with an assumed rotation curve. In all models the lower limits on 

Vvip are set by the masses below which gas escapes from dark-matter halos. 
Outflow is driven by pressure exerted by photoionized gas (Kepner et al. 1997) 
in the ACDM and TFc models, and by supernova blast waves in the TFa model 
(Dekel 8~ Silk 19S6). Notice that models compatible with the Au test are also 
compatible with the asymmetry tests. 

3. ISigh Ions 11s. Low Ions 

3.1. Data 

I am currently focusing on the kinematics of ionizedgas in damped Lyc~ systems. 
Ionized gas is important because prior to dissipative collapse, gas in protogalax- 
ies was mainly ionized. During the merger events predicted by CD&I> baryons 
are shock heated to T N 10’ to lo6 K, the virial temperatures of halos des- 
tined to become normal gal&es. Subsequently the hot gas cools7 producing a 
two-phase medium of cooler (T N 10' IX) denser clouds in pressure equilibrium 
with the low-density hot o cas. Gas in both phases is ionized. As it cools the hot 
gas undergoes an inward-cooling flow at velocities far below the adiabatic sound 
speed, while the clouds experience rapid radial infall at supersonic speeds (MO 
si Miralda Escudd 1996). Because the cloud infall velocities are influenced by 
the masses of the dark-matter halos, studies of cloud kinematics may help to 
determine the halo mass distribution. Such studies are feasible because these 
clouds are predicted to be photoionized and to exhibit detectable absorption by 
Cs3 and Sif” ions (>Io & Xiralda-Escudk 1996) 

We have collected a sample of C IV 1548 1550, Si IV 1393 1402: and Al 
II 18% 1562 HIRES velocity profiles for damped systems in which we have ac- 
quired low-ion profiles (Wolfe si Prochaska 1999). Figure 3 presents an example 
of our findings. Here I compare C IV and low-ion velocity profiles for a sample 
of 32 damped Lycr systems. The profiles leave the following impressions: (1) In 

common with the low ions. the C IV profiles exhibit a multi-component struc- 
ture comprising several narrow components spanning a wide range of velocity 
intervals. (2) The C IV and low-ion profiles appear to be kinematically disjoined. 
In many cases strong C IV components are at velocities at which low-ion ab- 
sorption is weak or absent. In other cases. C IV absorption is weak or absent at 
velocities where strong low-ion absorption components are present. (3) Despite 
their differences, the C IV and lowion velocity profiles overlap in velocity space 
in such a way that the low-ion profiles generally lie within the high-ion profiles. 
We also find (4) the C IV and Si IV profiles appear to be strongly correlated. 
and (3) the Al III and low-ion profiles a.ppear to be strongly correlated. (6) In 

regions of velocity space where C IV absorption is clear of low-ion absorption. 
no Xl III absorption is detected. 
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Figure 4. (a) Distribution of difference in mean velocities of the C 
IV vs. low-ion, C IV vs. Si IV, Al III VS. low-ion, and C IV vs. Al 
III profiles. (b) Distribution of ratio of profile widths, ilu for same ion 
pairs. (c) Cross-correlation functions and 1 G errors for same ion pairs. 
Curves with t(O) z 035 are -41 III vs. low (light) and C IV vs. Si IV 
(dark). Curve with t(O) “N 0.6 is C IV vs. Al III and t(O) E 0.4 is C 
IV vs. low. 

The impressions are confirmed by cluantitative tests. For example, the 
probability that the distribution of C IV and low-ion AU are drawn from the 
same parent population, Pr;s = 0.002. This suggests the low-ion and high-ion 
gas are in distinct kinematic subsystems. Yet tests examining rela,tive properties 
of the subsystems indicate they are still interrelated. First: consider the gross 
kinematic properties. Figure 4a S~IOWS the distribution of 6~. the difference 
between the means of the (i) low-ion and C IV profiles, (ii) C IV and Si IV 
profiles, (iii) low-ion and -41 III profiles, and (iv) C IV- and Al III profiles. Not 
surprisingly, the distribution widths are narrower for C IV vs. Si IV and -41 III 
vs. low-ion than for C IV vs. low-ionand C IV VS. Al III. This just tells us that 
the high-ion subsystem incorporates both Si’” and Cs3 ions, but no interme- 
diate ions such as Al+’ which are only associated with the lowion subsystem. 
-Although the dispersion of the C IV VS. low-ion distribution is relatively high 



(Qu = 67&l k 2 m s-l ), we shall see that it is low enough to place crucial re- 
strictions on most models. Figure 4b SLOWS the distribution of the frcctio, the 
4~ ratios for the same ion pairs. Notice how f~ntio-4~c~~/42110Lo-lon >l for 30 
out of 32 systems; i.e., the low-ion velocity widths act as a floor to the high-ion 
velocity widths. While not a correlation, this systematic effect points to a global 
interaction between the~high-ion and low-ion subsystems that must be accounted 
for by dynamical models of damped Lycr systems. In Figure il-c we plot t(u), 
the cross-correlation functions between the four ion pairs, where 2, is lag velocity. 
These functions measure the correlation between the detailed velocity structures 
of the profiles. The strong correlation between the low-ion and Al III profiles 
and C IV and Si IV profiles confirms the rather accurate one-to-one alignment 
between the velocity components of these ion pairs. By contrast, {(u) for the C 
IV and low-ions and C IV and Al III exhibits significantly lower, but statistically 
significant; amplitudes. The lower amplitudes reflect the misalignment between 
the low-ion (and -41 III) and C IV components in many of the profiles. In this 
case, correlation amplitude arises from overlap in velocity space between the ion 
pairs. This interpretation is supported by the N SO km s-l half-width of the 
cross-correlation function which more closely resembles the coherence lengths of 
the large-scale structures in the C IV profiles than the - 30 km s-l half-widths 
of the individual C IV components. 

3.2. Models 

We have applied these tests to models in which halos consist of virialized hot 
gas in pressure equilibrium with radially infalling cooler clouds that produce 
detectable C IV absorption. We compute the C IV velocity profiles by extending 
sightlines that penetrate low-ion disks (see $ 2.1) through the halo gas. None of 
the models satisfies all the tests. In Figure 3 we compare empirical and model 
distributions of 4.~ for the C IV lines (the asymmetry test statistics are not 
crucial for the high ions). The ACDM model (5a) fails because the median 4v 
is low compared to the data while the TFa model (5~) fails because it is too 
high. Only the TFc model (5b) works. 

In Figure 6a we compare the SV distributions for C IV relative to the low- 
ions. In this case the ACDM model succeeds while the other models fail: al- 
though the deeper potential wells of the TF model produce the required large 
4~; they also produce more rapidly rotatin, n disks which result in Sv distribu- 
tions that are too wide. The jlntio tests are shown in Figure 6b. -Although the 
‘TFc model cannot be ruled out entirely, none of the models work very well be- 
cause they predict median fratio that are too large. Figure 6c shows that none 
of the models is compatible with the empirical cross-correlation functions. In 
every case there is too much misalignment between low-ion and high-ion velocity 
components. 

4. Conclusions 

The accurate HIRES velocity profiles:have provided the first view of gas kinemat- 
ics in protogala,Ges. Although a fully self-consistent picture has not emerged, the 
value of the kinematic studies is that they identify the ingredients of a successful 
model. The first such ingredient is the assumption that gravity dominates gas 



Kinematics ofIorlizec1 and Neutral Gas in Damped Lycr Systems 583 

Figure 3. Comparison between model and empirical distributions of 
test sta.tistics. Models are the same as in Fig. 2. PINS = 0.093, 0.53, 
and 0.002 for ACDM, TFc, and TFa models respectively 

motions in damped Lye systems. Acceleration of ionized gas by the same grav- 
itational field accelerating neutral gas is a natural way to explain the coupling 
between the two kinematic subsystems. E)y contrast: we find that explosive mo- 
tions from single or multiple sources do not reproduce the coupling in a natural 
way. Thus. as in the IS&I, feedback due to star formation, while undoubtedly 
present, should contribute little to the resultant velocity field. Otherwise sys- 
tematic effects such as the relatively low gsv, the ratio A.ucIv/AL‘~~~~ 2 l? and 
statistically significant ( for C IV VS. low-ions are difficult to reproduce. X 
promising mechanism for coupling the subsystems is to include angular momen- 
tum of the radially infalling C IV clouds: the differences between losv-ion and 
high-ion velocities decrease as the clouds spin up and approach co-rotation with 
the disk. -4s a result ~6~ might decrease and < might increase to acceptable lev- 
els. This mechanism might also reduce the ~~c~v/il~~~~ ratios which presently 
are too large. 

The production of large A?) for both 10~ and high ions is a second ingredient 
for a successful model. This is naturally achieved by radial infa,ll of ionized gas 
and rotation of neutral gas in the deep potential wells of the TF model. Despite 
the large ilv, the ~6~ and A~crr-r/-il lilolU might reduce to observable values if 
angular momentum of the radially infalling gas is included as discussed above. 
Another way to increase Au of the low ions is to let the infalling gas add to the 
11~ contributed by the rotating disk. This might be achieved if the ionization 
level of the infalling gas decreases as it falls to the disk. However. the low- 
amplitude of the cross-correlation function for C IV vs. Xl III profiles implies 
the C IV gas does not contain ions at significantly lower ionization levels; i.e.. 
the gas is optically thin at the Lyman limit. -1s a result the infalling gas would 

‘. 
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be highly ionized until it merged with lowion gas in the disk, and thus could 
not contribute to the low-ion AU. 

VVe are exploring other ideas. Hsehnelt et al. (1998) describe how large 
AU might also be attained when sightlines through damped Lya systems suffer 
multiple impacts with protogalactic clumps predicted by numerical simulations 
of CDM. In this case the A,v are produced by infall and random motions of 
separate clumps comprisin g dark matter and gas rather than by rotation of 
gaseous disks in dark-matter halos. While multiple impacts may also keep 06~: 
[, and A uc~~/Avl~~ within observational limits, the challenge is to explain how 
multiple impacts maintain the edge-lea&n g asymmetry of the low-ion profiles 
in Figure 1. We (Prochaska, Pen, Shi, 8~ Wolfe) are using Pen’s moving mesh 
hydrodynamical code (Pen 199s) to re-examine this problem. Using a largr 
comoving volume than Haehnelt et al. (199s) our simulations should surpass the 
statistical polver of this work which was limited to only eight density clumps. 
We are also examining the idea of McDonald & Miralda-Escudd (1999), who 
obtained agreement with the observed AU and asymmetry of the low-ions by- 
letting the low-ion clouds move randomly in dark-matter halos. They required 
the low-ion clouds to be at smaller galactic radii than the high-ion clouds. But 
in that case the latter would have smaller Au than the former, in disagreement 
with observation. hIoreover, the low-ion asymmetry was achieved by modeling 
the low-ion profiles with only 2 or 3 velocity components, whereas model fitting 
requires many- more. We are performing extensive tests of this hypothesis. 
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Abstract. The formation of the first stars and quasars marks the tran- 
sition between the smooth initial state and the clumpy current state of 
the Universe. In popular CDM cosmologies: the first sources started to 
form at a redshift z N 30 and ionized most of the hydrogen in the Toni- 
verse by 3 ,-., 8. Current observations are at the threshold of probing the 
reionization epoch. The study of high-redshift sources is likely to attract 
major attention in observational and theoretical cosmology over the nest 
decade. 

Preface 

It is a special privilege for me to contribute to the celebration of Hy Spinrad’s 
65th birthday. -Although I am not an observer, I can empathise with the Hy-z 
experience that was described so often at this meeting. About seven vears ago > 
when I started constructing theoretical models for sources at high redshifts, there 
was little interest in this problem among my fellow theorists, with a few notable 
exceptions. It now appears in retrospect that I could have made more friends 
among the observers. Thanks to the pioneering work of Hy and his colleagues, 
this field has not only matured over the past several years, but might actually 
come to dominate the research in cosmology over the nest decade. 

1. Introduction 

The detection of cosmic microwave background (CNB) anisotropies (Bennet 
et al. 1396) confirmed the notion that the present structure in the Cniverse 
originated from small density fluctuations at early times. The gravitational 
collapse of overdense regions could explain the present-day abundance of bound 
objects, such as galasies or S-ray clusters, under the appropriate extrapolation 
of the detected large-scale anisotropies to smaller scales (e.g., Baugh et al. 1997). 
Recent deep observations with the Hubble Space Telescope (Steidel et al. 1996; 
Sladau et al. 1996: Chen et al. 1995: Clements et al. 1999) and ground-based 
telescopes. such as Iieck (Lowenthal et al. 1996; Dey et al. 1999; Hu et al. 19%. 
1999: Spinrad et al. 1999: Steidel et al. 1999), have constrained considerablv the 
evolution of galaxies and their stellar content at z 2 5. However. in the bottom- 
up hierarchy of the popular Cold Dark Matter (CD&l) cosmologies. galasies 
mere assembled out of building blocks of smaller mass. The elementary building 
blocks. i.e. the first gaseous objects to have formed. acquired a total mass of 
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Collapse Redshlft 

Figure 1. Collapse redshift , ~,-,11: for cold dark matter (dashed lines) 
and baryons (solid lines) in spheres of various baryonic masses, Mb, 
and initial overdensities. The overdensities are in units of the rnzs am- 
plitude of fluctuations g(M) for a standard CDM power-spectrum with 
ushe = 0.67. (This cosmological model was chosen only for illustration 
purposes.) The collapse of the baryons is delayed relative to the dark 
matter due to gas pressure. The curves were obtained by following 
the motion of the baryonic and dark matter shells with a spherically 
symmetric, Lagrangian hydrodynamics code (Haiman & Loeb 1997). 

order the Jeans mass (- 106&f~), below which gas pressure opposed gravity 
and prevented collapse (Haiman si Loeb 1997; Ostriker k Gnedin 1997). In 
variants of the standard CDM cosmology, these basic building blocks formed at 
z N lo-30 (see Fig. 1). 

The first light from stars and quasars ended the “dark ages” of the Universe 
and initiated a ‘irenaissance of enlightenment” in the otherwise fading glow of 
the big bang, It is easy to see why the mere conversion of trace amounts of gas 
into stars or black holes at this early epoch could have had a dramatic effect 
on the ionization state and temperature of the rest of the gas in the TjTniverse. 
Nuclear fusion releases N 7 x lo6 eV per hydrogen atom, and thin-disk accretion 
onto a Schwarzschild black hole releases ten times more energy; however: the 
ionization of hydrogen requires only 13.6 eV. It is therefore sufficient to convert 
a small fraction of N lo-” of the total baryonic mass into stars or black holes in 
order to ionize the rest of the Universe. (The actual required fraction is higher 
because only some of the emitted photons are above the ionization threshold of 
13.6 eV and because each hydrogen atom could recombine more than once at 
z x 3 

Calculations of structure formation in popular CDM cosmologies imply that 
the Universe was ionized at z N 8-12 (Haiman & Loeb 199s: 1999b:c; Gnedin AZ 
Ostriker 1998). The free electrons produced during reionization scatter the mi- 
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crowave background and smooth its anisotropies on angular scales below the size 
of the horizon at the reionization epoch (- 10” for reionization at 3 N 10). The 
fractipnal decrement in the anisotropy amplitude is of order the optical depth of 
the intergalactic medium to Thomson scattering, i.e. a few percent. The forth- 
coming M/IxP and PLANCK satellites will thus be able to constrain the reion- 
ization redshift (Zaldarriaga, Seljak, si Spergel 1997). Secondary anisotropies 
are also produced during this epoch on smaller angular scales (Hu 1999). 

-4 variety of CD&I models that are all consistent with both the COBE 
anisotropies (J = 103) and the abundance of objects toda,y (J = 0) differ ap- 
preciably in their initial amplitude of density fluctuations on small scales. The 
reionization history of the Universe is determined by the collapse redshift of the 
smallest objects ( w 106-10”hfc,) and is therefore ideally suited to discriminate 
between these models. 

2. Formation of the First Galaxies 

Current observations reveal the esistence of gala,xies out to redshifts as high as 
.Y CY 6.7 (Chen et al. 1999; Weymann et al. 1998; Dey et a.1. 1998; Spinrad et 
al. 1998; Hu et al. 1998, 1999) or possibly even higher (Clements et al. 1999); 
and bright quasars out to J N 5 (Fan et al. 1999). Based on sources for which 
high resolution spectra are available, the intergalactic medium appears to be 
predominantly ionized at this epoch. implyin, p the esistence of ionizing sources 
at even higher redshifts (Madau 1999; Madau: Haardt, si Rees 1999; Haiman & 
Loeb 1995. 1999c; Gnedin A? Ostriker 1997). 

The Next Generation Space Telescope (SGST), the successor to the Hubble 
Space Telescope, is scheduled for launch in 2008, and is espected to reach an 
imaging sensitivity better than 1 nJy in the infrared. Its main scientific goal 
is to probe directly the first gala-ties (see? http://ngst.gsfc.nasa.gov/ for more 
details). 

How many so?Lrces will #GST see? Figure 2 shows the predicted number 
of quasars and star clusters expected per field of view of NGST, based on semi- 
analytic modeling of a hierarchical CDM cosmology (Haiman & Loeb 1999c). In 
this calculation, a fraction of the gas in each dark matter halo forms stars, and 
a much smaller fraction assembles into a massive central black hole. The star 
formation efficiency was calibrated based on the inferred metallicity range of the 
Lycr forest (Songaila si Cowie 1996; Tytler et al. 1993) while the characteristic 
quasar lightcurve was calibrated in Eddington units so as to fit simultaneously 
the observed luminosity function of bright quasars at z h 2-A: and the black hole 
mass function in the local universe (Magorrian et al. 199s). Both populations 
of sources were estrapolated to high redshifts and low luminosities using the 
Press-Schechter formalism (for more details. see Haiman k Loeb 1997: 1998. 
1999c). 

Typically, there should be of order tens of sources at redshifts 2 > 10 per 
field of viex of XGST. The lack of point source detection in the Hubble Deep 
Field is consistent with a lowmass cutoff for luminous matter in halos with 
circular velocities g 50-13 lim S-i: due to photoionization heating (Haiman. 
Madau: S; Loeb 1999). The redshift of early sources can be easily identified 
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Figure 2. Predicted number counts per 5’ x 5’ field of view 
per logarithmic flux interval in the NGST wavelength range of 
l-3.5iLnr. The numbers of quasars and star clusters were cal- 
culated for a hCDM cosmology with (fin, fi.4: fib, h, gsh-t,n) = 
(0.35,0.65,0.04! 0.65,0.37,0.96). The lowest mass scale of virialized 
baryonic objects was chosen consistently with the photoionization feed- 
back due to the UV background. The sta,r formation efficiency was cali- 
brated so as to bracket the possible values for the average metallicity of 
the Universe at 3 N 3, namely between lo-“& and 10e2Zr,. The thick 
lines, labeled “lo”, correspond to objects located at redshifts J > 10; 
and the thin lines: labeled ‘*5”, correspond to objects with 3 > 5. The 
upper labels on the horizontal asis correspond to Johnson I magnitude 
(from Haiman & Loeb 1999c). 
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Figure 3. Predicted distribution of galactic disk sizes in various red- 
shift intervals7 in the ACDbf model. Given B in arcseconds, each curve 
shows the fraction of the total number counts contributed by sources 
larger than 0. The diameter 0 is measured out to one exponential scale 
length. The calculation assumed either a high efficiency (7 = 20%. 
solid curves) or a low efficiency (17 = 2%, dotted curves) of converting 
cold gas into stars within each galactic disk. Each curve is marked by 
the lower limit of the correspondin, (+ redshift interval. Hence, ‘0’ indi- 
cates sources with 0 < z < 2. and similarly for sources with 2 < z < 5, 
5<z < 10: and z > 10. All curves include a minimum circular velocity 
of galactic halos of T/circ = 50 km s-r and a limiting point source flux 
of 1 nJy. The vertical dashed line indicates the NGST resolution of 
O/106 (from Barkana & Loeb 19Wb). 

photometrically based on their Lye trough. Figure 2 demonstrates that NGST 
will play a dominant role in exploring the reionization epoch and in bridging 
between the initial and current states of the Universe. Existing telescopes are 
just starting to probe this epoch now. 

