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The DOE grant supported the theoretical particle astrophysics group , and is coordi-
nated by the P.J_.Participants include faculty members Marc Davis, Lawrence Hall and
Hitoshi Murayama, together with several postdoctoral fellows. These are currently .Tulian
Botrill, Andrew ,Jaffe, James Robinson, and Radek Stmnpor. During the previous and
c~rerlt funding period (1996 - 1998), several important results have been obtained that
we briefly summmizc below. Some specific projects will be described which have been
particularly fiuitfid.

1 Dark Matter.—

Squires has studied weak gravitational lensing by Asters of galaxies. A new, unbi-
ased ]nethod to invert the measured distortion pattern of faint background galaxies was
developed to yield the cluster Eotal mass distribution~. The mass determined by thk
method was compared to that given from an analysis of the weak gravitational distortion
of background galaxies and the X-ray emission in several clusters of galaxies2’3 A study
was completed of a radial arc in a high redshift cluster4.
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The best measured rotation curve for any gal~ is that of the dwarf spiral DDO 154,
which extends out to about 20 dkk scale lengths. It provides an ideal laboratory for
testing the universal density profile prediction tiom high resolution nmnerical simulations
of hierarchical clustering in cold dark matitw-dominated cosmological models. We fid
that the observed rotation curve cannot be fit either at small radii, as previously noted,
or at large radii. We advocate a resolution of this dilemma by postulating the existence
of a dark spheroid of baryons amounting to several times the mass of the observed disk
component and comparable to that of the cold dark matter halo component.5. Such an
additional mass component provides an excellent fit to the rotation curve provided that
the outer halo is still cold dark matter-dominated with a density profile and mass-radius
scaling relation as predicted by standard CDM-dominated models.

We have used high energy cosmic ray F and e+ measurements to constrain R-pmity
violations, conservation of R-parity being a corollary of the hypothesis that the SUSY
LSP is a dark matter candidate .6. We have constrained the haclroni(; R-parity violating
couplingsinextensionstothe minimal supersymrnetric standard model. These interactions
violate lxm-yon and Iepton number, and allow the lightest superpartner (LSP) to decay
into standard model particles. The observed flux of cosmic ray antiprotons places a strong
bound on the lifetime of the LSP in models where the lifetime is longer than the age of
the universe. We exclude 10–15 < ~“ < 10–18 and 2 x 10-15 < A’ <2 x 10–ls except in
the case of a top quark, where we can only exclude 4 x 10–16 < J’ <4 x 10–L9.

We compute the neutmlino decay rate in the minimal supersymmetric standard model
with the addition o~ explicit R-parity violation, We include the complete squark and slep-
to~ mixing matrices, previously neglected, and we improve and correct pubIished form@as.
These decays are relevant to acce~erator and non-accelerator searches for R-parity violation,
and are especially interesting in light of the reported high Q2 anomaly at HERA.7.

Mica can store (for ~1 Gyr) etchable tracks caused by atoms recoiling from WIMPS.
Ancient mica is a directional detector despittethe complex motions it makes with respect
to the WIMP “wind”. We can exploit the properties of directionality and long integration
time to probe for structure in the dark matter halo of our galaxy. We compute a sample
of possible signals in mica for a plausible model of halo structure-g.

Supersymrnetric neutralinos are one ,of the most promising candidates for the dark
matter in the Universe, If they exist, they shouId make up some fraction of the Milky
Way halo. We investigate the fluxes of positrons expected at the Earth lkom neutralino
annihilation in the halo. Positron propagation is treated in a, diffusion model including
energy 10SS.The positron source function includes contributions from both continuum and
monochromatic positrons. We find thiat, for a “canonical” halo model and propagation
parameters, the fluxes are generally too low to be visible. Given the large uncertainties
in bot b propagation and halo structure, it is however possible to obtain observable fluxes.
We also investigate the shapes of the positron spectra, including fits to a feature indicated
by the results of the HEAT experiment. 9.

