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ABSTRACT

Utilizing 21 new Chandra observations as well as archival Chandra, ROSAT, and XMM-Newton data, we study the
X-ray properties of a representative sample of 59 of the most optically luminous quasars in the universe (M; ~ —29.3
to —30.2) spanning a redshift range of z ~ 1.5—4.5. Our full sample consists of 32 quasars from the Sloan Digital
Sky Survey (SDSS) Data Release 3 (DR3) quasar catalog, two additional objects in the DR3 area that were missed by
the SDSS selection criteria, and 25 comparably luminous quasars at z 2 4. This is the largest X-ray study of such
luminous quasars to date. By jointly fitting the X-ray spectra of our sample quasars, excluding radio-loud and broad
absorption line (BAL) objects, we find a mean X-ray power-law photon index of I' = 1.921”8:82 and constrain any
neutral intrinsic absorbing material to have a mean column density of Ny < 2 x 10! cm™2. We find, consistent with
other studies, that I" does not change with redshift, and we constrain the amount of allowed I" evolution for the most
luminous quasars. Our sample, excluding radio-loud and BAL quasars, has a mean X-ray—to—optical spectral slope
of aox = —1.80 £ 0.02, as well as no significant evolution of «a,x with redshift. We also comment on the X-ray
properties of a number of notable quasars, including an X-ray-weak quasar with several strong narrow absorption

line systems, a mildly radio-loud BAL quasar, and a well-studied gravitationally lensed quasar.

Subject headings: galaxies: active — galaxies: evolution — galaxies: nuclei — methods: statistical

1. INTRODUCTION

The most optically luminous known quasars (M; < —29) serve
as valuable astrophysical probes of extreme accretion conditions
and the distant universe. These objects have been found to date at
z /= 1.5-4.5; their resulting i magnitudes of ~15—18 and rela-
tively bright multiwavelength fluxes allow them to be studied
effectively with a variety of facilities across the electromagnetic
spectrum. Even if they are radiating near the Eddington limit with
L/Lggq ~ 1, their energy outputs require ~10°—~10'° M nuclear
black holes and thus they are presumably associated with the most
massive galaxies; today many of these objects have likely evolved
into supergiant ellipticals found in the cores of rich clusters. As the
most luminous, nontransient emitters at high redshift, these qua-
sars have been useful in cosmological studies including measur-
ing absorption lines from intervening line-of-sight material (e.g.,
Rauch 1998; Wolfe et al. 2005 and references therein), assessing the
cold dark matter cosmogony (e.g., Efstathiou & Rees 1988; Turner
1991; Springel et al. 2005), and constraining the accretion history
of the universe (e.g., Croom et al. 2004; Richards et al. 2006).

The Sloan Digital Sky Survey (SDSS; York et al. 2000) is now
providing the most complete selection of highly luminous qua-
sars to date (e.g., Schneider et al. 2005, hereafter S05). A large
fraction of these objects, about two-thirds, lack pointed or ser-
endipitous X-ray detections (aside from at z > 4, where pointed
X-ray observations have detected a large fraction; e.g., Vignali et al.
2003, 2005). Accordingly, we have started a project aimed at im-
proving understanding of the X-ray properties of the most lu-
minous known quasars over as broad a redshift range as possible.
The X-ray emission from quasars probes the innermost regions
of their accretion-disk coronae where any changes in the mode
of accretion might be most evident, and X-ray spectroscopy
provides constraints on intrinsic and intervening absorption.
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Recent studies of the X-ray spectra (e.g., Page et al. 2005;
Shemmer et al. 2005b, 2006b; Vignali et al. 2005) and X-ray—
to—optical spectral energy distributions (SEDs; e.g., Strateva et al.
2005; Steffen et al. 2006, hereafter S06) of quasars have generally
shown no clear changes with redshift, although some exceptions
have been found (e.g., Grupe et al. 2006; Kelly et al. 2007) and at
lower luminosities X-ray spectral evolution may be observed
(Dai et al. 2004). These results indicate that the inner regions of
quasars are largely insensitive to the enormous changes in large-
scale cosmic environment occurring over the history of the uni-
verse. There is evidence, however, that the photon index (I') of the
X-ray power-law spectrum increases as L/Lgqq increases (e.g.,
Shemmer et al. 2006a) and that the X-ray—to—optical flux ratio
(cvox; Tananbaum et al. 1979) drops with increasing luminosity.
Studies of the luminosity and redshift dependence of I" and v«
benefit from the widest possible sampling of the luminosity-redshift
plane; such wide coverage is needed to break the luminosity-redshift
degeneracy invariably present in flux-limited samples. By system-
atically studying the most luminous quasars over the full redshift
range where they exist in the universe, z ~ 1.5—4.5, it is possible to
populate one important region of this plane, complementing ef-
forts to fill other regions of luminosity-redshift space (e.g., S06).
Systematic X-ray measurements of the most luminous quasars
also serve to broaden the well-sampled luminosity range avail-
able for study and thereby minimize the possibility of confusion
by spurious correlations (e.g., Yuan et al. 1998).