The expected size distribution of high-redshift galaxies was calculated semi- 
analytically by Barkana & Loeb (1999). Figure 3 shows that most of the gala,xies 
are more extended than the resolution limit of XGST, k 0’106. Despite the 
cosmological (1 + J)-~ dimming in surface brightness, galaxies at z ti 10 are 
predicted to have an observed surface brightness which is comparable to their 
z k 3 counterparts. This follows from the decline in the proper size of galactic 
disks with increasing redshift (which is caused by the higher density of the 
Universe and the lower masses of the gala-ties at high redshifts). Due to the 
compactness of high-redshift galasies. only ,$ l’% of the sky is expected to be 
covered bv galactic disks at J 2 5 and only 2 10e3 by gala.xies at s 2 10. 
Hence, deep high-resolution observations of galasies at high-redshifts (e.g.: with 
SGST) are not expected to be confusion limited or miss considerable levels of 
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Figure 4. The predicted surface density of quasars with redshift es- 
ceeding J = 5, z = 7, and z = 10 as a function of observed X-ray 
flus in the CXO detection band. The solid curves correspond to a 
cutoff in circular velocity for the host halos of ‘ticirc 2 30 km s-l, the 
dashed curves to a cutoff of ‘u,irc > 100 km S-I. The vertical dashed 
line show the CXO sensitivity for a 5a detection of a point source in 
an integration time of 5 x 10s seconds (from Haiman & Loeb 1999b). 

star formation due to surface brightness limitations. The radiation produced by 
the first sources might however get reprocessed through galactic and intergalactic 
dust and contribute to the diffuse infrared background (Haiman si Loeb 1993; 
Loeb & Haiman 1997). 

Barkana & Loeb (1999) also predicted that about 5% of these galasies will 
be gravitationally lensed by foreground galasies. Lensing would bring into view 
sources which are otherwise below the detection threshold. Lensed sources would 
be multiply imaged and hence appear to be composed of multiple components; 
their redshift identification requires sub-arcsecond resolution, since it might be 
otherwise compromised by blending of background light from the lensing galaxy. 

Which sources triggered reionization ? It is currently unknown whether the 
Universe was reionized by quasars or stars at J 2 5. Haiman si Loeb (1999b) 
pointed out that quasars can be best distinguished from stellar sources by their 
X-ray- emission. Based on simple semi-analytic extension of the observed quasar 
luminosity function, we have show~l that deep S-ray imaging with CSO will 
likely reveal rv 100 quasars per li’ X 17’ field of view from redshift z 2 5 at the 
flus threshold of - 2 x lo-‘” erg s-l CC2 (see Fig. 4). The redshifts of these 
faint point-sources could be identified by follow-up infrared observations from 
the ground or with NGST. By summing-up the UV emission from these s ;s 5 
quasars, one could .determine whether they triggered reionization. The S-ray 
selection of these quasars is not influenced by dust obscuration. 
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3. Feedback on the Intergalactic Medium (IGM) 

3.1. Reionization 

The stages in the reionization history of the Universe are illustrated schemati- 
cally in Figure 5. This sequence follows the collapse redshift history of baryonic 
objects shown in Figure 1, which xvas calculated with a spherically-symmetric 
code for the gas and the dark matter dynamics (Hairnan: Thoul, QL- Loeb 1996). 
For objects with baryonic masses 2 3 X 1O”M a, gravity dominates and results 
in the characteristic bottom-up hierarchy of CDM cosmologies; at lower masses: 
gas pressure delays the collapse. The first objects to collapse are located at the 
“knee” that separates the above regimes. Such objects reach virial temperatures 
of several hundred degrees and could fragment into stars only through cooling 
by molecular hydrogen [see Haiman et al. (1996) or Tegmark et al. (199i), 
for details regarding the chemistry network leading to the formation of Hz in a 
primordial gas]. 

However, molecular hydrogen (HZ) is fragile and could easily be photo- 
dissociated by photons with energies of 11.2-13.6eV, to which the Universe is 
transparent even before it gets ionized. Haiman: Rees. & Loeb (1997) shoTyed 
that a IX flux of 5 I erg cmV2 s-l Hz-r sr-r is capable of dissociating Hz 
throughout the collapsed environments in the Universe (see also Haiman, Abel: 
& Rees 1999). This flus is lower by more than two orders of magnitude than 
the minimum flus necessary to ionize the Gniverse, which amounts to one T_TV 
photon per baryon. The inevitable conclusion is that soon after the first stars 
form. the formation of additional stars due to Hz cooling is suppressed. Furt,her 
fragmentation is possible only through atomic line cooling, which is effective in 
objects with high virial temperatures, Tvir 2 1O’K. Such objects correspond to a 

total mass 2 IO”M~,[( I + ~)/10]-“‘~. F’ lgure 3 illustrates this sequence of events 
by describing txvo classes of objects: those with Tvir < 10°K (small dots) and 
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Figure 7. Scattering of Lycr line photons from a galaxy embedded 
in the neutral intergalactic medium prior to reionization. The line 
photons diffuse in frequency due to the Hubble expansion of the sur- 
rounding medium and eventually redshift out of resonance and escape 
to infinity. A distant observer sees a Lycr halo surrounding the source 
which constitutes an asymmetric line profile. The observed line should 
be broadened and redshifted by about a thousand km s-l relative to 
other lines [such as: HO) emitted by the galasy (see Loeb & Rybicki 
1999, for quantitative details). 

ity of identifying J,,i,n from the dampin, = wing of the Gunn-Peterson trough 
(Miralda-Escud6 1997) suffers from potential confusion with damped Lycr ab- 
sorption along the line of sight and from ambiguities due to peculiar velocities 
and the prosimity effect. An alternative method makes use of the superposition 
of the spectra of many sources. In the absence of the L?;cu forest this superpo- 
sition should result in the sawtooth template spectrum (Haiman, Rees. & Loeb 
1997). 

The reionization redshift can also be inferred from a direct detection of in 
tergalactic HI. Loeb & Rybicki (1999) have shown that the esistence of a neutral 
IGM before reionization can be inferred from narrowband imaging of embed- 
ded Lyre sources. The spectra of t,he first galasies and quasars in the Universe 
should be strongly absorbed shortward of their rest-frame Lycv wavelength by 
neutral hydrogen in the intervening intergalact.ic medium. However. the Lvcv 
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line photons emitted by these sources are not eliminated but rather scatter until 
they redshift out of resonance and escape due to the Hubble expansion of the 
surrounding intergalactic HI (see Fig. 7). ‘Typically, the Lyre photons emitted 
by a source at J, N 10 scatter over a characteristic angular radius of N 15” 
around the source and compose a line which is broadened and redshifted by 
N 10" km s-l relative to the source. The scattered photons are highly polarized 
(Rybicki si Loeb 1999). Detection of the diffuse Lycr halos around high red- 
shift sources would provide a unique tool for probing the neutral intergalactic 
medium before the epoch of reionization. The Lya sources serve as lampposts 
which illuminate the surrounding HI fog. On sufficiently large scales where the 
Hubble flow is smooth and the gas is neutral, the Lycu brightness distribution 
can be used to determine the cosmological mass densities of baryons and matter. 
SGST might be able to detect the Lyci halos around sources as bright as the 
galaxy discovered by Hu et al. (1999) at z = 3.‘74-, even if such a galaxy is moved 
out to 2 c-u 10. 

Loeb & Rybicki (1999) explored the above effect for a uniform, fully-neutral 
IGM in a pure Hubble flow. It would be useful to extend their analysis to 
more realistic cases of sources embedded in an inhomogeneous IGM, which is 
partially ionized by the same sources. One could extract particular realizations 
of the perturbed IGlLI around massive galasies from hydrodynamic simulation. 
and apply a suitable radiative transfer code to propagate the Lycr photons from 
the embedded gala,ties. Observations of Lycr halos could in principle be used 
to map the pecluiar velocity and density fields of the neutral IGM during the 
reionization epoch. 

3.2. Metal Enrichment 

In addition to altering the ionization state of hydrogen in the Universe, the 
first gala-ties enriched the IGM with metals. Because the potential wells of 
the first dwarf gala*ties are relatively shallow (-10 km s-l), supernova-driven 
winds are likely to have expelled the metal-rich gas out of these systems and 
mixed it with the intergalactic medium. Incomplete mising could have led to 
the observed order-of-magnitude scatter in the C/H ratio along lines-of-sight to 
different quasars (Rauch, Haehnelt, $2 Steinmetz 199’i; Hellsten et al. 1998). It 
is an interesting coincidence that the supernova energy output associated with a 
metal enrichment of N l%Z, corresponds to N 10 eV per hydrogen atom: which 
is just above the binding energy of these early star clusters. Supernova feedback 
in these objects could have therefore dictated the average metallicity observed 
in the Lyci forest. Direct observations of these supernovae might be feasible in 
the future (Miralda-Escudk QL’ Rees 1997). 

The rise of the UV background during reionization is also expected to boil 
the gas out of shallow potential mells. Barkana si Loeb (199s) have shown that a 
dominant fraction of the virialized gas in the Universe at 3 w 10 will likelv reside 
in potential wells with circular velocity of s 15 km s-l and evaporate shortly 
after reionization.. This process could also enrich the intergalactic medium with 
metals. ‘ 
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Reionization of the Universe 

Nick Gnedin 

University of Colorado at Boulder 

Abstract. sumerica,l simulations of the cosmological reionization which 
for the first time incorporate the full 3D radiative transfer are presented. 
The implications of the reionization for the Lyman-cu forest at lower red- 
shifts are discussed. 

1. Introduction 

Reionization is the single most important event in the thermal history of the 
universe since recombination at 3 * 1200. Its aftermath determines the proper- 
ties of the intergalactic medium (IGM) at lower redshifts, which manifests itself 
in the Lyman-alpha forest of numerous absorption lines. 

Thus: understanding how reionization proceeds and what features it im- 
prints in the IGM is of utmost importance for studying the evolution of the 
IGM at lower redshifts. 

Progress in understanding reionization in recent years focused along two 
separate approaches. Semi-analytical models (of which Valageas 8.~ Silk 1999 is 
the most comprehensive study up to date) attempt to describe the evolution of 
ionizing radiation based on ad hoc assumptions. While these models are useful in 
describing some of the important physical processes, they lack predictive power 
and often miss key physical ingredients. 

-At the same time: numerical simulations performed so far (Gnedin & Os- 
triker 1997) were not able to incorporate all the relevant physics processes, 
mainly the full three-dimensional radiative transfer. 

This poster presents the most recent numerical simulations that now include 
a full (albeit approsimate) treatment of the three-dimensional radiative transfer. 

2. Approximate Radiative Transfer 

The adopted approach for incorporating the full radiative transfer into a cosmo- 
logical simulation is based on the following simple observation: in the optically 
thin regime the radiative transfer in cosmology simply reduces to counting fllrses 
from all the sources present in a simulation. which is equivalent to computing a 
potential with a l/r2 law. This is entirely analogous to gravity calculation. and 
thus can be done with a P3M technique. 

On the other hand, computing the optical depth r precisely presents a 
currently untrackable problem. However. a plausible approsimation can be de- 
veloped. because the high precision in evaluating Y- is not required: if the optical 
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depth is sma,ll, it does not matter much whether it is lo-” or lo-". If it is large, 
it again does not matter much whether it is lo3 or 10.‘. Only when T N 1 it 
needs. to be computed accurately, but the volume of space where this condition 
is achieved is very small. so at the end no large error is introduced even if 7 is 
computed with only an order-of-magnitude accuracy. 

The approsimation adopted in this work assigns the value for the optical 
depth according to the “Local Optical Depth an&z”: 

q/y(q = c apnqzi)l(zi), (1) 

where index cy runs over the list of species (in our case HI: He I, and He II), and 
L is a characteristic length, which is taken to be the characteristic length of the 
density distribution, 

L Ix (0 IVlogpl” t pp lAlogP:)-1’2 

where p is the baryon density, and o and /3 are constants chosen to reproduce 
the correct result for the column density of a l/(r’ t r,“) density distribution in 
the limits I’ -+ 0 and T -+ SC. 

Figure 1 shows the comparison between the exact spherically symmetric 
solution (which can be done with e>xisting computers because of the symmetry) of 
the propagation of the ionization front down the l/r.’ density distribution versus 
the approsimate full 3D simulation. The ionization front in an approsimate 
scheme is not as sharp as in the exact solution, and there are also some other 
defects, but the front speed is reproduced correctly. 

3. Simulations 

Simulations of a representative CDN+A cosmological model with Re = 0.3 and 
h = 0.7 were performed with the high-resolution SLH-P”M code: which now 
includes: 

a dark matter (P3M; Gnedin si Bertschinger 1996, ApJ, 470, 115); 
o gas dynamics (SLH; Gnedin 1993, ApJS, 97, 231); 
Q star formation phenomenology (Gnedin 1996, 456, 1); 
a stellar feedback including UV and X-ray emission, supernova, and (ecluilib- 

rium) metal cooling; 
o exact atomic and molecular physics of H and He plasma; 
l approximate full 3D radiative transfer (this work); 

Simulations had the total mass resolution of lO”.“h-l MC) and the bary- 
onic mass resolution of lO”.jh-l LIo, and the spatial comoving resolution of 
1.3~~' kpc in a 2h-i Mpc box. Larger simulations are on the way. 

Because scales above a fex Upc cannot be simulated with enough resolution 
with the esisting numerical schemes: only stellar sources were included in, the 
simulations. Quasars: which can ionize regions many tens of Mpc in size. cannot ’ : 
be simulated properly yet. However, there e.xist good reasons to assume that .t . . 
quasars cannot reionize the universe (Iladau7 Haardt, & Rees 1999; =Ip.J, 514. 
648). 
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Figure 1. Distribution of the temperature (top panel) and neutral 
hydrogen fraction on Linear (middle pnnel) and logarithmic (botto7n 

panel) scale at five different times (as labeled by different lines) in the 
exact spherically symmetric solution (thin lines) and the approsirnate 
3D solution (thick lines). 
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Figure 3. Rms ( thick lines) and average (thin lines) fluctuation of 
the ionizing intensity Jzr as a function of gas density at four different 
redshifts. 

4. Results 

Figure 2 shows in three panels evolution of the ionizing intensity Jz,. neutral 
hydrogen fraction XH r. and the average temperature of the universe. The sharp 
jump in J2r corresponds to the moment of reionization at s N 7. 

Figure 3 presents the main result of this work, the spatial fluctuations in 
the ionizing intensity 6Jz1 = J~~/J’LI - 1 as a function of gas density. EWIl 
at 3 = 4 the fluctuations are large for gas overdensity greater than about 10. 

Thus: models and simulations of the Lyman-alpha forest that assume uniform 
ionizing radiation (i.e. ull of them up to now) can only reproduce the forest 
reliably for S < 10. which translates into the upper limit on the column density 
:YH~ 5 1014 cm-2. 
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Abstract. We report results from deep NCMOS imaging of the fields 
of two damped Lyman-a (DLA) q uasar absorbers at ZDL.4 = 1.89 and 
JDL.4 = 1.86. The images were obtained in the broad filter F16OW and 
the narrow filter F1905 or FlS7N with camera 2 on NCSIOS, with the 
goal of detecting the rest-frame optical continuum and H-a emission from 
the DLA absorbers. The broad band images put sensitive constraints on 
the sizes of the DLAs: while the narrow band images put the tightest 
e,tisting limits on the star formation rates in DL-As. These results have 
important implications for the physical nature of DLA absorbers. 

1. Introduction 

Damped Lyman-alpha (DLA) absorbers in spectra of high-redshift quasars are 
believed to trace the precursors of present-day galaxies. But the nature of ab- 
sorbing galaxies is not yet understood. DLAs have been variously thought to 
arise in large rotating proto-disks (e.g., Wolfe et al. 19S6, Prochaska St SiT-olfe 
1997) or dwarf gala,xies (e.g.. >-ork et al. 19S6, Matteucci et al. 1997). VIP 

fortunately, most previous efforts to directly image the objects causing high-,7 
DLAs have been unsuccessful. Most of these previous searches attempted to 
detect the redshifted Ly-a emission from the DLAs. However: these nondetec- 
tions cannot directly constrain the star formation rate (SFR) in DLlls, since 
the Ly-oc line can easily get extinguished by even small amounts of dust: ow 
ing to resonant scattering. Here we report HST NICMOS observations of the 
fields of the DLAs toward LBQS 1210+1731 (ZDI,.A = 1.592. ZQ.~O = 2.343) and 
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Q12$&+3$~1 (=DL.‘l = 1.559, zQso = 2.43), aimed at detecting redshifted H-a 
and optical continuum emission from the DLAs. 

2. Observations, Data Reduction, PSF Subtraction 

Broad band images were obtained with XICMOS camera 2, using filter Fl60W 

(A central = 1.3940 pm, FWHM = 0.4030 pm), dithered in steps of 7.5 pixels. 
Narrow band images were also obtained using dither steps of 7.5 pixels, in filter 
F190N (Xce,Lt,.al = 1.9005 /Lm, FWHM = 0.0174 pm) for LBQS 1210+1731 and 
in filter F187N (Acentral = 1.8740 pm, FWHM = 0.0192 pm) for Ql244+3443. 
These filters should contain the redshifted H-a lines at 2 = 1.592 and z = 1.859, 
respectively. Finally, coronagraphic F16OW images were also obtained for each 
QSO (S ee \;u I lk arni et al. 1999a, 1999b). Data were reduced using the IR,1F 
package Nicred 1.S (McLeod 1997). Reference PSFs for quasar PSF subtraction 
were obtained from observations of stars in the same filter / aperture combi- 
nations. The PSI’ star images were chosen to match as closely as possible the 
telescope “breathing” focus values for our quasar observations. For the coro- 
nagraphic images? more importance was given to getting close match between 
the exact positions in the coronagraphic hole where the quasar and the PSF 
star were located. The PSF star observations were analyzed in exactly the same 
manner as the quasar observations. The reduced PSF stars were registered and 
scaled to match the quasar and then subtracted from the quasar. 

3. Searching for the DLA near LBQS 1210$1731 

.” 