The abundance of reIic particles fkom supersymmc%ric theories has been analysed in de-
tail for different scenarios by Edsjo with the possibility of detecting properties of neutrinos
through neutrino telescopes and AMANDA- Murayama has been involved in research at
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the intersection of astrophysics and particle theory. With collaborators, he pointed out
that fthe so-far-unused set of SuperKamiokande data can be used to cross-check the ob-
served signal of neutrino oscillation with completely different systematic, and can further
be used to distinguish IJT and ~~teril~in the future. With other collaborators, he pointed
out that, although the massive neutrino as the hot dark matter may be less motivated now
after l;heSuperKamiokancle data, the hadronic axion can be a vii~bl~candidate instead. He
also investigated other possible cold dark matter candidates in supersyrnmetric theories.

2 Qsmic Microwave Background

The formulation of the temperature fluctuations developed by the CfPA theory group
in the form of the radiation power spectrum has had a revolutionary impact on the field
of cosmic microwave bzwkgTound research for theorists and experimental groups, both as
a means of expressing theory in a form that expcrimcntalists understand and can apply,
and as a method for comparing different experiments with theory.

We have made great strides in using microwave background anisotropy data, particularly
the COBE DNfR. data, to test various cosmological models. The 4 year DMR data provide
the most accurate normalization of the overall amplitude of the density fluctuations in
any particular model; we have accurately computed these normalizations for a variety of
models and used them to confront those models with data on smaller scales. 10

Some aspects of gravitational lensing by large scale structure (LSS) are investigated.11
We show that lensing causes the damping tail of the cosmic microwave background (CMB)
power spectrum to fall less rapidly with decreasing angular scale than previously expected.
We find that future precision pbservatiom the high-l tail of the power spectrum will need to
take into account lensing when determining cosmological parameters. It has been argued
that the power spectrum of the anisotropies in the cosmic rnicrowavlc background may
be effectively degenerate, namely, that the observable spectrum does not determine a
unique set of cosmological parameters. We describe the physical origin of this degeneracy
and show that at small angular scales it is broken by gravitational lensing: effectively
degenerate spectra become distinguishable at 13000 because Iensing mums their damping
tails to fall at different rates with increasing 1.12

Gawiser estimated the level of confusion to cosmic microwave background anisotropy
measurements caused by extragalactic infrared sources, 13 We use data horn the COBE
satelhte to generate a Galactic emission spectrum covering millimeter and submillimeter
wavelengths. Using this spectrum as a template, we predict the microwave emission of
the -5300 brightest infrared galaxies seen by IRAS. We simulate sky rrrapsof extragalac-
tic infrared sources over the relevant range of hequencies (30-900 GHz) and instrument
resolutions (10’ - 10 degrees FWHM). An analysis of the temperature anisotropy of these
sky maps shows that a reasonable observational window is available for CMB anisotropy
mcasumnents. Cosmological models predict transfer functions by which primordial den-
sity perturbations develop into CMB anisotropy and large-scale structure. Gawiser used
the current set of observations to reconstruct the primordial power spectrum for standard
CDM, A CDM, open CDM, ancl standard CDM with a high baryon content.~a
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Using the four year COBE data we were able to improve existing constraints on global
topology. We investigate the behaviour of light rays in an open universe with a partly
periodic horn topology. The geodesics mnbe solved exactly and the periodic topology
creates characteristic neweffects in temperature maps of the microwave b.ackground. Large
flat regiomi appear in COBE skymaps mwnwhenmultiple images ofastronomical sources
are m]observable.ls .We present the geodesics on homogeneous and isotropic negatively
curved spacm in a simple form suitable for application to cosmological problems.~~ The
pattern of geodesics translates into a pattern on the rnicrowavc background radiation.
Generalizing, we discuss how the patterns in the microwave sky of anisotropic homogeneous
universes can be predicted qualitatively by looking at the inviariancesthat generate their
three-geometries and their geodesics. New ideas for extracting n,on-gaussian sig-rmtures
from the CMB were developed.l~

Borrill, l?erreira, Jtie and collaborators have continued the investigation of data-analysi~
techniques for current and forthcoming CMB and large-scale structure datasets.18 Jaffe,
Silk, students (Finkbeiner, Gawiser) and collaborators are pursuing a Iarge-sc.de study
of foreground contamination to the CMB. Levin and collaborators devised a method to
determine the global geometry of the universe through observations of patterns in the hot
and cold spots of the CMB. 19 Jaffe and collaborators have developed a new technique
for calculating the Ostriker-Vishniac effect and other second-order contributions to the
CMB. 20 Fermira has estimated the normalized bispectrum of the COBE four year data
and fcmnd evidence for non-Gaussianity on scales of around 20 degrees. This effect cannot
be attributed to known systematic. 2i

3 &fv Universe aid Structure Formation

We develop an idealized inside-out formation model for disk
alistic mix of galaxy types and luminosities that provides a fair

galaxies to include a rw
match to the traditional

observables.22 The predictions of our infall models are compared against identical models
with no-size evolution by generating fidly realistic simulations of the HDF, from which we
recover the angular size distributions. Infall models could be important for explaining the
N 1.5.magnitude increase in surface brightness recently reported by Schade.