In this paper we study, using a combination of new Chandra
“snapshot” observations as well as archival Chandra, ROSAT,
and XMM-Newton data, the basic X-ray properties of 32 of the
33 most luminous quasars in the SDSS Data Release 3 (DR3) qua-
sar catalog (S05; see § 2.1.1 for a discussion of the one quasar that
is not included in our study). All 32 of the quasars in our SDSS
sample have X-ray detections. We also include two comparably
luminous quasars missed by the SDSS selection and an addi-
tional 25 comparably luminous non-DR3 quasars at z = 4. We
use our results to strengthen constraints on the X-ray spectral and
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X-ray—to—optical SED properties of the most luminous quasars,
via a combination of single-object and multiple-object analyses.

We detail the general properties of our sample in § 2, as well as
the X-ray observations and data reduction. X-ray, optical, and
radio properties are presented in § 3, and optical spectra and
notes on exceptional objects appear in § 4. Data analysis and re-
sults are given in § 5, and a summary of our findings is given in
§ 6. We adopt a cosmology with Hy = 70 km s~! Mpc~!, Q) =
0.3,and Q4 = 0.7.

2. SAMPLE AND X-RAY DATA
2.1. Sample Selection and Properties
2.1.1. SDSS DR3 Quasars

About half of our sample of highly luminous quasars has been
drawn from the SDSS DR3 quasar catalog (S05). The SDSS, an
optical imaging and spectroscopic survey that aims to cover
about one-quarter of the entire sky, targets active galaxies for
follow-up spectroscopy primarily based on their ugriz (Fukugita
et al. 1996) colors and magnitudes (e.g., Richards et al. 2002).
Active-galaxy candidates at z < 3 are spectroscopically targeted
if their 7/ magnitudes are 15—19.1; high-redshift candidates are
targeted if i = 15—20.2 (the limit at / = 15 is imposed to avoid
saturation and fiber cross-talk problems in the SDSS spectroscopic
observations). The DR3 quasar catalog has been constructed from
SDSS spectroscopic observations over a solid angle of 4188 deg?
(about 10% of the sky). Given the large areal coverage, this catalog
should contain representative members of the population of the
most optically luminous quasars in the universe; i.e., other sur-
veys are unlikely to find a population of quasars significantly
more luminous than those studied here.> About 60% of the most
optically luminous quasars in the SDSS DR3 quasar catalog had
been discovered in earlier surveys, such as the Hamburg Quasar
Survey (e.g., Hagen et al. 1999), the Second Byurakan Survey
(e.g., Stepanian et al. 2001), the University of Michigan Survey
(e.g., MacAlpine & Lewis 1978), and the Palomar Digital Sky
Survey (DPOSS; e.g., Djorgovski et al. 1998).

We sorted the DR3 quasar catalog on M; and considered the 33
most luminous quasars in the catalog for Chandra targeting (see
Fig. 1). The number 33 was chosen based on practical X-ray ob-
serving time considerations, and this sample size is large enough
to provide statistically meaningful results. Of the 33 most lu-
minous quasars, 11 already had detections in archival X-ray data
and were not targeted; these archival data have been utilized in
our study. The remaining 22 quasars were proposed via the Chandra
Cycle 7 Guaranteed Time Observing program, and 21 of them were
awarded observing time. One of our targets, SDSS J100711.81+
053208.9, was awarded to another Chandra observer (S. F.
Anderson) as part of a program studying bright and extreme broad
absorption line (BAL) quasars. We do not consider the omission
of SDSS J1007+0532 from our sample to be statistically prob-
lematic. In fact, owing to its BAL-quasar nature, this object would
need to be removed from most of our analyses of a, I', and
other properties in any case. Our SDSS sample thus includes
32 quasars with M; values of —29.28 to —30.24, all of which have
sensitive X-ray coverage; we adopt M; = —29.28 as a practical
minimum luminosity for our sample. These 32 quasars span
essentially the entire range of redshift (z ~ 1.5—4.5) over which
such luminous objects are known, although the source statistics
at z > 4 are limited.