3.1. Non-coronagraphic F160W and F190N images 

About 99 % of the flux in the non-coronagraphic F16OW and F190N images 
comes from the quasar point source and disappears after PSF subtraction. A 
feature to the “lower right” of the center at about 0.26 ” from the quasar (“01”) 
is the main asymmetric residual left behind in the images (Fig. 1). We have 
carried out several tests to determine whether 01 is real or an artifact arising 
from HST breathing, color differences between quasar and PSF star, differences 
in focus settings, asymmetries in the PSF core etc. (Kulkarni et al. 1999a). 
The best-fitting PSF and several others with reasonably close breathing values 
suggest that 01 is real, o Aven the significant excess over a number of pixels. We 
cannot completely rule out that 01 is some artifact arising for reasons we have 
not been able to account for. If 01 is associated with the DLA, then it is 2.1 
hi,; kpc long for q. = 0.5 or 3.2 11,: kpc long for 40 = 0.1. 01 has a flus of 
9.8 f 2.1 ,uJ~ in the Fl6OW filter and 10.6 f 1.3 pJy in the F190N filter. On 
estimating the continuum contribution to the F190N flux, there is no evidence 
for statistically significant redshifted H-a line flus. Given the low dust-to-gas 
ratios inferred for DLAs (e.g. Pei et al. 1991: Pettini et al. 1997 and references 
therein): the nondetection of H-cr emission is likely to be because of low SFR. 
Assuming no dust and usin, ~1 the H-N luminositv-SFR conversion of Iiennicutt 
(1983). the 30 upper limit OII the SFR is 4.0 ho.? &IF yr-r for qe = 0.3. This is 
the tightest eatistiIlg constraint 011 the SFR in DLAs. 
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Figure 1. Left: Zoomed-in Z.i’i”x2.71” region of the NICMOS cam- 
era 2 non-coronagraphic 1.6 pm broad-band image of Q12lO+l731, 
(a) before (top) and (b) after (bottom) PSF subtraction (bottom). 
Right: Zoomed-in 2.69”X2.66” region of the NICMOS camera 2 non- 
coronagraphic 1.9 ql narrox-band image of Q1210$1731T (c) before 
(top) and (d) after (bottom) PSF subtraction. 



606 Kulliarni et al. 

Figure 2. Zoomed-in 2.89 ” x 2.81” regions of coronagraphic 1.6 pm 
image of Q1210+1731, (a) b f e ore (left) and (b) after (right) PSF sub- 
traction 

3.2. Coronagraphic Image of LBQS1210+1731 

The NICMOS coronagraph reduces the scattered and diffracted energy from the 
occulted target’s PSF core by factors of 4-6, compared to direct imaging (Schnei- 
der et al. 1998; Lowrance et al. 1998). Most of the flux in the coronagraphic 
images comes from small amount of scattered light from the cprasar and glints 
from the edge of the hole. These disappear almost completely after PSF sub- 
traction. But a weak feature consisting of several knots (object “02”) remains 
at about 0.7 “from the quasar center (Fig. 2). There are no known artifacts in 
the coronagraphic F16OW image at the positions of the 02 knots. If 02 is at 
the redshift of the DLA. it has a total size of 4-5 hi,; kpc for qc = 0.5. 

4. The DLA toward Ql244$3443 

The results for this DLX are similar to those for the DLX toward Q1210fl731 
(Fig. 3). Xote the possible presence of a compact object below the quasar center 
in the Fl60W image, at a separation of only 0.16 “. The narrow-band image 
reveals no strong extended emission from this or any other source; suggesting 
a low SFR. Further details are discussed by Kulkarni et al. (1999b). Thus. 
our observations of both the DLXs suggest compact or low surface brightness 
objects with a fexv. continuum emission knots. and low star formation rates. 

Acknowledgments. This work was supported by s-IS-1 grant NAG53042. 
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Figure 3. Zoomed-in 2.81”x2.79” regions of the NICMOS camera 3 
non-coronagraphic (a) 1.6 kern (left) and (b) 1.87 kern (right) images of 
the field of Ql2$4+3413. after PSF subtraction 
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Abstract. Previously (Mailer et al. 1999, hereafter MSPP) we have 
shown that it is possible to account for the kinematic properties of damped 
Lyman alpha systems (DLAS) as measured by Pro&a&a & Wolfe (1997, 
1998, hereafter PW97 and PW98) in the context of semi-analytic models 
(S-U&) (Somerville k Prima& 1999, hereafter SP99). In these mod- 
els, hierarchical structure formation is appro,ximated by constructing a 
merger tree for each dark matter halo. A natural consequence is that 
every virialized halo may contain not only a central galaxy, but also a 
number of satellite gala,xies as determined by its merging history. Thus 
the kinematics of the DLAS arise from the combined effects of the in- 
ternal rotation of gas disks and the motions between gas disks within a 
common halo. Here we investigate the sensitivity of this model to some 
of the assumptions made in IISPP, including the modeling of satellite 
dynamics, the scale height of the gas, and the cosmology. 

1. Satellite Dynamics 

In the SXSIs, a merger tree represents a halo’s growth through the mergers of 
smaller halos (see Somerville 1997). Uhen halos merge, the central galaxy of the 
largest progenitor halo becomes the central galaxy of the new halo? and all other 
vala,4;ies become satellites. These satellites then fall in towards the central galasy 0 
due to dynamical friction. and eventually merge with it (see SP99). Because the 
treatment of the dynamics of the satellites is necessarily simplified in the usual 
semi-analytic spirit, and since the kinemat.ics of the DL-4.S arise from both the 
rotation of disks and the motions of satellite galasies in the common halo: it is 
important to test whether our results are sensitive to the details of our modeling. 
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Figure 1. A halo of circular velocity 156 km s-l with its satellite 
galaAGes. The ellipses mark where the cold gas is truncated, in Model 
A (left) with thin disks and Model B (right) with thicker disks. The 
dashed line is the virial radius of the parent halo. 
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In the models presented in MSPP: all satellites were assumed to start falling 
in from the virial radius of the newly formed halo, and all satellites were assumed 
to be on circular orbits. These assumptions will tend to masimize the dynam- 
cal friction timescale of the satellites, and correspond to the assumptions made 
in some earlier versions of the SAMS (e.g. Somerville 1997). In the models 
presented here, we have modified these assumptions in two ways. We initially 
place the satellites at one half of the virial radius, and assign the orbits from 
a random distribution as observed in s-body simulations by Navarro: Frenk, si 
White (1995). They found that the “circularity” parameter E has a flat distri- 
bution, where E z J/JC is defined as the ratio of the angular momentum of the 
satellite to that of a circular orbit with the same energy. The dynamical friction 
time scale is then scaled by a factor E ’ r8 (Lacev k Cole 1993). This causes some 
of the satellites to fall in faster than in our previous modeling. In addition, 
we have changed from the SCDM cosmology used in MSPP to a more fash- 
ionable Q. = 0.4, Q,\ = 0.6 cosmology. These ingredients are compatible with 
the models that were shown to produce good agreement with both local galasy 
observations (SP99) and the high redshift Lyman-break galasies (Somerville; 
Prima&, 42 Faber 1999). 

We find that the combined effect of these changes has a negligible effect on 

our results. Although we do see fewer satellites within a halo of a given mass, 
the number of satellites in the inner part of the halo is similar. These are the 
satellites most likely to give rise to multiple hits, which as we argued in MSPP 
is the crucial factor in matching the observed kinematics of the DLAS. As in 
MSPP! we still find that the gaseous disks must have very large radial extents 
in order to match the observations. 

2. Disk Thickness :, 

-inother important feature of the models is the assumed distribution of the gas 
within the disks. In MSPP! we investigated several radial profiles and obtained 
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Model vertical scale height normalization Aill/ f,,,,, f& ftpk 
-?. .1R, log Ait = 19.3 0.35 0.10 0.36 0.26 
B AR, log l\it = 19.6 0.11 0.24 0.54 0.71 

Table 1. The properties of our two models and the KS probabilities 
for the four statistics of PJV97. 

the best results with an assumed gas distribution of the form 

lvt Rt -131 
n(R,z) = zResp h.. 

- 3 
(R < Rt) (1) 

where the truncation density Wt is an adjustable parameter. The vertical scale 
height of the gas disks is another uncertainty. In MSPP we assumed it to be 
one tenth of the stellar disk scale radius, i.e. h2 = O.lR, where R, is the stellar 
disk scale length as given by the SAMs (see SP99). Because the gas disks in 
the successful models tend to have a large radial extent: much larger then the 
stellar disk, this leads to very thin gaseous disks. When the scale height is 
increased to half the stellar scale radius (h, = O.SR,), we are able to use more 
physically plausible values for the truncation density -Vt (see Table 1): and the 
gas disks are now typically contained within the truncation radius of the dark 
matter sub-halos surrounding the satellites. This model therefore seems to be 
more physical, yet still produces good agreement with all four of the dia.gnostic 
statistics of PVV9i (see Table 1). Note that PW9S have shown that the effect 
of including a warp in the gas disk is the same as increasing its thickness. so 
our esploration of thicker disks can also be thought of as including warps in the 
disk. 

Figure 2 shows the distribution of thicknesses and inclinations for the disks 
that contribute to DLAS in the two models. We find that the disks that produce 
damped systems in model B are more likely to have a face-on geometry. N’ith 
thinner disks, more of the cross section comes from an inclined geometry as 
72 rv h,l. The tot,al cross section in the two models is roughly the same; in 
model -1. more of it comes from extended highly inclined disks, while in model 
B. denser, face-on disks are more important. 

Thus the need for gas disks with large radial extent can be reduced by using 
thicker disks, though not by a large amount. Increasing the thickness by a factor 
of five only reduces the radial truncation value by 30%. The gaseous disks in 
model B are still cluite large compared to the stellar component. 

3. Conclusions 

In SISPP we argued that the observed kinematics of DLAS can be reproduced 
in hierarchical models if a significant fraction of the lines of sight pass through 
multiple disks orbiting within a common dark matter halo. However, we found 
that in order to obtain a high enough cross section for multiple hits, we had to 
assume very large radial extents for the gaseous disks in our models. We have 
tested the robustness of these conclusions. by modifying several of the uncer- 
tain ingredients of our models. 14-e find that modifying the dynamical friction 
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Figure 2. The distribution of thicknesses (left panel) and inclinations 
(right panel) of the disks that produce DLAS from our two models; 
Model X (dashed), Model B (solid). We characterize the thickness as 
3h,/Rt. The DLAS in Model A are produced by more inclined disks 
then in Model B. 

timescale of the satellites by assuming a different intial radius or orbit has a 
small effect on our results. Similarly, our results do not seem to be sensitive to 
the assumed cosmology. Increasing the vertical scale height of the disks has a 
larger effect and leads to models that are more physically plausible and still pro- 
duce good agreement with the diagnostic statistics of PW. Our results suggest 
that in order to reconcile the observed kinematics of DLAS with hierarchical 
theories of structure formation , gaseous disks at high redshift must be large in 
radial extent and thickened or warped. The physical cause of these properties 
remains obscure, however we speculate that tidal encounters or outflows could 
be responsible. 
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Abstract. Chandra X-ray Observatory, (formerly known as AXAF): 
will observe down to the flux limit of 2X10w1” erg s-r cmp2. In its first 
year of operation Chandra’s CCD detectors will observe over 1500 quasars 
serendipitously in the soft (0.5-3.5 keV) band. Over 200 quasars will be 
detected in X-rays in the redshift range 3 < s < 4 and over 400 quasars 
in 2 < z < 3. This will enable US to determine the high redshift X-ray 
luminosity function. This is the contribution by unabsorbed sources only. 
The total numbers would be larger by N 60%. 

1. Introduction 

NXSA.‘s Chandra X-ray Observatory was launched on July 23, 1999. The Chan- 
dra Multiwavelength Project (ChaMP) will combine radio to X-ray observations 
of serendipitous Chandra sources, with emphasis on optical identification. The 
ChaMP is superior to previous X-ray surveys because of (1) unprecedented X-ray 
positional accuracy (- 1”), (2) X-ray fl us limits 20 times deeper than current 
wide area surveys (down to f(0.5 - 3.5keV) - 2 X lo-r6 erg s-l crn2), (3) 
larger sky coverage (- 8 deg2) per year than current deep surveys. 

2. Prediction of Redshift Distribution of Quasars in ChaMP Fields 

The X-ray Luminosity Function at z = 0 is described as 

‘The Chandra Multiwavelength Project (ChahIP) is an independent scientific collaboration for 
followup studies of serendipitous X-ray sources in Chandra X-ray images. The Cha1IP Web ’ 
site is http://hea-www.harvard.edu/CH-AMP. 
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G(L.y) = @;Li.2 for L > L”(0) 

where LdG is the X-ray luminosity in 10”’ erg s -I. The redshift evolution of the 
luminosity function is characterized by 

Lx(z) = L-x(0)(1 + 2)” 

Continuity of the luminosity function at the break luminosity requires that 

The total number !V of quasars in the sample is obtained by integrating the 
luminosity function over luminosity and volume, i.e., 

iv = 
Js 

@(Lx, z).n(L,x, z)dV(z)dL.y 

Here R(L,Y, z) is the solid angle covered by the survey as a function of 
redshift and luminosity. The parameters of the iX-ray luminosity function de- 
termined by Boyle et al. (1993) are as follows: -/l = 1.7 f 0.2, m/2 = 3.4 & 0.1, 
logL”(0) = 43.54, @; = 5.7 x 10-7’Mpc-3( 10”“ery z-1)71-1. Following Comastri 
et al. (1995), we have used k=2.6 and increased the the normalization @‘; by 
20%. 

The X-ray logN-1ogS Curve: Using the above luminosity function we 
derived the number density of quasars as a function of observed flus. The 
luminosity function was integrated over the luminosity range 10“” < LIP < 10”” 
erg s-l and the redshift range 0 < 3 < 4. Ho = 50 and qo = 0 were assumed 
throughout. The predicted logX-logs curve is shown in figure 1. 

Since the unabsorbed sources dominate at the faint end in the soft X-ray 
range, and since they are likely to be observed at high redshift, in the present 
analysis we will concentrate on unabsorbed sources only. The absorbed sources 
would contribute an additional N 60% (Comastri et al. 1995), making the total 
number consistent with the extrapolation of the empirical determination of 1ogX 
logs (Hasinger et al. 1993). The flus of unabsorbed quasars is given by f cx E-” 
and in the soft X-ray band, cy is typically 1.3. 

The ChaMP Sky Coverage: The ChaMP Cycle 1 consists of 55 extra- 
galactic fields, -b-> 20’. From all the Chandra cycle 1 fields we have excluded 
(1) deep fields of PI survey observations, (2) fields with extended sources & plan- 
etary targets, (3) ACIS sub-arrays and continuous clocking modes. See figure 3 
for ChaMP sky coverage as a function of flus limit. 

Cumulative Number Distribution in ChaMP: Integrating the pre- 
dicted lo@-log-S over the ChalIP sky coverage, we obtained the cumulative 
number distribution of quasars in the ChaMP fields (figure 3). ‘The total num- 
ber in soft band is expected to be over 1500 for unabsorbed sources and over 
2500 total. 

Predicted Redshift Distribution: The histogram (figure 4) shows the 
predicted number distribution of.quasars in ChablP fields. Over 200 quasars will 
be detected in the redshift range 3 < 3 < 4 and over 400 quasars in 2 < s < 3. 
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Figure 1. The predicted number counts in the soft band for unab- 
sorbed quasars. 

3. Comparison with Previous X-ray Surveys 

1Ve will be able to determine the S-ray luminosity function and its redshift evo- 
lution with unprecedented accuracy. 
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Figure 2. The total sky coverage of ChaMIP fields as a function of 
flux limit in the soft band. 
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S(O.5-3.5 keV) (erg/s/cm’) 

Figure 3. Expected cumulative source counts. Unabsorbed sources only. 

Survey Total number of Sources Quasars at 3 > 2 
EMS 833 <3 
(Gioia et al.) 
ROSAT Deep 661 12 
(Hasinger et al.) 
ROSAAT 89 < 10 
(Boyle et al. ) 
ChaMP > 1500 > 600 
[soft band, unabsorbed) .I - 
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Figure 4. Redshift distribution of the unabsorbed sources expected 
to be detected in ChaMP fields. 
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1. Introduction 

Lyman-o emission is one of the first indications of a new-born galaxy. Its 
strength and profile contain information about the density distribution, esci- 
tation condition, optical depth, and velocity field in the galaxy and possibly its 
surroundings. In first place, however, the line is influenced by the intra-galactic 
dust which may weaken it super-exponentially. It could therefore - at least, in 
principle - be used as a main source for an empirical study of the physical state 
of a young galaxy. 

Unfortunately, there are several effects and difficulties that have inhibited 
the full use of the information content of the line: (i) the strong dependence on 

the dust makes it virtually undetectable in many cases; (ii) it may have a very 
high optical depth so that radiative transfer effects (including redistribution) 
may play a primary role; (iii) it certainly originates from a medium of non- 
simple geometry (perhaps even from a strongly inhomogeneous medium); the 
velocity fields may involve both motions to and from the galaxy (in- and outflow 
of matter) in addition to rotation. It is therefore not surprising that in spite 
of a wealth of observations available (cf. Steidel, this volume) a comprehensive 
modelling is not yet available. 

In this paper we concentrate on the radiative transfer aspects of the prob- 
lem: in the next section we present the appropriate transfer equation and briefly 
summarize an algorithm used for its solution. In the subsequent chapter the es- 
ample of a flattened ellipsoid surrounded by 10~ density gas is given to demon 
strate the comple,tity that can result from even quite simple density and velocity 
distributions. On the other hand. the calculations also show the potentials of di- 
agnostics of accurately observed brightness distributions that have good spatial 
and frequency resolution. 

2. The Radiative Transfer Equation and its Solution 

When velocities ,l3(xj << 1 and velocity gradients 0,0/8.5 << xcont (as = path 
element in ray direction, xcont = continuous estinction coefficient ) the radiative 
transfer equation for the comoving frame can be written 

n. CIT(x. n,[) t w(x. n) 
tlI(x. n,() 

at 
= -L(X: C)Ui x. n,<) - S( x, n.[)) (1) 

613 
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with n = (n,, ny, 71,) unit vector in ray direction, x = vector comprising spatial 
variables, [ = ln A, X =wavelength. W(X, n) = n . b’(n .,/3(x) = velocity gradient 
in ray direction, s(x,l) = xr(x>F) + Xd(X) = t 0 a extinction coefficient = line t 1 
plus dust extinction coefficient, Al: Ed = ratio of absorption to extinction for the 
line and the dust, I>(n. n’) = phase function for the dust, R(x, n: n’,[, <‘) = 
redistribution function for the line, X:(X) = s-“, x(x,[)@: Bl(x,J) = Planck 
function for the gas. The source function given is in our case by 

1 - Ed 
t--- 45; J 

p(n: n’)I(x, n’:<)dn’ 
4s 

t 1-Q 0 x -yp (4 JJ Rjx: n, n’:[, [‘)dn’d<’ . (2) 
--cc 4;; 

In Eq. 1 we assume that the velocities and their gradients are so small that 
aberration, advection as well as boosting terms can be neglected. The hydrogen 
atoms are assumed have no memory SO that the redistribution function is given 
by R = 4(E)+(F’) ( “complete redistribution”). Furthermore, we assume that the 
radiation field of the Lycr line can be described in the two-level approsimation 
(in view of the fact that Lye is a resonance line and the hydrogen levels not 
involved in the transition are well separated in energy, this seems to be the least 
critical assumption). 

Except for the special case of E = 1 (when for a sufficiently simple velocity 
field the transfer equation can be determined by the method of characteristics) 
and the limiting case of a plane-parallel medium, Eq. 1 has to be solved fully 
numerically. Since the problem involves 6 dimensions (3 spatial; 2 angular, 1 fre- 
quency) the solution is always extremely CPU-intensive and memory-demanding. 
Effectively, only the followin g methods of solution are presently available: (i) 
Uonte Carlo approach; (ii) short and lon g characteristics; (iii) finite differences; 
(iv) finite elements. 