We present a model-independent meihod of quantifying galaxy evolution in high res-
olution images, which we apply to the Hubble Deep Field (HDF) .23 We find that faint
HDF galaxies (1 > 24) are much smaller, more numerous, and less regular than our hm-
cvolulion” extrapolation, for any relevant geometry. A higher proportion of HDF galaxies
“dropout” in both U and 13, indicating that some galaxies were brighter at higher redshifts
than our “cloned” z R 0.5 population.

We have studied the imprint of the local patch of the universe on the cosmic microwave
background radiation as viewed by a distant observer24. The assumed power spectrum for
these reconstructions has been estimated from the Mark 111catslog of pcculiar velocities
of galaxies via likelihood analysis. Using the Wiener reconstruction technique, one can
obtain an estimate of the density and velocity fields both from the IRAS 1.2 Jy galaxy
redshift catalog and from the Mark III catalog of galaxy peculiar velocities. The power
spectrum and correlation fun,ctjon of deep redshlft surveys (e.g. Las Campanas, pencil
beams) indicate the existence of excess power at scales on the order of 100h- 1Mpc. We
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examine whether this excess power is consistent with the predictions of open-CDM models
with high WdWS Of f)&/~.

The theory of large scale structure has been another active field of research at the Cfl?A.
The impact of X-ray measurements, large scale flows and cluster lensing is being studied
by various members of the groups; alternative models of structure formation and galsxy
formation and evolution have been proposed by Balland and Ferreira. Valagcas presented a
m~del for Lyman-a absorbers that treats all objects (from the low-density forest cIouds to
the dense damped systeti) in a unified description of galaxy evolution, ad discussed the
role of quasars in deionizing the universe. Borrill has performed an analysis of the formation
r-ateof sernilocal strings based on the first full 3-dimensional simuIatio~ demonstrates that
there exists a region of parameter space in which they are cosmologically viable. 25

4 Reviews

Various reviews were presented at meetings on the topics of galaxy formation 26–31,
early star formation32 , and microwave background anisotropies33,

5 Visitors’ Program

A major rationale for this grant is the support of a vigorous visitors’ program in order
to help maintain and stimukite the interactions between theoretical particle physicists and
astrophysicists. The visitors that have been supported on thK grant since 1995, along with
the research areas investigated during their visits, are as follows:
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1995
J.Audouze
1). Kidlander
M. Geller
R Mokapatra
J. Peebles
M. Rees
Y.R,ephaeli
P.Salati
J. Sanz
M. Stehuuetz
P.Jf%zer
R Wyse

19!36
A. Albrecht
J. Barrow
L. Ihq@rom
J. Borrill
L. Cayon
A. Chernin
S. Davidson
A. Dekel
R, Ellis
J. Eili&
J. Rieman
O. Gerharci
P. Goniiolo
Y. lloffmann
w. Hu
D. Zj%ll
J. Magueijo
G. Maroon

IAP, La Villette
Uppsala
CfA
U. Md.
Princeton
U. Cambridge
Tel Aviv U,
Annecy
U. Sa,nta.nder

~TcB ASTRONOMY”

Nucleosynthesis
Galaxy formation
Large-scale structure
Dark matter
Formation of large-scale structure
Cosmology
High energy astrophysics
Dark matter
Cosmic microwa~e background

Nlax-Planck f. Astrophys. Simulations
U. Zurich
J.H.U.