2 The recently released SDSS DR5 quasar catalog (Schneider et al. 2007),
covering 5740 deg?, further supports this assertion.
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Fic. 1.— Absolute i-band magnitude vs. redshift for our SDSS sample com-

pared with the SDSS DR3 quasar catalog. Our SDSS sample of 32 quasars in-
cludes both archival (open symbols) and targeted ( filled symbols) sources with
Chandra (circles), XMM-Newton (triangles), and ROSAT (squares) observations.
The two additional sources that were missed by the SDSS (APM 08279+5255 and
HS 1603+3820; see § 2.1.2) are shown as stars. The gravitationally lensed quasars
APM 08279+5255, SDSS J0145—0945, and SDSS J0813+2545 have been de-
amplified to their true M; magnitudes and have bold symbols for clarity; all fail
our cutoff at M; < —29.28, which is shown as a dashed line. SDSS J1007+0532,
which has been targeted by S. F. Anderson and thus needed to be removed from
our sample (see § 2.1.1), is shown as an open diamond. Small dots represent the
~46,000 quasars in the DR3 catalog.

2.1.2. Incompleteness and Complementary z Z 4 Quasars

For the highly luminous and optically bright broad-line qua-
sars under consideration here, the SDSS is not expected to suffer
from substantial incompleteness biases. However, some in-
completeness is expected due to the SDSS spectroscopic limit of
i = 15 and the fact that, at z = 2.5-2.9 and z ~ 3.4-3.6, the
SDSS colors of quasars intersect the stellar locus (e.g., Richards
et al. 2002, 2006; S05). Furthermore, about 5% of quasars are
expected to be missed by the SDSS, largely due to image defects
and source blending (Vanden Berk et al. 2005). We have searched
for missed quasars more luminous than M; = —29.28 in the area
covered by the DR3 quasar catalog using the NASA Extragalactic
Database? (NED) combined with accurate SDSS photometry
(since the photometry in NED is not uniform and can contain sig-
nificant errors). We have found only two missed quasars: APM
0827945255 atz = 3.91 (e.g., Irwin et al. 1998) and HS 1603+
3820 at z = 2.51 (e.g., Dobrzycki et al. 1999).* APM 08279+
5255 is a gravitationally lensed BAL quasar with i = 14.9 that
slightly violated the SDSS spectroscopic limit. HS 1603+3820
has a very rich spectrum of associated heavy element absorbers
(e.g., Misawa et al. 2005); it is near the redshift range where the
SDSS colors of quasars intersect the stellar locus and was missed
by the SDSS quasar color-selection algorithm by just 0.02 mag
in u (G. T. Richards 2006, private communication). Fortunately,
both APM 08279+5255 (Chartas et al. 2002) and HS 1603+3820
(PIL: Dobrzycki) have X-ray detections in archival pointed Chandra

3 See http:/nedwww.ipac.caltech.edu.

4 Our NED search also uncovered the object QUEST J150724.0—020212.8
in the SDSS area, which is identified as an exceptionally luminous z = 1.09 quasar
by Rengstorf et al. (2004). However, that identification relied on the assumption
that the single feature seen in a spectrum was the Mg 1t line. Given this tenuous
identification we obtained a spectrum of this source using the Low Resolution
Spectrograph (LRS) on the Hobby-Eberly Telescope (HET; Ramsey et al. 1998).
Our spectrum does not show the emission feature seen by Rengstorfet al., and we
identify this object as a Galactic star and not a quasar.
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TABLE 1
X-RAY OBSERVATION LoG OF THE CORE SAMPLE

X-Ray Chandra Exposure
Observation Cycle Time® Alternate
Object z Date Number (ks) Designation Notes®

SDSS J:

012156.04+144823.9 (Obs/6827) 2.87 2006 Jun 21 7 3.9 HS 0119+1432 PC

014516.59—094517.3 (Obs/5192). 273 2004 Aug 23 5 133 UM 673 AC, lensed

020950.71—000506.4 (Obs/6820). 2.85 2005 Dec 02 7 2.2 UM 402 PC

073502.314265911.4 (Obs/6829).. 2005 Dec 05 7 4.0 . PC

075054.64+425219.2 (Obs/6814) 2006 Sep 05 7 4.0 HS 0747+4259 PC

080342.04+302254.6 (Obs/6824) 2006 Sep 06 7 4.0 HS 0800+3031 PC

081331.28+254503.0 (Obs/3023) 2002 Jan 30 3 5.0 HS 0810+2554 AC, lensed

084401.95+050357.9 (Obs/6815) 2006 Feb 18 7 3.8 o PC, BAL, RLQ

090033.49+421546.8 (Obs/6810).. 2006 Feb 09 7 3.9 HS 0857+4227 PC

094202.04+042244.5 (Obs/6821).. 2006 Feb 08 7 4.1 e PC

095014.05+580136.5 (Obs/6828).. 2006 Jan 29 7 3.9 PSS J0950+5801 PC

100129.64+545438.0 (Obs/6819) 2006 Jan 29 7 4.0 Mrk 132 PC

101447.18+430030.1 (Obs/6809) 2006 Jun 14 7 4.1 HS 1011+4315 PC

110610.73+640009.6 (Obs/6811) 2006 Jul 16 7 3.7 HS 1103+6416 PC

111038.64+483115.6.cccviiccccicreieieres 2.96 2002 Apr 25 14.1 Q1107+487 AX, Page et al. (2005)

121930.77+494052.3 .......ccouueee. 270 1992 May 07 2.2°¢ SBS 1217+499 AR

123549.47+591027.0 (Obs/6816).. 2.82 2006 Jul 29 7 3.9 SBS 1233+594 PC

123641.46+655442.0 (Obs/6817).. .. 3.39 2006 Aug 29 7 4.0 PC

135044.67+571642.8 (Obs/6825)................ 291 2006 Oct 15 7 3.0 SBS 1348+575 PC

140747.22+645419.9 (Obs/6826)................ 3.08 2006 Sep 16 7 3.7 PC

142123.98+463317.8 (Obs/6823)................ 3.37 2006 Sep 15 7 3.9 PC

142656.17+602550.8 ... 3.19 1993 Nov 01 4.1° SBS 1425+606 AR, Reimers et al. (1995)

143835.95+431459.2 (Obs/6812).. 4.61 2006 Sep 16 7 3.7 PC

144542.75+490248.9 .........cco... 3.88 1993 Jul 12 5.7¢ AR

152156.48+520238.4 (Obs/6808).. e 2,19 2006 Jul 16 7 4.1 PC

152553.89+513649.1 .cocoviiiciccce 2.88 2001 Dec 08 24.4 CSO 755 AX, BAL, Shemmer et al. (2005a)

161434.67+470420.0 (Obs/4127)......cceueuee 1.86 2003 Dec 20 4 2.6° RXJ1614.5+4704 AC, Bade et al. (1995)

162116.92—004250.8 (Obs/2184)............... 3.70 2001 Sep 05 2 1.6 AC, Bechtold et al. (2003)

170100.62+641209.0 (Obs/547)......cceveue... 2.74 2000 Oct 31 1 39.4°  HS 1700+6416 AC, Reimers et al. (1995), Akylas et al. (2006)

173352.22+540030.5 (Obs/6813)................ 3.43 2006 May 28 7 3.7 e PC, RLQ

212329.46—005052.9 (Obs/6822)............... 2.26 2006 Mar 30 7 3.9 e PC

231324.45+003444.5 (Obs/5701).. ... 2.08 2005 Sep 23 6 1.1 Hazard 2310+0018 AC, BAL
APM 08279+5255 (Obs/2979)...... ... 391 2002 Feb 24 3 88.8 . AC, BAL, lensed, Chartas et al. (2002)
HS 160343820 (Obs/4026) ......ooveneeeeeiecnnnnne 2.51 2002 Nov 29 4 8.3 e AC

? The Chandra exposure time has been corrected for detector dead time.

b pc= pointed Chandra observation; AC = archival Chandra observation; AR = archival ROSAT observation; AX = archival XMM-Newton observation. For sources
with archival X-ray data, we list papers where the data were originally published, when possible.
¢ The mean effective exposure time for the aperture used for sources at large off-axis angles.

observations, and we include these quasars in our analyses below as
appropriate. After these two additions, we expect <15% incom-
pleteness for M; < —29.28 broad-line quasars at z ~ 1.5-4.5 in
the area covered by the SDSS DR3 quasar catalog. The observation
log of our sample, including these two additional sources, appears
in Table 1; this 34 object sample will hereafter be referred to as
the “core” sample.

In some analyses below, we will complement our core sample
with 25 additional comparably luminous (M; < —29) quasars at
z Z 4 that lie outside the area covered by the SDSS DR3 quasar
catalog. The X-ray properties of these quasars have been studied
by Vignali et al. (2003, 2005) and Shemmer et al. (2005b) and
appear in Table 2. These quasars were discovered by the DPOSS
and other large-area surveys, and their basic optical properties
are consistent with those of our SDSS quasars. This comple-
mentary sample is required to improve our statistical coverage at
z > 4, which would otherwise be poor. Since the X-ray and
optical properties of these objects were investigated as a whole
in S06, this subsample will be referred to as the complementary
high-luminosity z=Z 4 quasars from S06. We have not added

highly luminous quasars outside the SDSS DR3 area at z < 4
from other surveys, since such quasars generally do not have
systematic sensitive X-ray coverage.