In order to keep the numerics as simple as possible me use in this paper the 
method of long characteristics. By means of Muthematica this algorithm can 
be implemented in a ?O- to 30-line code. Although for efficient use it has to be 
assumed that the source function does not differ too much from the local Planck 
function, it is expected that the emergent fluxes show already qualitatively the 
correct behavior. 

3. Examples 

In order to demonstrate the effects of velocity fields we approximate the galaxy 
with a density distribution p(x) = po esp(-(x.(1/u. l/a: 1/3u))“), i.e. by a rota- 
tional ellipsoid that is located at the center of a box. The galaxy is assumed to 
be homogeneous tvith a dust temperature much lower than the gas temperature 
and it is seen under angles Q = @ = ;i/4. The velocity field is given by 

3(x) = bezpo 
JzTi 

x + hoto 
JFq 

1 + tx . x)3/2 1 + (X . J: f y y)“/Z 
(-y, z. oy (3) 
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5 10 15 20 5 10 15 20 

Figure 1. Examples for calculated brightness distributions in the Lye 
line from isothermal ellipsoidal gala-ties: a) no motion, line center, b) 
b rot0 = b = 3to. line center, c) same as b) but A< = to, d) 
b ezpo = 3[~b,,,, = 0, A( = <D; e> bezpo = 0, hoto = 3[D, il( = XiD, 
f) same as e) but il[ = -CD 

The space of the box outside the o o-alasv is filled by a dilute gas that follows the ” 
same velocity law. The line profile is everywhere a Gaussian of width fD. 

In Fig. 1 a few examples are given for resulting spatially resolved brightness 
distributions that could be compared directly with observations. It is seen that 
the shapes of the isophotes vary strongly with wavelength and velocity. Due 
to specific combinations of Doppler shifts and densities: even double structures 
may occur. 

4. Discussion and Outlook 

In this paper we have briefly studied the frequency and spatial dependence of 
the flux emitted in the Lycv line from an estrcmely simple model galaxy that 
rotates and has an outflow. -Already in this case, the resulting isophotes may be 
quite complex. It is expected that the proper inclusion of scattering, excitation. 
densit!-, and temperature effects mill complicate the situation even more. ‘They 
will be dealt with in a separate paper. On the other hand, it is evident that 
observations of the Lye line (and possibly additional lines of different optical 
depths and excitation conditions) with good spatial and frequency resolution 
contain a lot of information that can constrain the structure of gala,xies at high- 
redshift. 

Acknowledgments. This work has been supported by the Deutsche For- 
schungsgemeinschaft (SFB 139, project i-14). 
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Abstract. Radio and submillimeter observations will offer excellent op- 
portunities to locate and characterize star-forming galaxies at high red- 
shift, especially when a new generation of instruments comes on line. 
These opportunities are assessed here. 

1. Introduction 

This volume celebrates the present, Hy Spinrad’s 65th birthday. But I’d like to 
devote my remarks to a brief recollection of the past, and a more detailed look at 
the future: in particular the future of ground-based microwave and submillimeter 
observations of high redshift objects. 

2. The Past 

In the summer of 197’2, I spent a couple of very pleasant months in Berkeley. 
I came with two projects to work on, one of them a search for high redshift, 
star-forming galasies, the kind of objects Jim Peebles and I had called “young 
galasies!’ (Partridge and Peebles, 1967). That interest brought me into contact 
with Hy. Everyone in the department treated me with great kindness and pro- 
vided real intellectual stimulus. and I spent many enjoyable hours talking with 
Hy. as well as George Field, Ivan King and many others about the high redshift 
Universe. The research that summer was the first of many less than successful 
attempts to find “youn; o 0 oalaAxies” (Partridge, 1974; see also Davis and T/T;ilkin- 
son, 197-1). We were looking for objects that were large, red. symmetric and at 
~~10: it appears we should have been lookin g for objects that were small: blue. 
lumpy and at 2~1. Those were not our only mistakes. We also ignored the effect 
of dust absorption. 

Despite this less than auspicious beginning, the idea of “young” or primeval 
galasies provides a useful conteAxt for the question: What will present and 
planned. ground-based. radio and submillimeter facilities tell us about the early 
stages of galaxy formation ? TSe’ll begin by considering the properties of high- 
redshift. star-forming sources in the radio and far infrared (FIR). Next. I‘ll 
catalog some properties of planned and present facilities. -And finally. Yll hazarcl 
some predictions about what these facilities will find. 
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3. Sources 

The observer’s dream source is one with strong, unique and easily measured 
spectral lines and a continuum that rises as a positive power of frequency. The 
former allows redshifts to be determined; the latter makes the cosmological I<- 
correction positive. Jim Peebles and I didn’t try to estimate the actual radio 
properties of ‘Ly~~ng galaAxies,” but if we had. we’d have predicted synchrotron 
emission from the supernova of massive stars and free-free emission from HI1 
regions (see e.g.> Condon, 1992). The former has radio flux cx Y-‘.~ typically, 
and the latter has flux c( I/ -O.’ Hence for both, the K-correction is negative, in . 
the sense that objects with this spectrum become more difficult to detect at high 
redshift. That is one expla,nation for the fact reported here by Rogier Windhorst 
that the deepest radio image of the HDF (Richards et al.,, 1998) detects only- a 
handful of the optical galaxies, despite roughly comparable observing time. 

Neither the synchrotron nor the free-free spectrum has any useful character- 
istic features, so they offer no hope of measurin, n redshifts. Worse, star formation 
is not the only way to produce synchrotron radiation: AGN’s and their asso- 
ciated jet phenomena are also synchrotron emitters. Thus radio spectra alone 
cannot distinguish between star formation and AGX. Only the radio morphology 
can (e.g., Condon et al., 1991; Crawford et al., 1996; Hammer? et al. 1995). 

3.1. Why Radio Observations May in Fact be Useful 

Thus far it appears the radio band is a poor place to look for high redshift 
young galades. But there are some pleasant surprises. The first is the work of 
Chambers. Xley, Van Breugel. and Hy himself. They were able to find high 
redshift galaxies associated with steep-spectrum radio sources in which the radio 
emission was entirely dominated by AGN’s (Chambers, Miley and Van Breugel: 
1957; see Chambers? et al.. 1996 and Longair here). In these cases: of course? 
the radio emission has nothing to do with the radio-wavelength flux produced 
by star formation. Next, CO rotational line emission from high redshift objects 
is surprisingly strong (I’ll return to this point later). The last surprise is just 
now emerging (Richards et al. , 2000; Waddington et al., 2000). It is that N 2O’z 
of the radio sources detected in deep surveys (e.g.: of the HDF) are unidentified 
optically. As both Waddington and Windhorst show here; these radio sources 
may be very dusty objects at high Z. 

3.2. The Crucial Role of Dust Re-emission 

It turns out that the dust: which we ignored in our initial picture of young 

Dalasies. is the kev to their detection in the radio and FIR window. The dust, 0 d 
at temperatures 20-40 I<! reemits strongly in the far infrared. -it the long 
wavelength end: the emissivity is strongly frequency dependent. so the dust 
spectrum at long wavelengths is almost always steeper than t,he u2 Rayleigh- 
Jeans law.: typically going as v3 - . y4 ‘Thus as manv have recognized, there is a . u 

_!, very strong positive K-correction. As a consequence, emission from warm dust is 
*. ,: nearly as visible at a redshift of 10 as it is at a redshift of 1 (see Cowie’s report 

._ - here j. The combined radio-submillimeter spectrum for a dusty, star-forming 
galaxy is indicated in Fig.1. 
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Figure 1. The rest-frame spectrum of a typical star-forming galaxy, 
MS?, in this case. Three emission mechanisms are responsible for 
the flus: sgnchrotron (dash-dot), free-free (dash) and dust re-emission 
(short dash). From Condon (1992). 
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Note that there is a sort of %alley of death” in the millimeter to centimeter 
range (this of course is the valley of life for microwave background observations. 
where. searches for fluctuations in the microwave background are least likely to 
be troubled by foreground sources). On the high frequency side of the valley: 
the K-correction is positive, and our best hope for the detection of high red- 
shift, star-forming objects is found. Hence the intense excitement when deep 
surveys were made with the SCUBA-! instrument a year or so ago. SCUBA and 
other current instruments lack angular resolution, making identifications diffi- 
cult as Len Cowie notes here. However, the clearly detected SCUBA sources 
may be at substantially higher redshift than the radio-detected sources in the 
HDF. Unfortunately, those two issues are intertwined. There is some dispute 
(Richards, 1999; Downes et al., 1999) over the optical and radio identifications 
of the SCUBA sources. The original claim by Hughes et al.,(l998) that some 
were identified with faint optical objects at z ~3 may in part have resulted from 
some misidentifications (see technical note below). These comments should not 
detract from the general enthusiasm we all feel for submillimeter observations- 
once angular resolution is improved on the high frequency side of the “valley of 
death,” we will have an immensely powerful tool for the detection of high red- 
shift, star-forming objects. In addition, the characteristic profile of the valley of 
death can provide approximate redshift information (see Carilli and Yun, 1999), 
since the ratio of 1.4GHz to 35OGHz flux changes, as illustrated in Fig.‘. 

3.3. Centimeter Wave Flux and Star Formations 

I want to add a brief coda to this section 011 the connection between radio flux: 
submillimeter flux and star formation. It has been known for nearly 15 years (eg., 
Helou et al., 198;) that radio flux and far infrared flux are strongly correlated. 
For instance: the ratio of 21 cm radio flus to 601.1 far infrared emission is 0.00457 
over a wide range of luminosities. Thus radio flux and far infrared flus can be 
used as proAGes for one another, provided the redshift of the source is known 
to allow the K-corrections which are radically different at the two wavelengths 

c e.g., Haarsma and Partridge. 1998). In addition: both fluxes are proportional 
to the star formation rate (e.g., Condon: 1992). Since stellar emission warms 
the dust: the correlation between star formation rate (SFR) and FIR emission 
is fairly evident. But the less well understood radio/FIR correlation also allows 
us to argue (Condon: 1993) that radio flux, if not corrupted by unrelated XGX 
emission. is also proportional to the star formation rate. 

So radio observations do in fact offer some real benefits: they correlate 
.;.,directly with SFR (and no correction for obscuration by dust is needed); high 

-. frequency instrunrents are already capable of seeing ultraluminous young galax-: I.’ 
ies .-to z-10; and redshift information can be found, roughly from the,ratio of 
radio to submillimeter flux and precisely from CO (or other) molecular lines. 
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redshift (z) 

Figure 2. Models for the 1.4 GHz to 350 GHz (5501.~) spectral index 
from CariG and Yun (1998). ‘The strong dependence of ix~~~~ is a result 
of the opposite sign of the K-correction as a spectrum like that in Fig.1 
is redshifted through the two observing bands. See Carilli 8.~ \“un for 
details on the observational points. 
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4. Some General Properties of Radio/Submillimeter Instruments 

In centimeter wavelength radio astronomy: where superheterodyne, coherent de- 
tectors are used: neither spectral resolution ’ nor spatial resolution presents any 
problem (see Table 1). For instance, the ELBA operated by NRI-10 routinely 
achieves resolutions of milliarcseconds (mas) on strong radio sources. 

Table 1. Some Current Ground-Based Radio and Submillimeter In 
struments 

Name 
VL.4 

VLBA 

Merlin 
OVRO” 
BIMA* 
IRAM 
SCUBA 

Description 
interferometer 
27 25-m dishes 

Wavelength m .5c sensitivity t resolution etc.i 
21.6,3.6cm; 40,20,1O/lJy; depends on config., 3”easy 

continental interferometer down to 7mm; - 15o/Jy down to 0.3 mas 
10 25-m dishes 

UK interferometer down to 1.3 cm 5OpJfJ 50 mas at ,5 GHz 
6 10-m dishes 2.7, 1.3mm 0.3, 1 m.Jy to 1” 
10 6-m dishes I, - 1naJy to 1 
5 15-m dishes I, 0.3 mJy at 1.3 

l/2” 
mm 

91-element bolometer 850 or 4.50 p; - 3mJy at s5op 
to l/2” 

15”pixels at 850 /1 
array 

‘To be combined to form C,\RMA. 
+Lest anyone get upset: these are not necessarily calculated for the same observing time or 
optimum conditions, but for reasonable values. 

In addition, detector sensitivity is quite high, reaching to within a factor of 
few above the fundamental quantum limit of detector noise. High resolution is 
achieved by the use of interferometry or aperture synthesis. That technique has 
now been extended to the millimeter wave regime by two arrays operating in 
California. OVRO and BIM-4, and one in France (IReAM): all precursors to the 
joint European-US ALKA array to be constructed over the nest decade in Chile. 
I will hap-e more to say about ALhI- below. At submillimeter wavelengths, co- 
herent detection has not been much used to date, because bolometers now offer 
higher sensitivity in the continuum. Bolometers are not suited to either inter- 
ferometry or high spectral resolution. X major advance in the last few years 
has been the move from single element submillimeter detectors to dense-packed 
bolometer arrays, like SCUBX. Each pixel in a SCUBX map is a measurement 
made by an independent detector, just as for an optical CCD image. The prob- 
lem: of course, is that the much longer wavelengths ins-olved in submillimeter 
astronomy constrain the resolution available. Ideally, one would like to employ 
interferometric techniques on the high frequency side of the “valley of death.” 
and that is the promise of ALW-A. 

What angular resolution is needed for the task of detecting high redshift 
oalasies’? Our work (SSlndhorst et ~1.. 1993) shows the median angular scale b 
of gala,xies as measured in the radio to be 6l”for faint sources, in reasonable .” 

‘Frequency ugil&y is-a problem, since radio detectors function only over a restricteLI freqrlellcy 
range. 
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agreement with the size of the high redshift objects seen in high resolution optical 
images: e.g., the HDF. So resolution of the order of O.l-0.3”would be ideal. 
Resolution of the order of 1” will be necessary simply to permit unambiguous 
identification with optical objects. See Table 2 for design goals. 

4.1. The Green Bank Telescope (GBT) 

The first new instrument I mill discuss is a 100 meter diameter filled aperture 
(continuous collection area) telescope potentially usable to frequencies as high 
as 115 GHz (A N 3 mm). The angular resolution at the highest frequency will 
be 7”, or Is-1S”at A=: mm, where it will first operate. The huge collecting area 
will make it very sensitive, but images will need to be built up point by point. 
However, since it is not an interferometer, extremely wide bandwidths can be 
used in the receivers, increasing its overall flus sensitivity. It will initially be 
equipped with a a-horn array operating at w-7 mm followed by a 2-horn receiver 
at 26-40 GHz. These receivers will be able to detect the .J=l-0 line of CO at 
redshifts 1.9-3.4, covering part of a relatively “dead” zone for optical redshift 
determinations. GBT will survey too small a solid angle to find many high 
redshift objects, but will be very powerful in determining their redshift. 

Table 2. Some Future Ground-Based Radio and Sub-NM Instruments 

Name Description Wavelength sensitivity f resolution etc. t 
Upgraded VLA up to 35 6m> X >6mm; see text; depends on X and config., 

25-m dishes m.5 pJy l”easv 
GBT loo-1x1 dish down to 3mm; - 10&7y N 20"(X/Cm) 
Sbl.4 S 6-m dishes x N 0.4 - 1.5mm - 1rnJy to 0.2" 
r\LMA up to 60 all atmospheric see test; depends on Y and config. 

10-12-m dishes windows - 1OpJy 0.2"easv 
1 cm > x > 45op 

BOLOCAXI 151 element XNl-2mm; N 200pJy 30”pisels on CSO 
bolometer array 

‘For reason able choices of frequency, configuration and time integration. 

4.2. The VLA (Now and in the Future) 

The VLA; an interferometer of twenty-seven X-meter elements: is the Keck 
telescope of ra,dio astronomy. The VL-1 offers good sensitiv-ity at a limited 
number of frequencies (current surveys, for instance, can detect star-forming 
galasies with SFR=lOO M,T,/yr to z>2), and excellent resolution and positional 
accuracy (recall that the absolute astrometry of the HDF image [Williams et 
al., 19961 relied on our VLA observations [Fomalont et al.: 19971). But VLX 
technology dates from the 1970’s. There are 110~ ambitious plans to upgrade 
the VLX by increasing its angular resolution. the range of frequencies at which 
it can operate and its sensitivity. The last point is of particular importance here. 
The sensitivity of the VLA is limited in part by the bandwidth employed (now 

30 MHz) and in part by the technology of its receivers (only those operating 



at 5.5 GHz are approsimately state of the art, though new receivers are slowly 
being added at 43 GHz). 

Technical Note: I remind you that the sensitivity of an interferometric array 
can be written as follows if we neglect atmospheric absorption: 

where Au is the bandwidth of the correlator employed, At the integration time, 
-4 the area of the telescopes and K the number of elements in the array. -4t 
present, AV is limited to 50 MHZ at the VLi-1; for observations at GHz frecluen- 
ties, that could easily be increased by a factor of 10, and will be in the VLA 
upgrade. T,,, is the receiver noise temperature, a measure of the quality of the 

receiver. A4s a rule of thumb take T,,, = 30 (&)f K at best. 

The upgraded VLA will offer better resolution and positional accuracy than 
the current instrument, essentially complete frequency coverage from 50 MHz to 
50 GHz, and at many frequencies up to 10 times higher sensitivity. The NRA0 
staff planning for the VLA upgrade have estimated its sensitivity to star-forming 
galasies if measured at 1.4 GHz. For a star formation rate of 10M,a/yr. (as 
for X:152): the renewed VLLX could detect gala,xies to z - 2.5; for lOOM@/yr. to 
z rv 5 (current sensitivity allows a similar search to J N 2; Richards, et al., 1999). 
Since we believe the bulk of star formation occurs at redshifts z<5: and probably 
z<2, the upgraded VL-4 will basically be able to detect the great majority of 
star-forming galasies and to determine their position to high precision. 

4.3. BOLOCAM 

BOLOCAM, like SCUBA and other submm instruments currently in use: is an 
array of bolometric detectors. Bolometers owe their sensitivity to the large band- 
width they can employ. The flip side of that statement is that their sensitivity 
per unit bandwidth is often substantially less than that of coherent receivers, 
so they are not well suited to spectroscopy. BOLOCAM’s strength Lies in its 
ability to detect dusty, star-forming galasies at large redshift (see its Web page, 
http://www-lmt.phast.umass.edu/ins/continuum/bolocam.html). Its 
151-pixel array covers a far larger portion of the sky than SCUBA; when used at 
the Caltech Submillimeter Observatory, and at its shortest operating wavelength 
of 1.1 mm. each pixel will have w30”diameter on the sky. Planned sensitivity 
per pixel is high, ~20O/~,Jy, or several times lower than SCUBA4. 

I would like to make a cautionary remark about BOLOCAX (and indeed 
other bolometric arrays as well). ‘They will be very good at finding objects, 
but less good at identifying objects. because of their limited angular resolution. 
Thus whenever BOLOCXM identifies an interesting 1.1 mm source, follow-up 
observations will be needed to refine its position and to determine its spectrum. 
I hasten to add that this is not a great drawback: in a sense, the same process 
was fruitfully followed with the SCUBA observations of Hughes et al. (1998) and 
Barger et ul. (1X@), as Blain mentions here. As this cautionary remark suggests. 
the ideal instrument for the detection of high redshift. dusty objects would be 
one that combines high sensitivity at high frequency with high resolution. That 
is _ALM-A. 
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4.4. ALMA 

1-1 major ingredient in the plannin g for the US MMll and the European LSX 
was high redshift studies. The two planned millimeter arrays have now been 
merged to form -4LMI-1, an immensely promising instrument that combines high 
resolution, high sensitivity and good performance at submm wavelengths where 
star-forming systems are bright. It will operate in all the atmospheric windows 
from X=1 cm to d5Op with sensitivity close to that planned for the upgraded 
VLA at much longer wavelengths. 