Lc,
U. Sussex
U. Stockholm
Dartmouth
U. Santander
Sternberg Ast.
MPI, Munich
H.U.
IoA
CERN
l?ermilab
Basel
Oxford
Hebrew Univ.
IAS
Lancaster U.
I.C.
IAP

E. Martinez-Gonzalez U. Santander
A. OLnto Chicago
N. Prarhzos IAP, Paris
P. Salati Annecy
J, Sanz U. Santander
R Schaeffer Saclay
C. Schmid U. Zurich
M. Steimnetz Max Planck Astrophys.
N. Sugiyama Tokyo
J. Villumsen Max Planck Astrophys.
M. White U. Chicago
R. lVyse Johns Hopkins
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Dark matter
Galaxy formation

Infiation
Very early universe
Amanda
CMB
Galaxy evolution
Galaxy formation
Electroweak
Large-Scale Structure
Galaxy evolution
Dark matter
Weak lensing
Dark matter
Dark matter
cm
cm
Inflation

cm
Galaxy formation
cm
Magnetic fields
Galactic evohtion
High energy cosmic rays
CMB
Galaxy formation
Galaxy formation
Galaxy formation
CMB
Weak Lensing
CMB
Galaxy formation’
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1997
B. lkreim U. Santander Weak Lensing
J. Barrow u. Sussex Very early universe
L. Bergstrom U. Stockholm Amanda
J. Borrill Dartmouth CMB
B. Btlnn Bates CMB
M. Cakao Rio de Janiero CMB
L. Cayon U. Santander Galaxy evolution
A. Dekel Hebrew U. Large-Scale Structure
S. Dos Santos IAP Galaxy clusters
R Durrer Geneva CMB
J. ~dSjO U, Stockholm Ama.nda
Y. Hoifknann Hebrew Univ. CMB

AA.Kamionkowski Columbia U. CMB
E- Martinez-Gonzalez U. Santan,der CMB
J. ‘Sanz U. Santander CMB
C. Schmid U- Zurich Galaxy formation
B. Tully Hawaii Large-Scale Structure
A. Wolfe UCSD Lyman alpha clouds
P. Valageas Saclay Galaxy formation
s.Yosllioka Tokyo Galaxy formation simulations
R Wyse Johns Hopkins Galaxy formatjon
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1998
J..4darns Uppsala
L. Amendok U. Rome ‘
B. B~reiro U. Santander
L, Bergstrom’U. Stockholm
E. Bunn Bates
M. Cahmo Rio de Janiero
L. Cayon U. Santander
Y. Hofl!mann Hebrew Univ.
1. Ferrera U. Santander
A. Liddle u. Sussex
G. R.ailklt Max-Plzmck Physics, Munich
J. Sam U. Santander
C. Schmid U. Zurich
N. Sugjyama Tokyo
B. Wamieh5 TAG, Copenhagen
l?. Wyse Johns Hopkins
S. %roubi Max-Planck Astrophysics, Garchlng

Neutrino physics
CMB and Large-scale structure
Weak Lcnsing
Amanda
cm
cm
Galaxy evolution
cm
Galaxy formation
Large-scale structure
Neutrino physics
CMB
Primordial black hole formation
cm
CMB
Gal=y formation
Large-scale structure

7 &blication.s Supported bv the Contract ad cited above

1. Unbiased Cluster Lens Reconstruction, G. Squires&N. Kaiser, Astrophysical
Journal, 473, 65 (1996).

2. Weak lensing analysis of Cl 1358+62 using Hubble Space Telescope observa-
tions, H. Hoekstra, K- Kuijken, M. Franx, & G. Squires Astrophysical Journal,
(1997, submitted); astro-ph/9711096 .

3. A Weak Gravitational Lensing and X-ray Analysis of Abell 2163, G. Squires,
et d., Astrophysical Journal, 482, 648 (1997).

4. l.?ahlman, G. G., Newbury, P., Squires, G., & Kaiser, N. 1997, “A Radial Arc
in the Galaxy Cluster MS1455+22°, ApJ, submitted

5. A- Burkert and J. Silk, “Dark Baryons and Rotation Curves”, Astrophysical Journal,
488, L55 (1997).

6. E. A. 13a1,tzand P. Gondolo, “Limits on R-parity violation from cosmic ray antipro-
tons”, Phye. Rev- D, (submitted, 1997).

7. E. A. Baltz and P. Gondolo, “ Neutralino decay rates with explicit ~L-parity violation”,
Phys. Rev. D, (in press, 1998).
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8. E. A. Baltq A.J, Westphal, and D.P. Snowden-IiR, “Probingt hestructurcofthe
cold dark matter h~o using ancient mica”, submitted to Phys. Rev. Lett, 1997.