2.1.3. Radio-loud, Broad Absorption Line, and Lensed Quasars

Radio-loud quasars (RLQs) are known to have jet-linked X-ray
emission components that generally lead to higher X-ray—to—
optical luminosity ratios than those of radio-quiet quasars (RQQs;
e.g., Worrall et al. 1987). Given this finding, it is important to con-
sider RLQs and RQQs separately in statistical analyses of quasar
X-ray properties. We quantify radio loudness using the radio-
loudness parameter R, defined as R = f5 Giiz/fya00 4 (Kellermann
et al. 1989). We classify any quasar with R > 10 as radio-loud;
details of our R calculations are given in § 3. Two of the quasars in
our 34 object core sample, SDSS J0844+0503 and SDSS J1733+
5400, are RLQs. Both objects are only mildly radio-loud (R ~ 19
and R = 10, respectively) and were observed as part of our
Chandra Cycle 7 observations. Given the radio coverage of all
of our sources (including tight upper limits of R < 0.5—4 on many
of them), we do not expect there to be any RLQs that have not
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TABLE 2
X-RaY PrROPERTIES OF COMPLEMENTARY z = 4 SOURCES WITH M; < —29

Name z Total X-Ray Counts X Qox Reference
PSS 013340400 (ObS/3152)...cccvivriiiririiiieicieieieieienenns 4.15 36 20.8 —1.64 1
PSS 0134+3307 (Obs/3018)..... 453 16 11.5 —1.68 1
PSS 0209+0517 (Obs/3153)..... 4.14 22 15.2 —1.75 1
BR 0241-0146 (Obs/875)........ 4.06 12 43 —1.87 1
PSS 0248+1802 (Obs/876)....... 4.43 14 21.2 —1.64 1
BR 0305—4957 (Obs/3031)...... 4.73 3 2.1 —1.94 1
BR 0311—1722 (Obs/3154)" ... 4.00 7 4.1 —1.93 1
PSS 0955+5940 (Obs/3156)..... 434 10 6.0 —1.81 1
PSS 0957+3308 (Obs/3157)..... 4.20 17 11.3 —1.74 1
PSS 1057+4555 (Obs/878)....... 4.12 24 253 —1.70 1
PSS 1347+4956 (Obs/3159)..... 451 30 17.5 —1.78 1
BR 03311622 (ObS/4064) ....ovvereeeieieieiiierieieeieeeaens 4.36 14 8.5 —1.86 2
BR 0353—3820 (Obs/4065) 4.55 55 44.7 —1.54 2
BR 0418—5723 (Obs/4066) 4.46 7 7.0 —1.87 2
BR 0424—2209 (Obs/4067) 432 11 8.6 —1.81 2
PSS 0747+4434 (Obs/4068) 4.43 5 5.7 —1.81 2
PSS 1058+1245 (Obs/4069) 433 5 2.4 —2.07 2
BR 1117—1329 (Obs/4070)...... 3.96 2 1.8 —2.03 2
PSS 1646+5514 (Obs/4072) 4.04 5 5.0 —2.00 2
BR 2213-6729 (Obs/4073) 4.47 20 14.9 —1.64 2
PSS 2344+0342 (Obs/4074) 4.24 e <2.6 <—1.98 2
Q0000—263.....ccevverereerenns 4.10 1229¢ 12.6 —1.70 3
PSS 092643055 ...ttt 4.19 1156° 39.0 —1.76 3
PSS 132610743 ..ot 4.09 963°¢ 27.9 —1.76 3
BR 223700607 ..ottt 4.56 306° 8.5 —1.74 3

Note.—Quasars are first sorted by reference, then further sorted by right ascension.

2 Galactic-absorption-corrected flux in the observed 0.5—2 keV band in units of 10~ ergs cm

257l

® This source appears in Vignali et al. (2003) under its older designation BR 0308—1734.
¢ Since these sources were observed by XMM-Newton, we quote the total counts from the pn detector.
Rererences.—(1) Vignali et al. 2003; (2) Vignali et al. 2005; (3) Shemmer et al. 2005b.

been identified as such. Although it is possible that there may
still be some jet-linked X-ray contribution for sources with R <
10, we use equation (2) of Worrall et al. (1987) to estimate a limit
of <2% on the fraction of X-ray emission from our RQQs that is
jet related.