Next, let’s look at its ability to detect high-z galaxies. Fig. 3. shows a 
simulation of an ALMA deep survey by Min Yun of NRAO. As it shows, ALMA 
should detect N 100 sources per arcmin2 or N 100 times the surface density seen 
by SCUBA. Our confidence in these simulations is bolstered by the promising 
early counts from SCUBA (Hughes et al., 1998; Barger et al., 1999). 

Not only will ALMA find high-z gala,xies (and with much better positional 
accuracy than bolometer arrays), it will be able to measure redshifts. Silk and 
Spaans (1997) have shown that even high order rotational lines of CO (e.g., J = 
6-5) will be strong enough in starburst galaxies to be detected at z = 10 or more 
in one or another of ALMA’s frequency bands. The only difficulty will be in 
determining which CO line one has detected (and for that the approdximate red- 
shift given by the radio/submillimeter flux ratio may suffice). At high redshifts, 
the 158~ carbon line may be a useful indicator as well. 

Finally, a wrinkle optical observers may not fully appreciate. Interferome- 
ters can produce 2-d images of arbitrary spectral resolution (no need for slits, 
fibers or masks). An excellent example is the J=3-2 CO line seen in the redshift 
2.8 galaxv SMM02399-0136 (Frayer et al., 1998). Fig.4a shows a spectrum of this 
galaxy ai you’re used to seeing spectra (and pretty shabby it is). Fig. 4b. shows 
images at different frequency slices around (345 GHz)/(z + l)-much more con- 
vincing and informative. Spectral images like this will pour out of ALRIIA. This 
ability to determine redshifts without recourse to optical astronomy may be a 
crucial element in the characterization of high-z, star-forming galaxies. 

5. What Will These Instruments See? 

I have emphasized the ability of radio and submillimeter instruments to detect 
continuum and even line sources to high redshifts. But there is little point in 
arguing that an instrument can detect a starburst galaxy at z=lO if there are 
no galaxies at such high redshifts. We need to ask, for instance, what fraction 
of sources at radio and submillimeter wavelengths have we &ready detected? 
If: as others have noted here, the bulk of the FIR background has already been 
resolved, the scientific yield from the new instruments may be less than we hope. 
On the other hand, there is the equally important question: What fraction of 
the sources we may discover in the radio and submillimeter regime are entirely 
invisible at the optical? 

How close have radio and submillimeter surveys come to seeing the bulk 
of all sources? More formally, at what flux density do the source counts begin 
to converge, that is to have dN/dS going slower than S-l? Windhorst in his 
paper here presents some arguments for this convergence; see also Haarsma and 
Partridge (1998). in which we argue that the convergence will be reached at 
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Figure 3. Simulation of the Hubble Deep Field as ALM\/IX would see it 
at 850~ (Min Yun, private communication). Spot size is image bright- 
ness (log scale). 
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Figure 4. (a) C onventional spectrum of the CO(3+ 2) line of 
SMM02399 at ~~2.5. (b) Frequency slices of the image of the source 
in N 100 MHz steps about the frequency 345 GHz/(ztl). Both from 
Frayer et uZ.,( 1999). 

S--1pJy at 8.5 GHz, corresponding to S -2pJy at 1.4 GHz in the radio. The 
argument we use is that if the source counts converge at a much lower value 
of flux, the surface brightness of the radio sky would be too high. -4 similar 
argument can: of course, be made in the submillimeter regime. Haarsma and I 
do so: suggesting that counts at X ~200,~~ must converge by about 1mJy. We 
based our argument on the correlation in flus between radio and FIR fluses. 
However, the same argument for convergence can be made directly from the 
submillimeter source counts (e.g.: Puget et al., 1999; who suggest convergence 
must set in by SNlOmJy at X = 175~~, a stronger constraint). 

Before I leave this topic, I want to emphasize that the statement that radio 
source counts converge at -1k~Jy does not mean that no interesting radio sources 
lvill be detected at lower flus values. The argument is a weaker one: that by 
the time we reach -1 /IJ~, we will have essentially entirely resolved the radio 
background into discrete sources. It is worth asking what the area1 density of 
sources at the convergence point will be. It is N 3 x 10” per steradian, or an 
average separation of - 14” if Haarsma and I (199s) are right. The upgraded 
\-LA will have the sensitivity and the angular resolution both to detect and to 
resolve radio sources down to this convergence limit. 

To me. a more interesting question is whether there are a substantial number’ 
of radio and submillimeter sources entirely invisible in the optical with present 
technology. n-e know that some radio sources detected at S.5 or 1.4 GHz are 
unidentified even in deep Hubble exposures. Windhorst has discussed this point 
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in more detail in this volume. The same claim is made for some of the SCGB_A 
sources (see papers by Bla,in and Cowie here ). 

Technical Note: As a salient example, the optical identification of the strongest 
SCUBA source in the HDF is still subject to some uncertainty (see the preprint 
by Downes et al., 1999). The SCUBA4 team (Hughes et al., 1998) identified their 
source HDF 850.1 with a galaxy at redshift of 3.36, in part on the plausible 
basis that the ratio of fluses at their two wavelengths, 850~1 and 4501~ suggested 
a high redshift. That identification was later disputed by Richards (1999) who 
suggested an ISO-VII-1 source at 2=0.3. Using IRAM, Downes et al. (1999) 
were able to pinpoint the position of HDF 550.1 and argued that it is associated 
with a faint arc-like pair of optical sources 0.8” away from the radio position. 
In fact, as their image shows, even that identification could be questioned-is 
it possible that the single brightest 850~ source in the HDF remains optically 
unidentified? 

Given the important role of dust obscuration, it is entirely plausible tha,t 
some radio and submillimeter sources might not be visible in the optical. Two 
consequences follow. The first is that estimates of the star formation rate as a 
function of redshift (Madau et al.; 1996) based on optical measurements may well 
underestimate the total amount of star formation, particularly at high redshifts 
where rest-wavelength GV is bein, * observed. This of course is a well-known 
issue and attempts have been made to correct for dust obscuration (Madau 
et al.:199S; Calzetti and Heckman, 1999; Steidel et a1.,1999; also Dwek’s paper 
here). Here I want to point out the advantage of using radio observations, which 
are entirely unaffected by dust obscuration, to recalculate the Madau diagram: 
my postdoc, Debbie Haarsma, has done just that using radio fluxes and redshifts 
for the HDF and other regions where sensitive radio surveys are available. Her 
results, at least for low redshifts, are shown in Fig. 5. They agree well with 
other estimates of the star formation rate for z<2, but tend to lie somewhat 
higher? as we might expect from the argument given above. 

In addition, our normal reliance on optical astronomers to determine red- 
shifts may not work if the sources are invisible or barely visible in the optical. 
Hy can speak to that, having tried to determine the redshift for one of our 
“unidentified” HDF radio sources. It took all Hy’s skill (and Dan Stern’s) and 
a hefty amount of Keck time to find a redshift for this source. Both photons 
agree with z&.4 (Waddington, et al., 2000). In the future, it may be that we 
radio astronomers will have to solve our own redshift problems, for instance by 
using CO lines as noted above. 
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Abstract. 
Infrared observations are crucial for studies of high redshift gala,ties. 

I summarize the capabilities of three future infrared space observatories: 
and give a few examples of applications to the study of galaxy formation 
and evolution. SIRTF, with its 85 cm, 5.5 K telescope, will be launched 
in December 2001, providing natural background limited imaging from 
3 - 1SOpm and spectroscopy from 5 - 40pm over its expected 5 year life- 
time. The Sext Generation Sky Survey was a proposed (but not selected) 
Sledium Explorer surveyin g the entire sky at 3.5, 4.7, 12 and 23LLrn with 
a thousand to a million times better sensitivity than previous all-sky in- 
frared surveys. The larger (3.5 m) but warmer (70 Ii) Far Infrared and 
Sub-mm Telescope is planned for launch in 2007, providing imaging and 
spectroscopy from 80 - 670LLrn over its 3 year lifetime. 

1. Introduction 

Hy Spinrad’s career intersects with my own life in several important ways: my 
parents met in International House, the site of this conference, in the year Hy 
came to Berkeley as a freshman. In fact the only time in Hy’s astronomical 
career away from Berkeley was a 2 year stint at JPL, when he was one of the 
first three people hired into the JPL astrophysics group - the group in which 
I plan observations of high redshift galaxies with the Space Infrared Telescope 
Facility (SIRTF) today. I began working on SIRTF with Hy’s sponsorship at 
Berkeley a dozen J-ears ago. 

I performed some archival research on Hy’s years at JPL and came across the 
image shown in Figure 1. The data were obta’ined in 1963, making the lookback 
time over half Hy’s current age. It is evident that Hy is among the more luminous 
members of the astronomical community, since he’s evolved relatively little since 
then. -All the major features seem to be in place. although the bar structures 
are more pronounced. 

2. Infrared Observations and Galaxy Formation 

There are several fundamental reasons why infrared observations are crucial 
for studies of galaxy formation and evolution. These include the cosmoldgical’ 
redshift. the ubiquity of the H- ion as a dominant opacity source in stellar 
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Figure 1. Hyron Spinrad at JPL in 1963 

populations, and the importance of dust in modulating the spectral energy dis- 
tribution of star forming regions. Such considerations have motivated a wide 
variety of planned and proposed space infrared missions: including the three I 
discuss here: SIRTF, ZGSS: and FIRST. 

It is almost a tautology to state that infrared data are necessary to under- 
stand evolutionary effects in high redshift galasies. Comparisons of gala,xies at 
different lookback time must be made at constant rest frame wavelengths to be 
meaningful. For starlight the most relevant wavelengths are from the Lyman 
break at 912-l to the CO absorption bands at 2.3kLm. 

The Lyman break technique has now been extended to the point (3 2 7) 
that galasies at the high redshift frontier are undetectable without infrared 
observations (Lanzetta et al. 1998, Dickinson et al. 1999). The Lyman break 
technique samples rest frame UV light emitted by the hottest stars and hence 
is an excellent guide to unobscured star-forming populations. Extending this 
technique to even higher redshifts is likely to require NGST. 

But the spectra of the garden variety stars and gala*xies we know most about 
peak in the near infrared. because of the H- opacity minimum at 1.6pm [John 
1988). Identify-Q large samples of high redshift gala>xies in the rest frame near 
IR has been one of the defining scientific programs for SIRTF (see Figure 2). 

Finally-. star formation. at least locally, is strongly associated with dust .i ‘1’ 
and hence xvit,h high levels of G\- extinction. Meurer. Heckman, si Calzetti’ 1.’ : 
(1999) and S&de1 et al. (1999) have used the correlation of IX spectral indes’ s.: ‘: ‘.-:- 
with far IR .emission to estimate that extinction corrections to estimates of ..’ * ” 
the global star formation rate are a factor of 5. Recent far-infrared detections 
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Figure 2. hIode spectra as a function of redshift for a maAximally old 
L’ galaxy in which all stars formed in an instantaneous burst at J = cc, 
and evolve passively thereafter, in an H, = 50, q0 = 0.1 cosmology. The 
flus is normalized to 141~ = -35.1 today (Gardner et al. 1997). -4.1~0 
shown are the IRAAC sensitivities (lo in 500 seconds). 
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Figure 3. ’ , Model spectra of an IR luminous galaxy at various red- 
shifts. from Guiderdoni et al. (1999). Xlso plotted are the sensitivities 
of various e,tisting and proposed instruments. 
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of the cosmic background (Hauser 1998): and far-infrared and submillimeter 
detections of field galaxies with IS0 and SCTiBX (Iiawara at al. 1998, Puget 
et al- 1999, Barger et al. 1998, Hughes et al. 1998) also hint at a heavily 
dust enshrouded starburst population in the early universe. Whether these 
sources are in fact starbursts or are powered by -4GN, what their luminosities 
are, and what their redshift distribution is, are very much open questions. The 
identification and characterization of distant ultra-luminous infrared galaxies 
(ULIRG’s - see Figure 3) requires space infrared missions which directly sample 
the bulk of their bolometric luminosity. 

3. SIRTF 

Studies of galaxy formation and evolution have been one of the chief motivations 
for SIRTF since its inception. After many years of conceptual design studies, 
SIRTF has entered its final construction phase (Fanson et al. 1995). SIRTF 
will consist of a O.&meter cryogenically-cooled telescope and three science in- 
struments capable of performing imagin g and spectroscopy in the 3 - ISOLLrn 
wavelength band. With launch planned for December 2001, SIRTF will com- 
plete KAASA’s family of Great Observatories. Large format infrared detector 
arrays, coupled with innovative choices in orbit and system architecture will 
give SIRTF a large increase in sensitivity across its wavelength range, compared 
to previous missions such as IRXS and ISO. Over 75% of the observing time 
during its ~.syear-minimum (5 year goal) lifetime will be awarded to general 
investigators. A call for Legacy Proposals (large projects of both immediate sci- 
entific interest and lasting archival value: and with no proprietary data period) 
is planned for July of 2000. For the most up-to-date information on SIRTF, see 
http://sirtf.caltech.edu. 

Several innovative design features have enabled SIRTF to retain the ma- 
jority of the originally envisioned science capability at a fraction of the original 
cost and mass. SIRTF’s S5-cm aperture Cassegrain telescope is cooled by helium 
vapor to 5.5 Ii. The telescope primary and secondary mirrors are constructed 
of beryllium, ancl the f-ratio of the system is f/12. The telescope is a Ritchey- 
Chretien design, diffraction limited at a wavelength of 6.5LLm. Three science 
instruments share the 32 arcminute diameter focal plane, and are located in a 
chamber cooled to 1.4 Ii by superfluid helium. A major technical development 
of the SIRTF mission has been the implementation of a -‘warm-launch architec- 
ture,” in which SIRTF’s telescope assembly is launched at ambient temperature 
and allowed to cool radiatively (passively) to z 3OIC. and only then thermally 
connected to the helium tank. Only the focal-plane instruments and the com- 
pact liquid helium cryostat are enclosed in a vacuum shell. This has led to a 
dramatic reduction in the volume of liquid cryogen required (360 liters) for the 
Z-year mission. 

-1 Delta 7920-H rocket will be used to launch SIRTF directly into an Earth- 
trailing heliocentric orbit. which drifts away from the Earth at approsimately 
0.1 -AU per year. So orbit corrections or adjustments are envisaged. This 

: orbit removes the thermal load and viewing constraints imposed by the Earth. 
providing much simpler operations than are possible in an Earth orbit. SIRTF’s 
window of visibility on the celestial sky will form an annulus. perpendicular to 
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the ecliptic plane, with allowed solar elongations ranging from SO to 120 degrees. 
All regions of the sky will be visible to SIRTF twice a year, for a minimum of 
N, 40.days each period (at the ecliptic equator). The visibility periods increase 
to 2 ‘200 days per year at an ecliptic latitude of 60”, and constant viewing 
is possible within IO”of the ecliptic poles. -About a third of the sky will be 
instantaneously visible to SIRTF at any given time. 

3.1. SIRTF Instruments 

The SIRTF instruments are the Infrared Array Camera (IRAC - G. Fazio, SAC, 
PI. Fazio et al. 19%); the Infrared Spectrograph (IRS - J. Houck, Cornell? PI, 
Roellig et al. 1998); and the Multiband Imaging Photometer for SIRTF (MIPS 
- G. Rieke, U. Arizona, PI, Heim et al. 199s). 

IR=lC provides imagin g at 3.6, 4.5: 5.S: and S,um, with predicted point 
source sensitivities (~CJ in 500 set) of z 3; 4, 10, and 15~~Jy respectively. All 
bands use arrays with 2562 l!‘r! pixels? with InSb detectors for the two shorter 
wavelengths, and Si:-4s IBC detectors for the two longer longer wavelengths. 
Dichroic beam-splitters allow the 3.6 and 5.Sbm arrays to view the same 511 x 5!1 
field while an adjacent field is simultaneously imaged at 4.5 and Spurn. A shutter 
allows dark current and absolute sky brightness measurements, and its mirrored 
inner surface can also be illuminated by calibration sources. 

The IRS uses a 125” pixel Si:As IBC array and a 12S2 pixel Si:Sb IBC 
array to provide low resolution (R M 50) long-slit (1’ - 215) spectroscopy from 
5 - 4Opm. A second pair of these arrays provides moderate resolution (R z 600) 
echelle spectroscopy with 12” - 22” slits from 10 - 40pm. The low resolution 
sensitivity is N 1 mJy (5~ in 500 set), while the line sensitivity in the echelle 
mode is z 3 x 10-l’ W/m 2, Part of the low resolution Si:As array is used to 
obtain “peak-up” images over two 1’ X 1 !2 fields: one covering 13 - lSpm, the 
other 1s - 26pm. Onboard centroids are determined from these peak-up images 
to offset the source directly onto the selected slit with sub-arcsecond accuracy. 

The MIPS provides imaging over a 5!3 field using a 12S2 pixel Si:As IBC 
array at 24/Lm, and a 322 pisel Ge:Ga photoconductor array at 100pm. A 
2 x 20 pixel stressed Ge:Ga photoconductor array images a 013 x 5!3 field at 
1GOblm. Predicted 50 in 500 second sensitivities are 0.37, 1.4, and 22.5 mJy 
respectively in the three bands (the 160jrm value is limited by confusion). =1 
scan mirror derived from the design proven in ISO’s SWS instrument allows 
sources to be chopped on and off the detectors. The scan mirror also enables 
XIIPS to efficiently survey large areas: by freezing an image of the sky on the 
three detectors for several seconds while the observatory continuously scans in 
the opposite direction at a constant rate. Other settings of the scan mirror 
enable a fully-sampled, higher magnification mode at 7OiLm. and an R KZ 15 
spectral energy distribution mode from 52 - !N/Lm. 

4. NGSS 

The Xest Generation Sky Survey (NGSS) was a proposed N-AS-A Medium Ex- 
plorer to survey the entire sky at 3.5 and G.r;Lrn with a million times better sensi- 
tivity than COBE. and at 12 and 23LLm wit,11 a thousand times better sensitivity 
than IRAAS. E.L. Wright of UCLA was the PI. The minimum 3n point source 
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sensitivities expected for NGSS were 55, 60, 320; and 112OpJy respectively at 
these four wavelengths, and the image quality was specified as 5” FWHM (10” at 
23LLm). NGSS would have > 2x better sensitivity over the 2500 square degrees 
nearest the ecliptic poles due to the lower zodiacal background and increased 
number of passes. NGSS planned to scan the sky in a polar, sun-synchronous or- 
bit with a 50 cm telescope, using the MIPS scan mirror to freeze a 34’ field onto 
four 1O242 arrays cooled with a solid hydrogen cryostat similar to WIRE. i-ll- 
though it was not selected in the current round of Medium Explorers for launch 
in 2003/2001, KGSS may be reproposed in the future. For further information 
see http://www.astro.ucla.edu/NJvright/sGSS. 