8. ~. A. Baltz and J. Edsjo, “Positron Propagation and Fluxes from Neutralino Anni-
hilation in the Halo”, submitted to Phys. Rev. D, 1998.

10. Bunn, Emory F. and White, Martin, “The Four-Year COBE Normalization and
l.arge-%ale Structure, Astrophysical Journal, 480, 6 (1997).

11. R.B. Metcalf & .J. Silk, “Gravitational Magnification of the Cosmic Microwave
Background”, Astrophysical Journal, 4S9, 1 (1997).

12, R.13. Metcalf& J. Silk, “On Bre~king Cosmic Degeneracy”, Astrophysical tJourrItd
Letters, 492, L1 (1997).

13. E. Gawiser & G.F. Srnoot, “Contribution of Extragalactic Infrared Sources to
Cosmic Microwave Background Foreground Anisotropy”, Astrophysical Journal, 480,
L1.

14, E. Gawkier, ” The Primordial Power Spectrum’?, Proceedings of the Texas Conference
on Relativistic Astrophysics 1996, in press.

15, J.J. Levin, J.D. Barrow, E.F. Bunn, and J.Silk, “Flat SpotS: Topological Signatures
of open Universes in COBE Sky MapsY’, Phys. Rev. Lett., 79974 (1997) .

16. ,J,D. Barrow and J. Levin, “Geodesicfi in Open Universes” Phys. Lett. A, 233, 169
(1997).

17. Ferreira, P. G., Magueijo, J., “Non-Gaussian Spectra in cosmic microwave back-
ground temperature anisotropies”, Physical Review D, 55, 3358 (1997).

18. Borrill, J., “Power Spectrum Estimators For Large CMB Data.sets” astro-ph/9712121.~

19, Levin, J.; Scannapieco, E.; Silk, *J.,“IS The “Universe Infinite Or Is It Just Really
13ig?” astro-ph/9802021, in press I%vs. Rev. D.

20. Jaffe, A. H.; Karnionkowsk~, M., “Calculation of’ the Ostriker-Vishniac Effect in
Cold Dark Matter Models” accepted by Phys. Rev. D.

21, Fermira, P. G., Magueijo, J. and Gorski, K. 1998, ApJ, 503, L1.

22. Bouwens, R. J., Cayon, L., Silk, J. “Inside-Out Infall Formation of Disk Galaxies:
Do Predictions Differ from Models without Size Evolution?”, Astrophysical Journal,
4~9, L21 (1997).

23. Bouwens, R. J., Broadhurst, T.*J., Silk, J. “Cloning Hubble Deep Fields: A Model-
Independent Measurement of Galaxy Evolution,” Astrophysical journal, submitted
(1997).

24, From Local Velocitie~ to Microwave Background Zaroubi, S., Sugiyama, N., SiLk,
J., Hoffman, Y., & Dekel, A. 1997, Astrophysical Journal, 490,473 (1997).

14, Gawiser, E.; Silk, J., “Extracting Primordial Density Fluctuations”, SCiencc, 280,
:L405(1998)
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25. “The Formation Rate Of Semilocal Strings”, Ana Achucarro, Julian Borrill and
Andrew R.. Liddle(Submitted toPhys R.ev Lett) (1998),hep-ph/9802306

26. “Current. Issues in Galaxy Formation”, in The Bitih of Galaxic,f , Xth Rencontres
de Blois, July 1998.

27, “Nine Paradigm~ in Structure Formation, in New Worlds in Asiiroparticie Ph@cs,
Fare, September 1998.

28. “Resolving the MACHO Mass Problem”, in Cosmology and Particle Physics,
CAPP-98 Workshop, CERN, June 1998.

29. “ Primordial Isocurvature Fluctuations, Primordial Black Holes and the Cosmic Mi-
{rowave Background, ‘7in The Cownic Microwave Background and the Plawk Mission,
UIMP-98 workshop Santander, June 1998.

30, “ The Relationship Between Bright and Dark Matter”, in The Galactic Halo: Bright
Siam and Dark Matter, M Stromlo Symposium, Canberra, August 1998

32. Lectures on Dark Matter and Structure Pormation, 1998 ICTP Summer School,
Tricste, July 1998.

.31..“ From the Cosmic Microwave Background Radiation to Large-Scale Structure”, in
Particle Physics and the Universe, Nobel Symposium, Stockholm, August 1998.
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