Owing to intrinsic X-ray absorption, BAL quasars also require
special consideration in statistical analyses of quasar X-ray prop-
erties (e.g., Gallagher et al. 2006 and references therein). Using a
catalog of BAL quasars from DR3 compiled by Trump et al.
(2006), we found six potential BAL quasars in our SDSS sample.
The three we admit as BAL quasars are SDSS J0844+0503, SDSS
J1525+5136, and SDSS J2313+0034. All three have positive
“balnicity” indices (see Trump et al. 2006); note that SDSS
J0844+0503 is a mildly radio-loud BAL quasar. The other three
potential BAL quasars, SDSS J1001+5454, SDSS J1407+6454,
and SDSS J1426+6025, have UV absorption but do not formally
satisfy the positive balnicity criterion, so we do not remove them
from our analyses below. The removal of these three sources
from our main analyses does not significantly affect any of the
results. Three of these quasars (SDSS J0844+0503, SDSS J1001+
5454, and SDSS J1407+6454) were observed as part of our
Chandra Cycle 7 observations; the remaining ones have archival
X-ray coverage. Given that the redshifts of our quasars are suffi-
ciently high (with the possible exception of SDSS J0813+2545)
so that the definitive C v BAL transition lies within the spectral
range covered by the SDSS spectra (this requires z = 1.5), we do
not expect there to be any unidentified BAL quasars within our
sample. Note that the complementary high-luminosity z Z 4 qua-
sars from S06 have been chosen to be radio-quiet, non-BAL
quasars.

Three quasars with archival X-ray observations described in
this paper, SDSS J0145—0945, SDSS J08134+2545, and APM
0827945255, are gravitationally lensed. SDSS J0145—0945 and
APM 08279+5255 have flux-amplification factors of ~3 and
~100, respectively (e.g., Surdej et al. 1988; Egami et al. 2000;
Lehar et al. 2000; E. O. Ofek 2006, private communication), and
we have calculated the flux-amplification factor of SDSS J0813+
2545 to be ~6 (based on the J-magnitudes taken from the dis-
covery paper of Reimers et al. 2002). After correcting for flux
amplification due to lensing, none of these quasars satisfies our
M; = —29.28 cutoff. Therefore, we present the basic X-ray prop-
erties of these three quasars below but exclude them from most
of our statistical analyses. Since our sample consists of sources
at the top of the quasar luminosity function (resulting in a strong
magnification bias), the expected fraction of lensed quasars is of
the order of a few percent (e.g., Turner et al. 1984; E. O. Ofek
2007, private communication); this is consistent with the ~10%
fraction of lensed quasars that we find for our highly luminous
sample. We do not expect unresolved (<1”) gravitational lenses
to be affecting our results materially, and we constrain extended
X-ray emission in § 2.2.