5. FIRST 

The Far Infrared and Sub-mm Telescope (FIRST) is cornerstone number 4 of 
the European Space Agency’s ‘Horizon 2000’ science plan. FIRST will perform 
photometry and spectroscopy in the 80 - 670pm range. Using an architecture 
reminiscent of SIRTF, NASA will supply the 3.5 m diameter Cassegrain telescope 
which is passively cooled to < 70 K, while the three science instruments are 
housed in a superfluid helium cryostat. Launch of FIRST on an Ariane 5 into 
an orbit around the L2 point (1.5 million km from the Earth in the anti-solar 
direction) is planned for 2007. FIRST will be a general purpose observatory, 
with a minimum operational lifetime of 3 years. 

The FIRST instruments are the Heterodyne Instrument for FIRST (HIFI 
Th. de Grauuw, SRON, PI); the Photoconductor Array Camera and Spec- 

trometer (PACS - A. Poglitsch, MPE, PI); and the Spectral and Photometric 
Imaging REceiver (SPIRE - M. Griffin, QMW, PI). HIFI offers R = lo3 - lo6 
heterodyne spectroscopy over the 110 - 625pm range, using Superconductor- 
Insulator-Superconductor (SIS) and Hot Electron Bolometer (HEB) mixers. The 
line sensitivity is N lo-l7 W/m2 (50 in 1 hour). PACS uses two 25 x 16 Ge:Ga 
arrays simultaneously covering 80 - 130pm and 130 - 210jlm with full sampling 
at 90 and 180/hm respectively, providing N 5mJy point source detections. As a 
spectrometer PACS covers N 1300 km/set at R N 150, with a line sensitivity of 
- 2 x lo-l5 W/m 2. SPIRE will use bolometer arrays cooled to 0.3K to image a 
1’ x 4’ field simultaneously at 250, 350, and 500/m to N 3mJy. The arrays con- 
tain 3Z2 , 2h2, and 16” pixels respectively, and are refrigerated by a closed-cycle 
3He sorption cooler. SPIRE also includes a Fourier Transform Spectrometer 
operating over a 2’ x 2’ field with adjustable resolution from 0.04 - 2 cm-‘, cor- 
responding to R = 20 - 1000 at 250pm. Figure 4 summarizes the performance 
of the FIRST instruments. Additional information about FIRST can be found 
at http://astro.estec.esa.nl/First. 

6. Future Space n/Iissions and Galaxy Formation and Evolution 

Relative to ISO: SIRTF’s detector arrays provide typically 1 - t! orders of mag- 
nitude better sensitivity, coupled with 1 - 2 orderi of magnitude more pixels. 
The gains of NGSS and FIRST are even more substantial. These gains are suf- 
ficient to bring vast numbers of distant galasies at large lookback times within 
the grasp of the new generation of space infrared missions. 
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Figure 4. Photometric and spectroscopic sensitivity of FIRST in- 
struments. 

6.1. Redshifted Starlight 

One of the defining scientific programs for SIRTF is the study of gala.xies to 
s > 3 by means of deep surveys at 3 - lOpurn. This limit was selected be- 
cause it is apparently beyond the peak in the space density of luminous quasars 
(Schmidt, Schneider, si Gunn 1995). Not only will IRAC’s excellent sensitivity 
in this wavelength region allow such galaxies to be detected (Figure 2), but the 
H- opacity minimum at 1.6pm (John 1988) is expected to be a major tool in 
photometric redshift determination at 1 < z < 5 (Wright, Eisenhardt, & Fazio 
1994; Simpson S; Eisenhardt 1999): since it is a ubiquitous feature of stellar 
atmospheres. 

UV-bright examples of such gala,xies have already been detected by means 
of the Lyman break technique (Steidel et al. 1996: 1999)> and they play an 
important role in the overall star formation history of the Universe (Madau et al. 
1996). By detecting galaxies on the strength of their UV emission! however, LBG 
samples are necessarily biased in favor of those with both active star formation 
and relatively modest extinction. Such samples will not reveal if there is an 
underlying population of galaxies which have already assembled the bulk of their 
stellar mass. In the absence of ongoing star formation, even massive galaxies 
will be too faint in the rest-frame ultraviolet to be picked up by optical surveys. 
The stellar mass already present at an early epoch constrains the star formation 
rate to that point, a quantity which is still uncertain due to the possibility of 
significant dust extinction. Hence an accurate picture of the star formation 
history of the universe can only be determined by making an accurate census of 
(111 galasies: not just star-forming ones with low estinction. Since the luminosity 
in the rest-frame near-infrared correlates linearly with mass (Gavazzi, Pierini. 
si Boselli 1996) and is relatively unaffected by dust obscuration, this is clearly 
the spectral region in which to ma,ke such a census. 

Figure 2 shows that IR.,1C sensitivity is sufficient to sample around the 
rest frame 1.6LLrn peak to z > 3. NGSS could construct a similar sample at 
3 = 1 over 2500 square degrees around the ecliptic poles. Scaling from e<xisting 
1< selected samples, Simpson & Eisenhardt (1999) estimate that IRXC could 
generate a sample containing roughly one thousand z = 3L’ galasies in 100 
hours of observation. Beyond generating a sample selected primarily on mass. 
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Figure 5. Loci of the four gala-xy models discussed in [23] in the 
L, - &I vs A, - BP (3.6 - 4.5pm vs. 5.6 - S.O/sm) color-color diagram. 
The locations of the models at z = 1,2,3,4,3 are indicated. 

IRA4C sampling of the 1.6pm peak can be used to obtain photometric redshifts. 
The 5.8 and 8jLrn IRAC filters were optimized for photometric redshifts of J M 3 
galasies (Simpson & Eisenhardt 1999). If supplemented by comparably deep 
ground-based K data (e.g. with the planned UKIRT wide field camera); XGSS 
could use a similar approach to identify many thousands of J N 1 galaxy clusters. 

As an illustration of how photometric redshifts can be derived from IRAC 
data, Figure 5 shows a 3.6 - 4.5pm vs. 5.6 - 8.Obm color-color plot for the 
galaxy models considered in Simpson & Eisenhardt (1999) in the redshift range 
l< J < 5. It can be seen that the color in the two Si:-4s filters is generally 
able to provide an excellent measurement of the galaxy redshift for J 2 2. For 
1 s z ;5 2, the 3.6-4. 5Lhrn color provides most of the photometric redshift signal. 
Only Model D has a very limited range of colors which might hamper analysis, 
since we are observing the Rayleigh-Jeans tail of a recent starburst with only 
weak metal line blanketing; however: this is exactly the sort of W-bright galaxy 
which would be detected in surveys for UV dropouts, and so this does not pose 
a problem. 

6.2. Infrared Luminous Galaxies 

In the local universe, 30% or more of the bolometric energy of galasies is emit- 
ted at > lO/Lm (Lonsdale 1999: Sanders S; Mirabel 1996). The ratio of IR to 
IX/optical luminosity increases with star formation rate and luminosity, and 
can esceed 1OO:l in extreme cases. As derived from U:V luminosity, both the 
incidence of high SFR galaxies and the global SFR were much higher at J 2’ 1 
than today (Madau et al. 1996). Hence it is plausible to expect that ultra- 
luminous IR starburst galasies such as Arp 220 were also much more common’ 
at high redshift _ 

r 
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Figure 6. Simulated iO/Lrn map of 35 x 35’ region with MIPS (left) 
vs. IS0 (right). 

The detection of the cosmic infrared background (CIB) at 110 and 24Opm 
by DIRBE (H auser et al. 1998) demonstrates that at least half of the bolometric 
energy integrated over the age of the Universe is found in the IR-submm range 
(Dwek et al. 1998). Deep observations with SCUBA reveal a population of 
85OLcm sources with fluxes > 1 mJy which can account for much of the CIB 
[Hughes et al. 1998, Barger et al. 1998), while IS0 surveys to 100 mJy at 
i’isprn reveal a population which accounts for roughly 10% of the CIB (Reach 
et al. 1999). 

Figure 3 from Guiderdoni et al. (1999) plots the spectrum of an IR starburst 
galaxy with luminosity similar to Xrp 220 at various redshifts. The sensitivity 
of a number of e,xisting. planned, and proposed instruments is shown for com- 
parison. 

SIRTF’s MIPS instrument can obtain photometry for sources similar to 
Arp 220 to z N 2, and should be able to identify the bulk of the discrete sources 
comprising the CIB at lGO/lrn. FIRST’s SPIRE instrument will extend this to 
5OOpn with better angular resolution, probin, v more deeply into the confusion 
expected at these wavelengths. Targeted far-IR observations of luminous LBG 
galaxies 011 the one hand, and of SCUBA sources on the other will allow the 
construction of complete spectral energy distributions for these objects, and 
show whether there is any significant overlap between objects which contribute 
to the IX/optical cosmic background and those which make up the CIB. 

The MIPS scan mirror enables large areas to be surveyed efficiently. Figure 
6 illustrates the type of data expected from 24 hours of MIPS observation, as 
compared to the same time with ISO. With its very large arrays. NGSS would 
survey even more efficiently: the mosaic shown in Figure 6 corresponds to a single 
NGSS field. although only at wavelengths 5 23/m. Surveys such as these will 
allow the identification of large enough samples to search for rare and perhaps 
presently unknown classes of objects. 
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Figure 7. Simulated low-resolution IRS spectrum of an ultralumi- 
nous IR galaxy at z = 2 (left), and high-resolution spectrum at z = 1 
(right). 

6.3. Starbursts vs. AGN 

While surveys can reveal previously unsuspected populations and determine 
global parameters, spectroscopy is necessary to understand the physical nature 
of the infrared luminous objects IR surveys will discover. For heavily extincted 
objects with extreme ratios of IR to IN/optical luminosity, the IRS is likely to 
be the only tool to obtain the redshift until the advent of NGST and FIRST. 
Figure 7 shows simulated IRS spectra of an Arp X0-like ULIRG with the low 
resolution modules at z = 2 and with the high resolution modules at z = 1. The 
complete low resolution spectrum would require a few hours of IRS observing, 
while the high resolution spectrum corresponds to 1000 seconds of integration. 

One of the fundamental questions regarding ULIRG’s is whether they are 
powered by starbursts or by AGN. The broad peak at an observed wavelength 
of 23/m in the low resolution spectrum is the rest-frame 7.7pm PAH feature. 
IS0 observations have established that the strength of this feature provides good 
discrimination between the AGN and starburst mechanisms (Lutz et al. 1998). 
More luminous systems tend to have a higher incidence of AGN (and weak or 
non-esistent 7.7Lsm PAH emission). 

i 

More quantitative information about excitation conditions and abundances 
can be obtained by measuring the strengths of the gas-phase emission lines 
visible in the high resolution spectrum in Figure 7. In particular ratios of the 
forbidden neon lines including [NeII] l?.S~m, [KeV] 14.3kLrn: and [NeIII] 15.61.m 
can readily distinguish starbursts, shocks, and AGX; and are very insensitive 
to extinction (Voit 19%). The high ratio of [NeII]/[XeIII] and [KeIII]/[Xe~~] in 
Figure 7 is clear evidence for a starburst. 

Finally, for sources with known redshift, P-4CS mill measure features to 
> 200/Lm, and for sources with adequate flux: HIFI will resolve the velocity 
structure of lines such as [CII] 153pm: which is thought to be the primary 
cooling line in star-forming galasies. 
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7. Conclusions 

SIRTF’s and FIRST’s advances over previous IR capabilities will enable dra- 
matic progress to be made on some of today’s most pressing questions regarding 
gala,xy formation and evolution. In the broadest terms, they will provide the 
data needed to understand the connection between the starlight making up the 
UV/Optical cosmic background and the dust responsible for the CIB. 

Surveys with IRAC will enable the generation of field galaxy samples se- 
lected on the rest-frame 1.6pm peak out to 2 = 4. Such samples are complemen- 
tary to those based on the Lyman break, because they are relatively insensitive 
to dust and to the current star formation rate. These samples will be selected 
approximately on mass, assumin g the local linear scaling of the 1.6iLm peak with 
dynamical mass (i.e., the Tully-Fisher relation) continues to hold at high red- 
shift. By sampling around the rest frame 1.6pm peak, we expect that IRaC will 
be able to estimate photometric redshifts to 10% for gala,xies as bright as L” to 
z > 3. MIPS and SPIRE observations will allow the study of ULIRG’s to z N 3 
and beyond out to > lOO/hrn in the rest frame. The resulting spectral energy 
distributions will define the bolometric luminosities of sources recently found 
by SCUBA, and establish the degree of overlap between the sub-mm and UV 
selected populations. IRS observations will provide redshifts for populations too 
red to measure using ground-based telescopes, and reveal the extent to which 
AGN vs. starbursts are responsible for the ULIRG component as a function of 
lookback time. High resolution spectra of more luminous sources with HIFI mill 
reveal the temperature, density and kinematics of the high redshift ISM. 

Finally, with these advances in the capability, it is highly likely that previ- 
ously unsuspected phenomena will be discovered. The first opportunity for the 
astronomical community to make such discoveries is fast approaching: the first 
proposals for SIRTF time will be due in September 2000, with launch a little 
over a year later. 
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Abstract. Deep imaging x-ray observations are probably the best way 
of detecting high-redshift active galaxies which are, presumably, embed- 
ded in high-redshift galaxies. We review the present x-ray data on faint 
sources and the capabilities of Chandra and XMM for the high-redshift 
universe. We briefly discuss the exciting possibility of directly detect- 
ing the formation of galaxies by observing the cooling of gas in potential 
wells. 

1. Introduction 

Why should one be interested in using high energy astrophysics to study the high 
redshift universe‘? The answer is clear - there are several fundamental problems 
that are best studied using x-ray data and a few for which x-ray astronomy is 
the only way to obtain reliable results. 

1.1. The first quasars ? - Massive Black Hole (MBH) formation and 
evolution 

It is now thought that MBH (massive black holes) and gala>xies “grow up to- 
gether”. This realization that the formation and evolution of massive galax- 
ies and massive black holes is intimately connected is not ‘new’ (Canuto 1977; 
Meszaros 1975 ) but the impact of recent discoveries (Magorrian et al. 1998; van 
der Maerl 1999) has rejuvenated the field. To quote Roger Blandford (1999) 
.: . ..although nuclear activity has hitherto been regarded as a sideshow it now 
seems distinctly possible that the formation of a black hole is knked to the early 
evolution of its surrounding galaxy. " However it is not yet clear what is the 
chicken and what is the edo 0~ - that is does the galasy or the massive black hole 
form Y&t’. In some sense it is unimportant since searching for the first MBH 
is probably also searching for the first galaxy. The question of how to look for 
these ‘early’ MBHs has received considerable recent effort (Djorgovski 1999. this 
symposium). 

If these objects can be found and are of sufficient brightness then these Hy-3 
-4GN can also be used as probes of the IGM out to the highest redshift. It is 
likely that the evolution of MBHs has a strong influence on the IGM heating 
and ionization and the high energy component maybe crucial (Madau & Efs- 
tathiou 1999). The effects due to MBHs may also be critically important for 
the feedback between energy injection. and the cooling so crucial for models of 
gala-xv formation (Haehnelt et al. 1999) and in being a major contributor to 



the total energy budget of the universe (if for example a major fraction of the 
luminous SCUBA sources are -4GN - see contributions by Cowie and Blain in 
this symposium). 

1.2. Why bother to use X-rays to find High-z AGN? 

The s-ray emission from *AGN is ubiquitous and ~10% of the bolometric lu- 
minosity appears in the x-ray band, with the fraction of energy in the x-rays 
increasing in less luminous objects. There do not appear to be AGN that do 
not shine in the 2 - 2OkeV band (Laor et al. 199i’). The ‘contrast’ between the 
nucleus and galaxy in the x-ray band is extremely high, even for low-luminosity 
AGN and thus x-ray emission from the nucleus is easy to see even for objects 
as low in total luminosity as 3 X 103' ergs Se1 (at lower luminosities there is 
the possibility of confusion from luminous x-ray binaries and stellar-mass black 
holes). As opposed to the optical (where stellar light is a major contributor), the 
UV (where light from young massive stars often dominates), the IR (where dust 
re-radiation from massive stars dominates) or the radio (where emission from 
H II regions? young supernova and other indications of rapid star formation are 
often very important), there are very few sources of radiation that can confuse 
the issue in the s-ray. Again to quote from Blandford “...most of the growth 
of lower mass black: holes could have been rendered invisible by the presence of 
stellar light.” 

Point-like s-ray emission is much easier to recognize as being caused by 
‘low’ luminosity -$GN in the x-ray band than in the IR/optical/radio. Using 
our surveys of the low redshift universe as a guideline, if the total integrated 
x-ray luminosity of a small (< 20 kpc in size) object is greater than lo-l3 ergs s-i 
the object is almost certainly an AGN. There are, in the low-redshift universe: 
no galaxies with a total (non-AGN) luminosity exceeding this level. Thus even 
without detailed s-ray spectra or imaging the “identification” of the nature of 
the source is ‘clear’. 

X-rays are also rather penetratin,, @ column densities corresponding to -4~ = 
5 (i\iMI M 10~” atoms cnrp2) only reduce fluxes by N 3 in the Chandra and XMM 
bands. This is easily seen in ‘hard’ (2 - 10keV) s-ray surveys where N ‘/2 of 
the brightest objects are highly reddened in the optical and often invisible in 
the UV. At z N 10 the absorber has to be Compton thick (-4~ N 2000!) to ‘kill’ 
the x-ray flus (Fig. 1) . Thus there are no dark ages for very high redshift AGN 
in the x-ray band caused by the Gunn-Peterson effect. X-rays have a ‘reverse’ 
Ly-o forest effect - redshifting reduces the effects of absorption. ‘Thus for a fixed 
flus and column density, high-redshift quasars are easier to detect. This effect 
is similar in sign to (but of smaller magnitude than) that seen for the sub-mm 
sources. 

The space density of s-ray selected AGN is not dropping at 2 > 3 while 
that of optical and radio selected AGN is dropping sharply (Miyaji et al. 1995 - 
see below). The fundamental properties of black holes should not be functions 
of metallicity or environment, but only of mass: accretion rate and black hole 
spin. Since the s-ray flus originates from very close to the event horizon! the 
s-ray properties of high redshift ‘primordial’ black holes should be very similar 
to that of lower redshift objects. ‘This- allows a reasonable calculation of their 
observable properties (Haiman 9i Loeb 1999). 
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Figure 1. X-ray spectra of two rlGX at z N 10, one with no ab- 
sorption and the other with a line of sight column density of N 
1O24 atoms cnlP2. Notice that at energies greater than 2 keV (observer’s 
frame) that there is no reduction in the source flux. The effects at lower 
energies are much larger. 

The combination of these properties allows sensitive searches in the x-ray 
for ‘primordial’ black holes and may make the s-ray band the ‘best’ place to 
search for these objects. Since primordial black holes are, almost certainly, in 
primordial galasies the s-ray band may be the ‘best’ way to search for these 
objects. 

2. What do we/should we have known by now from the present 
generation of x-ray surveys? 

While the apparent redshift distribution of serendipitous s-ray sources shows 
a cutoff at J 25 4 the distribution of flus vs. 3 indicates that this cutoff is 
artificial (Fig. 2). Based on the observed distribution of redshift vs. flux there 
should be ALLY z > 4 quasars in the Rosat archives. Many of the faint 
Rosat sources are not ‘classical’ AGN and often have redder colors, and narrow 
J3almer lines (Schmidt et nl. 1998). It is the presence of weak high ionization 
lines? like Xe v: that indicate that the optical flux is originating in an active 
nucleus. The area1 density of these objects is rather high, exceeding 900degg” 
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Figure 2. Redshift distribution in the published samples from deep 
Rosat fields. 
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Figure 3. Luminosity vs redshift of serendipitous active galaxies in 
the Rosat deep surveys. -All of these objects are less luminous that 
3C 273 (L(z) z 1f.P.” ergs s-i). 

the s-ray band and the lack of numerous populations of x-ray bright stars and 
galasies. At the flus levels of these surveys most (Z 80%) of the sources are 
XGX rather than stars or galasies, but the optical colors of these objects are 
not unusual and thus they are not found in color-selected UV/optical surveys. 
The vast majority are not radio sources: however the strong correlation between 
radio, optical and x-ray flux ~UOWS easy selection of Bl Lac objects in these 
surveys. 

These results are obtained primarily from the deepest Rosat observations7 
which reach F(z) E 3 x 10-r” ergs crnp2 s-r and which use both of the Rosat 
detectors - the PSPC and the HRI. This flus level is roughly the confusion 
limit for the PSPC (which is the more efficient of the two Rosat detectors). 
For the HRI (which has better spatial resolution, but a smaller field of view: 
higher background and poorer quantum efficiency than the PSPC) the required 
exposure to reach this sensitivity limit is over lo6 sets. The effective solid angle 
of the HRI surveys is only z i’O0 arcmin’. -At these high space densities the HRI 
data is required to properly identify the w 10 - 20% of the PSPC sources which 
are confused and to discriminate extended from point-like sources. Surveys 
in the harcler 2 - 10keV band have not gone nearly as deep because of the 
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poorer PSF of the ASCA and SXX telescopes used for these surveys. However! 
with a higher area1 densityr, the number of sources at a given flux level is 
larger. The identification of these 2 - 10 keV selected sources is proceeding 
slowly (Georgantopoulos et al. 1999; Ueda et nl. 1999), with a fair fraction of 
the proposed identifications being Seyfert II or “narrow line” galasies mostly at 
low redshifts (z < 1). 

3. The Next Generation 

How sensitive are Chandra (launched on July 23 1999!) and XMIM (December 
1999 launch) compared to Rosat? With a HPD beam of M 14” but a net collect- 
ing area ru 10x that of Rosat and factor of five larger bandwidth XMM reaches 
the Rosat PSPC confusion ‘limit’ of M 3 X 10-l” erus cmF2 s-r in exposures of 
< 10 ksec: however it is not clear (dependin g on the bpoorly known log N - log S 
law in the 2 - 10keV band) how faint XMSI can go (Fig. 4); while with a 1.3” 
90% encircled power Chandra is ‘never’ confusion limited and its sensitivity limit 
is N lo-r6 ergs cmm2 s-r in exposures Of Z 200ksec (depending on the detector 
background). ‘Thus in almost every esposure XMM will reach the Rosat deep 
survey limit and provide coarse spectral data on these objects over a 30’ diam- 
eter field of view. In the very first Chandra deep surveys (to be done in the 
early fall of 1999) the x-ray log N - log S will go an order of magnitude deeper 
than with Rosat. With the absolute position uncertainty of < 1” and a relative 
error of < 0.25” the correspondence between Chandra sources and those in other 
wavelength bands should be ‘easy’. The flux limits are given in Table 1. 

Table 1. X-ray luminosity limits for two different cosmologies at 3 = 
5 and Ho = 65 km s-r Mpc-r 

Q,,[ = 0.2, A() = 0.8 Q.b[ = 0.05, 110 = 0 satellite 

2.7 X 10“’ ems s-l 
1.8 X 10d4 wk3 s-l 

9.3 x 10’” ergs s-r XMM ‘confusion’ limit 

0 6.3 x 10’” ercs s-r b Chandra 100 ks limit 

For reference the Seyfert galaxy NGC 5545 has a x-ray luminosity of - 
10b4” ergs s-r and the quasar 3C 27’3 N 104’ ergs s-l. 

At redshifts of J = 3 Chandra can detect objects 30 times less luminous than 
those sh0K-n in Figure 3. Based on the Rosat optical to x-ray flux correlation the 
optical counterparts of the Chandra sources will have R M 25mag (z 20nJy) 
and require NGST for spectroscopy (since they would be invisible at X < 1 jbrn). 
Most of the optical counterparts to the x-ray detected objects are expected to 
be very red: as in deep Rosat observations, and thus these limits are misleading. 
It is not entirely clear what the magnitudes and colors of the Chandra sources 
should be. but they will clearly be at the limits of ground based work. At the 

: ‘F or a E-2 photon index spectrum typical of 10s~ redshift AGN there are roughly three times as 
many sources per urlit solid angle in 2 - 1OkeV than in the 0.5 - 2 l<eV band. 
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Figure 4. XM.M sensitivity in different spectral bands as a function 
of exposure time (XMM SSC 1999). The horizontal dotted line is one 
estimate of the source confusion limit. 

masses expected for high-z MBH formation of 41 N 10’ - 10’ Ma, Chandra 
can detect these objects at s N 5 if they are radiating at even 0.1 - 0.01 of the 
Eddington limit. 

Angular Accuracy: Chandra should have relative positions < 0.25” and ab- 
solute positions < 0.5” over its li” X 17’ FOV and XMM should have relative 
positions < 0.25” and absolute positions < 2” thus allowing unique counter- 
parts to be identified in all wavelength bands. The Chandra positions will allow 
placement inside high-s active gaJa.xies to exa,mine whether the earliest massive 
black holes are at the centers of the optical images. The Chandra PSF with a 
FWHM of M 1/4” and the extremely low background rate (roughly 1 count/day 
per PSF) means that only 10 photons are required for source detection and po- 
sitioning. XMM will also have a W-sensitive optical monitor which can reach 
23rd magnitude which will allow better absolute positions to be determined for 
the x-ray sources. 

What can we learn about these ‘putative’ objects? -It a flus threshold of 10-l’ ergs CIII-~ s-l. 
SSfM should detect roughly 100 objects/sq degree: and can derive the x-ray 
cross spectral parameters of these objects such as the power law indes and the 0 
effective column density of absorbing material. The observed column density de- 
pends on the (possibly unknown) redshift. and s-ray spectral data of sufficient 
signal to noise for large column densities (> 6 x 10Z2 atoms cm-“) can estiniate .. 
the redshift at z N 10 to z 415% accuracy. Since the transformation of effec- 
tive s-ray column density to hydrogen column density is metallicity dependent 
and the redshift estimate depends on the presence of oxygen and iron A-shell 
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absorption edges: information on the abundances in the absorbing gas can be 
obtained. For the detection of x-ray emission lines and precise x-ray redshifts 
we will have to wait for Constellation-X for these weak very high-s objects. 
However brighter objects at a flus of z lo-l3 ergs crnm2 s-l, if they have x-ray 
spectral features similar to that of low redshift Seyfert gala.xies, can have their 
redshift determined to AZ = 30.04 at z = 0.3 in 50ksec exposures with XMM. 
X search for optical counterparts will be difficult. especially if the objects are 
absorbed and the sub-mm may be preferred if accurate position are possible. 
With the large expected samples (there should be over N 1000 objects/deg2 for 
Chandra) the space density, luminosity function and evolution can be estimated 
reliably and Chandra and XXVI will provide the first detailed census of AGN 
to 3 > 5 with minimal selection effects. 

While x-rays are a good way of finding and studying active galasies at all 
redshifts? they are a ‘relatively’ poor way of finding high-redshift star formation: 
since the x-ray to optical ratio of rapidly star forming galasies is 100 - 10” less 
than for AGN (Iwasawa. 1999) and thus x-ray selected samples of starbursts tend 
to find ‘hidden’ AGN instead (e.g., Ptak & Griffiths 1999 for the spectacular 
discovery of an XG1\; in the extremely well-studied galaxy MS2). Therefore the 
combination of far-IR and x-ray samples allow the ‘splitting’ of the observed 
energy budget into AGX and star formation which is not easily accessible in any 
other way. Since the only other way of determining the distribution of absorbed 
XGN is in the radio, the fact that only 10% of AGX are “radio-loud” while es- 
sentially 10070 are x-ray loud, makes surveys for AGN in the radio, necessarily, 
incomplete. In fact, if N 10% of the SCUBA sources are indeed radio-loud -4GN 
(Yun, Reddy & C d on on 1999 in prep) this may indicate that the majority of the 
sources are -AGX\;!! If indeed these objects are AGX or superstar bursts detailed 
spectroscopy with Constellation-S 
(http://constellation.gsfc.nasa.gov/booklet/execs~.html) 
will determine their character. It seems likely that many of these objects 
will be composite (like the famous AGN/starbursts in the Circinus galaxy and 
KGC 1945) and thus the combination of x-ray spectroscopy with Constellation-S 
and IR imaging and spectroscopy is the only way of understanding these objects. 

4. Clusters and Groups of Galaxies 

For extended sources the flux limits that Chandra and SMU will attain are 
similar to those of the point sources as long as the size is less than 1’. However 
cosmological evolution should make massive clusters much rarer at high-s than 
-AGX. In a hierarchical Q.l,[ = 0.3 universe. massive clusters do not collapse until 
2 < 2 and should not esist at all at z > 4. From an observational point of view it 
is difficult to detect s > 1 clusters in almost any wavelength band (Mushotzky 
1999) but much progress has been made in the 0.3 < 3 < 1.3 redshift range 
(Tanaka et al. 1999; k*ee. Gladders & Lopez-Cruz 1999). However at present the 
number of.confirmed clusters at z > 1.3 is ZERO (but see Dickinson et al. 1999 
for a possible 2 z l.‘i object). Preliminary R&at results (Hasinger 1999 prize 
conzm.) indicate a possible 3 z 1.6 cluster based on the esistence of an extended 
Rosat HRI source in the Lockman Hole deep survey field (Hasinger et al. 1998) 
and the colors of the faint gala,ules in the error box. However no spectroscopic 
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reclshifts are available. Given the small solid angle of the Rosat deep survey and 
the relative insensitivity of the Rosat HRI to extended sources this may indicate 
that high redshift clusters are rather common! If this is true XMM and Chandra 
can find clusters at 3 >> 2 since both of these missions are much more sensitive 
to extended emission than is the Rosat HRI [by factors of 10 - 100 depending 
on source size). It is not clear how one can “get really Hy” (e.g., z > 4) with 
direct detection of s-ray cluster emission unless the universe is a lot different 
than presently thought since these massive objects are not expected to e,tist at 
2 - > 7!! 

However s-ray (and Sunyaev-Zeldovich) surveys will provide the largest and 
most robust samples of massive objects to the highest redshifts and determine 
the evolution of the most massive objects in the universe. Because of the large 
volumes one needs to find rare objects like massive clusters; targeted surveys 
of suspected high-.. 7 clusters can be much more efficient than ‘blind’ surveys. 
For example? both XMM and Chandra can ‘easily’ survey for clusters similar to 
3C 324 (Dickinson et al. 1999) to f > 2 in exposures of N 100ksec. In such a 
program XMM\ll’s speed allows a fast search of targeted objects and Chandra’s 
angular resolution allows immediate identification. If such objects are found 
one needs the high throughput of ConsteRation-X to perform detailed spec- 
troscop)- of the systems discovered by XWJ and Chandra in the high-z universe. 
Constellation-X will measure the abundances of Fe at arbitrary redshifts and de- 
termine the abundances of the alpha process elements to redshifts z > 1 (see 
http : //constellation.gsf c .nasa.gov/booklet/missionsci .html#icm). 
Constellation-X will also allow detection of a hot IGM in emission and absorp- 
tion along a reasonable number of lines of sight to high redshift active gal&ties. 
The hot IGM is likely to be a low-redshift phenomenon (2 < 1) but is the natural 
evolution of the highredshift Lyman-a forest. 

5. Direct Observations of the Earliest Systems to Collapse 

One of the “Holy Grails” of astronomy is to find direct evidence for the forma- 
tion of galasies. Since the main physical process is the cooling of gas in the dark 
matter potential \veU. it seems as if the search for the signal of cooling is funda- 
mental. If massive systems (e.g. , gala.4es and groups with &I N lO*l - 10’“&1@ 
and T r~ lo7 Ii) are among the earliest objects in the universe to collapse, they 
should be visible via their s-ray emission and s-ray astronomy may be an im- 
portant step to very high redshifts. In fact, it has been argued (Fabian et al. 
19SG) that cooling flows seen at low redshift are the analog of galaxy formation 
at high redshift. 

Calculations of galaxy formation via coolin g give luminosities of 3x 10A3/tg ergs s-’ 
(where ts is the cooling time in units of 10” years) for objects of mass M rv 
1013 M5 if the gas cools from the virial temperature of the dark matter halo 
(see fig. 3 in White & Frenk 1991; Valageas. Silk & Schaeffer 1999) with the lu- 
minosity scaling with the mass. Since the virial temperature of gala,ties through 
clusters range from lo6 - 10” K the emission should appear in the s--ray band. 
Of course. at higher redshifts the objects will be cooler (the virial temperature 
is lower for higher-s objects of a fixed mass) and appear to be cooler (bec,ause 
of the redshift) and for objects at z > 3 their flus will be strongly affected by 
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galactic absorption. If these objects are forming at 2 N 3 they should be de- 
tectable by Chandra in long exposures and appear as slightly extended sources 
with no reasonable visible counterpart! TO detect this emission at ; N 5 requires 
a sensitivity 19 - 39~ better than that achieved by Chandra and SMM, e.g., 
fluxes of 10-1~ ervs cme2 s-r. This is technically possible and requires a collect- 
ing area of N 5m?‘and an angular resolution of N 2”. In the U.S. s-ray program 
working decadal report (Murray 1999) this mission is called “The Early Universe 
Observer” and XEUS (XEUS team report) in the ESA program. 

While the theoretical situation is rather unclear (for example it could be that 
the gas is dense enough that it cools before it reaches the virial temperature), 
it is clearly possible, experimentally, to detect such objects. These future large 
missions will also allow detailed spectroscopy of the highest-z groups, clusters 
and AGN and will observe the hot IGM in absorption on many lines of sight. 
The sensitivity of these missions is sufficient to detect every galaxy at 2 < 3: 
determine the star formation rate in the universe from measurement of the direct 
metal injection in galactic winds, and find the earliest black holes. 

Acknowledgments. Thanks to the organizing committee for an enjoyable 
meeting, and to -4ndrew Bunker for his help in assembling this manuscript. 
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Abstract. With 1416 large telescopes about to come on line in the 
next 5 years, the future for astronomy looks bright. When one combines 
their capabilities with major (>~OX) gains in HST’s capabilities: new 
submm facilities like -4LWX, space missions like SIRTF and the CMB 
anisotropy probes MAIIAP and Planck, it is clear that the next decade will 
be one where quantum advances in astronomical knowledge are certain to 
occur. Many long standing major problems are, in a broad sense, likely to 
be solved. The nature of the universe from z = 0 out to J N 1, the extent 
to which dust effects our view of galaxy development at high redshifts, and 
accurate values for cosmological parameters are all within reach within 
the next decade. But for those whose are looking to a research career 
extending beyond the nest 5-10 years, one should not despair - the galaxy 
formation puzzle will not be finished - too many loose ends will remain 
(e.g.. the physics of star formation, the epoch and characteristics of the 
earliest stars and metal production, the detailed impact of dust, details of 
the reionization epoch, the mass scales of objects at high redshifts, etc.). 

1. Introduction 

During the last five years we have witnessed explosive growth in the number of 
papers dealing with the universe at intermediate (2 < 1) and high redshift (Z > 
2). Bv dedicating large blocks of 4-m class telescope time, a number of surveys 
have provided quantitative insight into the z < 1 universe (the Canada-France 
Redshift Survey (CFRS - http:// www.astro.utoronto.ca/iilly/CFRS - is a key 
example). But it is with the new facilities, like HST with the WFPC2 camera 
(http://www.stsci.edu): and Iieck, with its efficient low resolution spectrograph 
(LRIS - http:// www.keck.hawaii.edu), plus the recent submm imaging capa- 
bility given by SCUBA1 (http:// wsvTv.jach.hawaii.ectu/JACpub~c/.JC~fT/sc~lba) 
on the JCMT, that have dramatically changed the observational environment 
in which we now work. Since this telescope/instrumental revolution is in its 
infancy, we can espect even greater progress in future. 

We have gone from a period before the middle of this decade where the 
high resolution imaging and routine spectroscopy of redshift t > 1 gala,xies was 
impractical. or impossible. to one where it is almost routine. It is astonishing to 
realize that the la.tter half of this decade: a mere five years. has seen the number 
of gala,<es known at redshifts 2 > 2 expand from a handful to over 900. Steidel. 
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and his collaborators, using the Lyman-limit photometric detection technique 
originally pioneered for QSO detections at high redshift, alone have assembled 
a sample of appro2timately 750 galaxies around z -2.5-3.5. 

2. Science Issues for the Next Decade 

The nest five years should bring even greater gains, and it is likely that our view 
of the universe at all redshifts will be revised before the next decade draws to 
a close, to the point where the issues, and the key questions, are quite different 
from those that face us now. To exemplify this let us consider four areas which 
together pose a major challenge to how well we can understand the nature of 
galaxies at high redshift, and how they formed and evolved. They are: (i) the 
properties of galasy at z = 0; (ii) the values of th e cosmological parameters; (iii) 
the impact of dust on our observations of galaAGes, particularly at high redshift; 
and (iv) the properties of galaxies when the universe was about 50% of its current 
age, i.e., at z N 1. I expect that our knowledge base, both observationally and 
theoretically, will be vastly improved as we near the end of the next decade in 
each of these areas. 

For example, our incomplete knowledge of (i) the properties of galaxies 
at z = 0 remains a major stumblin g block for establishing the degree a.nd 
type of evolutionary changes seen from higher redshift, and particularly from 
s w 1, to the present day. Many issues remain surprisingly uncertain? given 
decades of work on nearby gala,xies. For example, the form of the luminos- 
ity function by type, the distributions of scale lengths and velocity widths, 
and the resulting mass scales, the extent and magnitude of dust extinction in 
gala-ties, are all inadequately known if we are to establish in detail the evo- 
lutionary process from z > 1 to the present day. While many redshift sur- 
veys are underway at the present time, the two largest, the Sloan Digital Sky 
Survey (SDSS - see http:// www.sdss.org), and the southern X=l;r 2dF sur- 
vey (http://mso.anu.edu.au colless/ZdF) should finally characterize, in a sta- 
tistically robust way: the properties of gala,xies in the local universe. A v-ery 
important imaging survey that will provide additional, and complementary, 
data for galaxies in the local universe in the near-IR is the %MASS survey 
(http://www.ipac.caltech.edu/‘mass). 