2.2. Chandra Observations and Data Reduction

Our 21 Chandra Cycle 7 targets (see § 2.1.1) were observed
using the Advanced CCD Imaging Spectrometer (ACIS; Garmire
et al. 2003) with the aim point on the S3 CCD. The requested
“snapshot” exposure for each target was 4 ks. All targets were
placed near the aim point; with the exceptions of SDSS J1350+
5716, SDSS J1421+4633, and SDSS J1521+5202, all were
strongly detected with ~10—150 counts from 0.5 to 8 keV (details
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TABLE 3
X-Ray Counts, BAND RATIOS, AND EFFECTIVE PHOTON INDICES OF THE CORE SAMPLE
X-Ray Counts®
OBJECT 0.3-0.5 keV 0.5-2.0 keV 2.0-8.0 keV 0.5-8.0 keV Banp Ratio” I
SDSS J:
012156.04+144823.9 ......oovvrvvveeceeeeeeeer 3.0122 38.8%73 6.913% 458778 0.187949 2.3%03
014516.59—094517.3 ....ooovrreererrirerrrernerrinnens 57987 566.81238 121.3%121 688.11273 0.21+0% 21701
020950.71—000506.4 .....corvvomrerrrerriereriennens <6.4 12.07%$ 58734 17.833 0.49793¢ 1.370¢
073502.314265911.4 ...oooooomeeeereenennn <6.4 33.8*+%% 6.973% 407474 0.201 02 22402
075054.64+425219.2 3.9132 45.9%7% 10.9%%4 56.8+5¢ 0.24+53¢ 2.0104
080342.04+302254.6 <6.4 57.7+8¢ 13548 712793 023009 20103
081331.28+254503.0 66.0192 43417202 159.97137 594.0723% 0.3715:% 16701
084401.95+050357.9 ....ooomrvvrrierenieiins <3.0 16.043) 7.853% 23.8+49 0.49+02 14453
090033.49+421546.8 ... 8.075% 82.013%! 26.8782 108.87103 0.3370% 1.7%32
094202.04+042244.5 ......ooooooreeeeeveeeeeeeenns 6.013¢ 34.9479 117535 46.6174 0.34401 174504
095014.05+580136.5 c.oovvenrvrneercrieneeerernenenens <3.0 20.873¢ 57133 26.6182 0.287913 1.870¢
100129.64+545438.0 5.0134 559153 107133 66.615° 0.19+0%8 21403
101447.18+430030.1 3.0M22 26.0782 6.8737 32.87%8 0.26701 19703
110610.73+640009.6 ... 17.0432 99.9*11¢ 23.8%59 123.7+132 0.24+597 1.9702
111038.64+483115.7 w.cvvvveerrrrieerierrierenn. . 2.0%01
121930.78+494052.3% ....oooooeseeeese o 15539 o o . o
123549.47+591027.0 ceoovvooveeeesenrereeeon. 6.013¢ 31.018¢ 6.7131 377172 0227043 2.0103
123641.46+655442.0 ... <4.3 19.2733 <6.4 20.713¢ <0.33 >1.7
135044.67+571642.8 <48 1.972¢ <3.0 172§ <1.56 >2.3
140747.22+645419.9 6.0136 33.8+0% 12.8+41 46.7473 0.38+;6, 1.5%53
142123.98+463317.8 ... <3.0 3.9732 <3.0 3.7 <0.77 >0.9
142656.18+602550.9%.........oooorrrrerrrrrierre. . 8.945, . . . .
143835.95+431459.2 ..o <6.4 7.8739 <6.4 9.6732 <0.82 >0.9
144542.76+490248.9%........ooovmrmrrrrrrrverr. . 28.1+%4 e .. o ..
152156.48+520238.4 ....ooovveeoreiereereees <3.0 <48 1.872§ 27122 >0.38 <15
152553.89+513649.1°... . 1.8791
161434.67+470420.0 5.013% 126.07123 48.8780 177.8715% 0.3970%7 15703
162116.92—004250.8 <4.8 19.9733 6.913% 26.87¢2 0.359%1 L7503
170100.62+641209.0 .....ooovevrrverrerrierrieen. 7.9133 273.27178 744437 347.671%7 027790 19701
173352.224540030.5 1...ovoovvvrrirenesirssiieens 4.0133 328148 6.9138 39.7174 021412 21703
212329.46—005052.9 ....ovrreerrrirenrirreniinenes <48 21.8%37 <4.8 23.713% <0.22 >2.1
231324.45+003444.5 .oooovrreeeeresesreneens <3.0 <4.8 19724 2.9732 >0.40 <15
APM 08279+5255 66.8192 3967.2+649 1617.4+312 558461728 0.41+59!1 135502
HS 1603+3820.....co.vveveverreerersesssesssssessssesssness 8.748 93.671%7 232433 11674148 0.25+5%7 17453

# Using Poisson statistics, the errors on the X-ray counts were calculated according to Tables 1 and 2 of Gehrels (1986) and correspond to the 1 o level. Upper limits on
X-ray counts were computed according to Kraft et al. (1991) and are at the 95% confidence level. Upper limits of 3.0, 4.8, and 6.4 correspond to finding 0, 1, and 2 X-ray
counts within an extraction region of 1" centered on the optical position of the quasar, considering the background negligible within that region.

® We define the band ratio as the hard-band counts divided by the soft-band counts. Errors for the band ratio and power-law photon index were calculated at the 1 o level
following the “numerical method” described in § 1.7.3 of Lyons (1991). When the number of counts is small, this method avoids the failure of the standard approximate-
variance formula. The photon indices have been obtained by applying the correction required to account for the quantum-efficiency decay of ACIS at low energies. Note
that because the sources in this sample have been observed in different Chandra cycles, the quoted band ratios cannot be directly compared with each other, due to the time
dependence of the ACIS quantum efficiency.

¢ The X-ray properties (i.e., I" and the soft-band flux) of SDSS J1110+4831 and SDSS J1525+5136 have been calculated from XMM-Newton observations, which
observes in a different energy band than Chandra. Therefore we do not have values to quote for the X-ray counts.

9 The X-ray properties of these objects were determined from soft-band count measurements taken from archival ROSAT data. Therefore we do not quote values for the
X-ray counts in the other bands.

on SDSS J1521+5202 appear in § 4). Faint mode was used for the
event telemetry format, and all observations were free from strong
background flares.