-Another constraint that complicates progress is our still uncertain knowl- 
edge of (ii), the key cosmological parameters. The resulting uncertainty in 
timescales, for example. makes it difficult to utilize effectively the independent 
results from stellar evolutionary models. Recent work has resulted in a much 
better definition of the Hubble Constant H 0, and the recent trend to a more 
open (or even lambda-dominated) geometry has eased many of the timescale 
problems associated with an r?, = 1 Einstein-de Sitter universe, but substan- 
tial uncertainties remain. Continuing work on distant supernovae, gravitational 
lensing: etc, plus the results from the CMB anisotropy-mapping spacecraft 

: ~ MAP (http://map., f . ws c nasa.gov) and Planck (http://sci.esa.int/planck) should 
remove cosmology as an issue for galasy formation and evolution within‘ the nest 

‘,. ,decade - unless these new missions cause US to rethink our vieiv of the universe. 
A. topic that has been swept under the carpet for many years is-that of dust: 

item (iii) in our list. While many UV-optical observers have begun to try and 
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understand (and correct) for the impact of dust, the scale of the problem has 
been made clear by the recent submm SCUBA results from the JCMT. We may 
be missing a very substantial fraction of the star formation in the universe at 
early- times. The star-forming regions of many (most?) high-redshift gala.uies, 
like some local starbursting gala.xies (e.g., Arp 220)> may be enshrouded and 
largely invisible in the optical, with the short wavelength flux redistributed to 
the submm region. Thus these objects will be missed in the typical optical/UV 
survey for high redshift galasies. Furthermore. recent results also suggest that 
a significant fraction of the submm sources may even be too faint to study at all 
in the optical, and thus many of the sophisticated tools that we have developed 
for analysis of optical/near-IR images and spectra of high redshift galaxies may 
not be usable for these dust-enshrouded, starbursting (and/or AGN enhanced??) 
submm sources. Nonetheless, a number of new submm arrays (e.g., the OVRO- 
BIMX - http//b ima.astro.umd.edu/ and http://www.ovro.caltech.edu/mm/ - 
and ALMA, the Atacama Large Millimeter array - http://www.alma.nrao.edu), 
and new instruments on eliisting facilities (the nest generation SCUBA-like de- 
tectors), will allow us to probe this part of the observational parameter space in 
much more detail. These new observational capabilities will allow us: in all like- 
lihood, to establish the enshrouded star-formation rate as a function of redshift 
over the next decade. 

Finally, there is accumulating evidence that (iv) the galaxy population at 
redshifts higher than z k 1 is significantly different to that at the present day. 
It is striking how similar many galaxies are at z N 0.5-l. especially the lumi- 
nous (-Lx and brighter) population, yet beyond r ry l-1.5 the characteristic 
properties begin to evolve away from those at lower redshift. While this is 
probably not an artifact of two well-known observational effects, namely the 
(1 + zy cosmological surface brightness dimming, and the shift in the obser- 
vational restframe towards the UV, suitable observational checks of the im- 
pact of these effects do need to be made. The development of near-IR imag- 
ing and spectroscopic capability on the ground (e.g., http://www.eso.org and 
http://www.gemini.edu), as well as the IR channel of the new HST WFC3 in- 
strument (http:// . nww.stsci.edu/instruments/wfc3), plus major surveys like the 
UCSC DEEP survey (http:// www.ucolick.org/deep/home.html) survey using 
the DEIMOS spectrograph (http:// www.ucolick.org/ioen/Deimos/deimos.html) 
at the Iieck Observatory. mill provide the means to establish much more quan- 
titatively the nature of the 3 N 1 galaxy population and how it differs from that 
at the present epoch. 

3. Facilities in the Next Decade 

Later, I will address some science issues which I think will remain largely un- 
solved, even with the new observational capabilities that are listed below, but 
for now let me summarize the new facilities that (hopefully) will enable us to 
put these problems largely behind us. 

The gains in general purpose capabilities that will surely be used for the 
above problems are: 

(1) -111 order-of-magnitude increase in the number of large ground-based 
telescopes. from the two Iieck 10-m telescopes used to date plus. in the near- 
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future, the four ES0 VLT S-m telescopes (http://www.eso.org) to some 14-16 
large (2 6.5 m) O/IR telescopes (roughly evenly split north and south), with 
efficient optical and near-In (N 1-2Llm) imagers and multiobject spectrographs. 
Many of these telescopes will also have adaptive optical systems, with laser guide 
stars. The potential of adaptive optics for studyin g distant galasies is substantial 
and is part of the focus of a major new adaptive optics center at UCSC funded 
by the NSF - the Center for Adaptive Optics (Cf-40 - look for a new website 
that can be found through http://www.ucsc.edu). 

(2) 4 substantial increase in HST’s capabilities through the develop- 
ment of new instruments - the typical gains over current instrumentation are 
>lOx. These instruments are the wide-field CCD Advanced Camera (-4CS - 
http://adcam.pha.jhu.edu) with its SDSS filter set (as well as a large comple- 
ment of narrow-band and other broad-band filters - the ACS will be launched 
on the HST servicing mission SM-3B in 2001); the WFC3/IR UV-IR Imager 
(http://www.stsci.edu/instruments/wfc3) that will give us a wide-field IR imag- 
ing capability in J and H (for launch on the HST servicing mission SM-4 in 2004), 
and the UV Cosmic Origins Spectrograph (COS - http://cos.colorado.edu - also 
for S?&4 in 2004). 

(3) Further developments in submm imaging on the JCMT with updated 
SCUBA-like imagers, and with interferometers, particularly ALMA? the Ata- 
cama Large Millimeter Array (http://www.alma.nrao.edu; http://www.eso.org), 
which will be an extremely powerful telescope for studying dusty objects over a 
large range of redshifts. 

Additional capabilities and programs that are explicitly directed at the 
scientific issues listed above are: 

(1) For the properties of galaxies in the local universe at z = 0 , the 
SDSS (Sloan Digital Sky Survey - http://www.sdss.org) and the A,4T 2dF 
(http://mso.anu.edu.au/colless/2dF) survey will provide a variety of data on 
-10” 2 = 0 galaAGes. Many other redshift and imaging surveys that will comple- 
ment (and supplement) these two surveys can also be found via the SDSS website 
links (http://www.sdss.org/links.html). Of the many surveys being carried out, 
two near-IR imaging surveys will likely be of particular value for dealing with 
dust and extinction issues for interpreting data from distant galasies. These are 
the 2MGIASS JHK imaging survey (http:// www.ipac.caltech.edu/2mass), and the 
DENIS IJK southern sky survey (http:// d c sweb.u-strasbg.fr/denis.html). 

(2) Much more accurate cosmological parameters will be obtained from 
the general observational capabilities listed above. as well as through specialized 
missions, particularly those that will provide measurements of the anisotropy in 
the cosmic microwave background (CMB) through new space missions. as well 
as through further developments of ground-based and balloon detectors. For 
example, supernovae studies will be well-served by the increasing numbers of 
large telescope spectrographs, and the additional wide-field imaging capabili- 
ties of HST with the -4dvanced Camera. the ACS (http://adcam.pha.jhu.edu). 
The X\SASA ?vlA4P (late 2000 or early 3001 launch) Microwave Anisotropy Probe 
(http://map., f rs c.nasa.gov) plus the more powerful Planck mission from ES-4 
in 2007 (http://astro.estec.esa.nl/S=l-general/Projects/Planck) will provide a 
wealth of data and constraints from CMB anisotropies. 
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(3) The effects of dust should be much better understood by utilizing the 
capabilities of SIRTF (http:/sirtf.caltech.edu), following its launch in late 2001, 
and combining these data with results from the OV-RO-BIK4 submm array, 
and ultimately from ALMA (http:// www.alma.nrao.edu). However; it may well 
be that the Nest Generation Space Telescope XGST (http://www.ngst.stsci.edu 
and http://ngst.gsfc.nasa.gov) will be needed to bridge the gap at large redshift 
between the universe of galasies as observed in the optical/near-IR, and the 
universe as observed in the submm. Nonetheless, the combined capabilities of 
large ground-based telescopes in the near-In: plus SIRTF plus the submm arrays 
will advance our knowledge of (dusty) galasies immensely. 

(4) Several spectrographs are being built specifically for doing surveys of 
large numbers of intermediate redshift galaxies on 6.5-10 m class telescopes. The 
ES0 VLT VIRMOS and NIRMOS (http:// www.eso.org) spectrographs, as well 
as the Reck DEMOS spectrograph (http:// www.keck.hawaii.edu), are examples 
of multiobject multi-slit spectrographs designed explicitly for such surveys. The 
Keck DEEP project (http:// www.ucolick.org/deep) was originally developed by 
a group at Lick Observatory in collaboration with the Berkeley Center for Par- 
ticle i-lstrophysics (CfPS - http://cfpa.berkeley.edu:SO), but has now expanded 
to encompass many other collaborators, to the point that the team now expects 
to be able to obtain redshifts for ~10’ J N 1 gala,xies. Many of the DEEP fields 
are also likely to be imaged with HST with the XCS following its launch in 
2001, and so this database will be a remarkable resource for galaxy properties 
and large-scale structure at s N 1. Ultimately this, and the corresponding ES0 
surveys using VIR>IOS and NRMOS, should provide a view of the universe at 
s N 1, at -5O'jXj of its present age, that will be comparable to that resulting 
from the 2dF survey of the = N 0 universe. 

This is a remarkable list of new telescopes and substantial upgrades to 
esisting telescopes, and provides credence for the view expressed above that 
we will make very major gains in understanding in a number of key scientific 
areas in a relatively short period. Another way to look at this is to contrast the 
expected capabilities that will come into operation in the next 5-10 years with 
what we have achieved in the last few years with the first generation cameras 
and instruments on just a few telescopes, HST, Keck and the JCWT (submm). 

4. High Altitude Telescopes 

There remains an area which has considerable potential for studies of distant 
gala-ties in the near-mid infrared that is not widely considered in discussions 
of future instrumental/telescope capability - and that is through telescopes 
at high altitude on long-duration balloon flights or tethered aerostats. Given 
current technology it appears to be quite practical to launch (lightweight) 2.3 
~ 4-m class telescopes to elevations approaching 3.5 km. The advantages are 
many compared to telescopes at altitudes of 4-5 km. It is a cold (-50 C) en- 
vironment. with exceptionally high transparency. and very large ~0 N 20 m. 
These are clearly ideal conditions for a diffraction-limited. high-sensitivity IR 
telescope. -4 number of groups have discussed such telescopes over the years. 
For example. Holland Ford. Pierre Bely and Mike Dopita proposed several 
years ago a mission called POST (Polar Stratospheric Telescope - see e.g.. 
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http://mso.anu.edu.au/mad/madpubls.html) which utilized a tethered aerostat 
to fly a i-m lightweight telescope in i-rntarctica to N 12 km for carrying out 
observations in the 2-7pm spectral range. More recent concepts involve balloon 
flights with which higher elevations can be obtained. 

5. The Unsolved Problems? 

Clearly we are on the edge of an even more dramatic outpouring of results on 
distant galasies. However, there are five areas which are important for estab- 
lishing a clear picture of the formation and evolution of galaxies that I suspect 
mill still be shrouded in some degree of uncertainty for some time to come - 
probably until XGST is launched, and even beyond. 

These include (i) providing a good understanding of the physics of star 
formation, (ii) establishin g the details of the reionization epoch, and (iii) char- 
acterizing the mass spectrum and mass scales of high redshift objects. Continued 
uncertainty about the esact nature of the dust (iv) in high redshift objects will 
also complicate efforts to understand galaxy formation and evolution at high 
redshift. Finally, observations of the first generations of metal-producing stars 
(v) will not be easy. Each of these is central to a complete picture of galaxy 
formation in its entirety, but each poses significant observational (and theoreti- 
cal challenges) that will leave us with many uncertainties five years hence: and 
probably even 10 years hence. 

Establishing (i) how stars form is a problem of daunting complexity, and 
observational and theoretical challenges, and yet it is central to a full under- 
standing of the question of galaxy formation, and their evolution to the present- 
day galaxy population. The timescale, and the environment in the reionization 
epoch (ii) at z > 5 is also a key issue, and one which may not be amenable 
to extensive investigation with the facilities available in the next decade before 
NGST. 

Since theoretical models in their most parameter-free form give mass scales, 
it is obviously desirable to measure mass distributions and mass scale sizes (iii) 
for high redshift objects. However. this has proved to be quite difficult, but in 
retrospect, not unsurprisingly so. While many constraints will likely be placed 
on the masses of distant objects, I suspect that this will remain a difficult task 
to do in a convincing manner, largely because the objects we are measuring at 
high redshifts are compact star-forming regions, or compact dust-enshrouded 
star-forming regions, and the interpretation of the resulting velocities is greatly 
complicated by several effects relating to the energy input from the massive stars 
and supernovae, and the attendant and ubiquitous dust. The energy input into 
the ISM results in substantial non-gravitational motions that are reflected in 
the observed line velocity structure, while lines of sight into the object(s) under 
study are limited bv dust distributions, further complicating the interpretation of 
the absorption or emission line velocity structure. -4n additional problem is that 
the very compact nature of the star forming regions also may result in velocity 
widths that are not representative of the potential well of the galaxy. Together 
these pose sigrrificant observational challenges that will leave us uncertain about 
masses for a long time to come. 



TVhile observations using the new submm capabilities will provide substan- 
tial gains in our understanding of distant, dusty galasies, there are related, but 
more difficult: aspects of this topic (iv) which we must also deal with. The first 
is the derivation of the form of the reddening law(s) in star-bursting galaxies, 
both at lower redshift and at high redshift. The second issue is whether simple 
screen models which appear to be usable in low redshift, starburst galasies are 
appropriate for high redshift, lower metakity? clumpy, starbursting objects. 
The growing recognition that these are crucial issues, and their attendant study 
with IR telescopes and instruments r;vill lead to much greater sophistication in 
how we all dea.1 with dust in galasies at all redshifts. While substantial progress 
will be made, it is not clear, though, that these more detailed and fundamental 
issues will be fully dealt with during the next 5-10 years? and so they may well 
remain for the NGST and even beyond. 

The redshift of the first generation of stars (v), and the epoch and processes 
by which the first metals were generated, is unlikely to be well-established in the 
near future. The redshifts involved push much of the flus into the mid-IR, and 
so are not observable from the ground because of the thermal background. nor 
from space with the small IR telescopes of the coming decade. Furthermore, dust 
is probably not plentiful at these earliest epochs. and so the submm becomes less 
useful. Sane of our current facilities can or will probe this epoch very thoroughly 
since it is at z > 6-8, and maybe even at z > lo-13! This issue is very clearly 
one for XGST, and is in many ways the mison cl’etre for NGST. 

6. Summary 

The remarkable increase in the number of facilities and in their breadth of ob- 
servational capabilities will lead US to characterize a number of key issues at 
the present time as “solved”, in a big picture sense: though of course many im- 
portant detailed questions will remain. However, the bleakness of a “problem 
solved” future is not on the immediate horizon. Ten years from now a num- 
ber of fundamental questions will remain (e.g.: the physics of star formation, 
the epoch and characteristics of the earliest stars and metal production, details 
of the reionization epoch, the mass scales of objects at high redshifts, a full 
characterization of the properties of dust in star-forming objects at high red- 
shift). These should provoke our current generation of young scientists to work 
towards getting et-en more powerful telescopes and instruments than those we 
are currently considering;, and because of their importance for some of the most 
fundamental questions that we can ask, provide the rationale for doing so. 
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Abstract. Because of their extreme luminosities, unique spectral en- 
ergy distributions and probable number densities, the Hyperluminous 
Infrared Gal&ties (HIGs) may be the dominant objects detected by the 
Multiband Imaging Photometer for SIRTF (MIPS) at high redshift. Herein 
we briefly summarize HIG properties, and present a simple method to 
determine their identity and redshift. Samples of HIGs over a range of 
redshifts, and especially for z > 3 should provide important clues to the 
formation and evolution of both gala,xies and supermassive black holes. 

1. Introduction 

Scheduled for launch aboard the Space Infrared Telescope Facility (SIRTF), the 
Multiband Imaging Photometer for SIRTF (MIPS) will provide imaging in three 
wide bands 24, 70 & 160pm, as well as low resolution (R N 20) spectroscopy 
from 52 to 99pm. The extraordinary sensitivity afforded by MIPS should en- 
able us to detect and identify estremely luminous objects to redshifts of 10: 
if they esist (Low & Hines 1999). In particular, the Hyperluminous Infrared 
Gala.xies (HIGs: Low et al. 1989; Cutri et al. 1994): with extreme luminosities 
log(L/L@) 213 and warm far-IR spectral energy distributions [SEDs: 0.25 5 
Fv(2~~lm)/Fv(GO~LIn) 5 31, may provide a powerful probe for redshifts beyond 
s = 5 (e.g., Hines si Lox 1999). 

HIGs have an advantage over QSOs and Arp 220-like objects as probes of 
the high redshift universe. Above z = 3, the ‘cool’ slope of the Xrp 220-like 
SED drops below the 24pm detection threshold even for objects that are 20 
times more luminous than -4rp 220. On the other hand, the flat or ‘hot’ SED 
of QSOs does not provide a sensitive indication of redshift, even though they 
could be easily detected. Furthermore, HIGs may outnumber QSOs by a factor 
of 2-4 in the local universe (e.g. Wills & Hines 1997; Hines et al. 1999a: Cutri 
et al. 1999): so they may be the dominant class of objects detectable by SIRTF 
at high redshift. 

2. HIGs 

HIGs typically show high. non-time-variable polarization (11 z 5% - 20% ) caused 
by scattering (Hines & Wills 1933; Hines et al. 1995; T;lYlls & Hines 1997): and 
extended ionization and polarized ‘.bicones” are observed in at least two HIGs 
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(Hines et al. 1999a,b). This morphology implies a bright nucleus surrounded 
by an optically and geometrically thick torus which blocks our direct view, but 
allows light to escape at the poles to ionize gas and be scattered (thus polarized) 
into our line of sight. 

The spectrum of scattered light within the bicones reveals a power-law 
UV/optical continuum and broad permitted emission lines; both typical of av- 
erage luminous QSOs. Therefore, the scattering material and ionized gas view 
a powerful QSO nucleus directly. Counting the number of ionizing photons 
required to produce the observed narrow-line flux, we find that the intrinsic 
UV/optical luminosities are 10 - 50 times larger than we observe directly. Thus, 
the QSO nuclei are sufficient to power the majority of the far-IR emission. 
Viewed along the polar aAxis of the bicones: HIGs would be indistinguishable 
from objects like the Palomar-Green QSOs. Therefore, large numbers of QSOs 
have likely been missed by optical surveys (e.g. Wills St Hines 1997; Cutri et al. 
1999). 

3. Identification and Photometric Redshifts from Surveys with-MIPS 

Because HIGs emit the bulk of their luminosity in the MIPS bands, and may 
outnumber traditional QSOs by factors of 2 - 4, they could constitute the pri- 
mary population detected by MIPS for 5 5 s < 10. Figure la shows the 
regimes occupied QSOs, HIGs and Arp 220s in a MIPS color-color diagram 
[Fy(70pm)/F,( 160pm) vs. FJ 701-Lm)/F,,( 241-Lm)]. ‘The three classes are well 
separated except for a degeneracy between z N 5 Arp 220s and z N 10 HIGs. 
The color-color diagram also enables crude redshift estimates, especially for the 
HIGs and Arp 220s. However, the “hotter” (flat) SED of the QSOs makes even 
crude redshift determination very uncertain. 

More refined redshift estimates will come from supplementary ground-based 
observations. The flux densities at 850pm and l.lmm are nearly constant for 
HIGs above z z 1, while other bands decrease as usual. Therefore, ratios of 
other bands against the 850pm and l.lmm flux density can be quite sensitive 
to redshift (e.g. Sanders 1999; Blain 1999 and references therein). From Figure 
lb we see that the %O~~m/+iO/~m and l.lmm/‘iOpm ratios for HIGs vary by 
more than four orders of magnitude between z = 1 - 10. In combination with 
other photometry, including 3.6cm radio (e.g. Carilli si Yun 1999), photometric 
redshifts good to a few percent should be possible for HIGs. 

4. Concluding Remarks 

Samples of Hyperluminous Infrared Gala,xies identified in upcoming surveys with 
MIPS aboard SIRTF may provide important constraints about the high redshift 
universe. In particular, HIGs a,re potentially important probes of the formation 

-hand evolution of gala>xies and SMBHs. 
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