Data analysis was carried out using standard CIAO® version
3.2 routines, and only events with ASCA grades 0, 2, 3, 4, and 6
were used. The wavdetect algorithm (Freeman et al. 2002) was
used for source detection with wavelet scales of 1, v/2, 2, 2v/2,
and 4 pixels. We adopted a wavdetect false-positive probability
threshold of 10~*. The probability of spurious detections is very
low, given our a priori knowledge of the locations of our sources
and the subarcsecond on-axis resolution of Chandra. All Cycle
7 targets were detected by Chandra.

> Chandra Tnteractive Analysis of Observations. See http://asc.harvard.edu/ciao.

We report in Table 3 the counts detected in the ultrasoft band
(0.3-0.5keV), the soft band (0.5-2 ke V'), the hard band (2—8 keV),
and the full band (0.5—8 keV). Manual aperture photometry with a
3" radius aperture was used to derive the counts. Also in Table 3 we
give the band ratio (the hard-band counts divided by the soft-band
counts) and the effective power-law photon index I', assuming an
X-ray photon spectrum of the form N oc E~1" across the full band.
This photon index was calculated from the band ratio using the
Chandra PIMMS® version 3.6a tool; we used the Cycle 7 instru-
ment response in PIMMS, which accounts for the time-dependent
quantum-efficiency decay of ACIS at low energies (caused by a
thin layer of molecular buildup on the ACIS filter).

© See http://cxc.harvard.edu /toolkit/pimms.jsp.
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We examined the data for the presence of extended X-ray emis-
sion (e.g., due to gravitational lensing or jets) by comparing the
radial profiles of our sources with their expected, normalized
point-spread functions (PSFs). None of the Cycle 7 targets showed
extended X-ray emission (but see § 2.1.3). We also did not find
extended X-ray emission for any of the non—gravitationally
lensed Chandra archival quasars.

We checked for an excess of X-ray companions near our quasars
by searching projected circular regions of /300 kpc in radius cen-
tered on each source. We found the number of companions within
those fields to be consistent with expectations from the cumulative
number counts from X-ray surveys (e.g., Bauer et al. 2004).

Rapid variability within the observations of our sources was
searched for by applying Kolmogorov-Smirnov tests to the
photon arrival times of quasars with =10 counts. No variability
was detected, which is not unexpected given the short exposure
times of our observations (<30 minutes in the rest frame).

2.3. Archival X-Ray Data

Archival data exist and were utilized for 11 of the sources in
our core sample; in Table 1 we give references to past X-ray stud-
ies when available. The six quasars SDSS J0145—0945 (PL: G. P.
Garmire), SDSS J0813+2545 (PI: R. S. Priddey), SDSS J1614+
4704 (PI: G. Fossati), SDSS J1621—0042 (PI: J. Bechtold),
SDSS J1701+6412 (PI: L. P. Van Speybroeck), and SDSS J2313+
0034 (PI: S. F. Anderson) were observed previously with Chandra.
With the exception of SDSS J2313+0034, all of these sources
have >10 counts and, aside from SDSS J1614+4704 and SDSS
J1701+6412, have been observed on-axis. For SDSS J1614+
4704 and SDSS J1701+6412, we used apertures with radii of 30”
and 8", respectively, to account for PSF broadening at large off-
axis angles. We averaged the exposure maps over the same respec-
tive apertures when calculating the count rates. For SDSS J0145—
0945, which is a gravitationally lensed quasar, we used an aperture
with a radius of 4” in order to enclose the counts from both im-
ages. Although SDSS J0813+2545 is also gravitationally lensed,
the angular separation between the images is small enough for a
3" radius aperture to suffice. Data reduction for these sources was
carried out in a manner similar to that described in § 2.2, with the
proper correction applied to each source for the time-dependent
quantum-efficiency decay of ACIS at low energies.

Archival ROSAT data were used for three of the quasars: SDSS
J1219+4940 (PI: J. Liebert), SDSS J1426+6025 (PIL: D. Reimers),
and SDSS J1445+4902 (PI: U. Herbstmeier). These objects were
detected by the ROSAT PSPC instrument, with 15.5, 8.9, and 28.1
counts, respectively, in the 0.5—-2.0 keV band. SDSS J1219+4940
and SDSS J1445+4902 have off-axis angles of 20.6' and 16.1/,
while SDSS J1426+6025 was observed on-axis. The counts were
derived for these quasars using aperture sizes of 45” for SDSS
J1426+6025, 140" for SDSS J1219+4940, and 100" for SDSS
J1445+4902; background was estimated by placing circular aper-
tures on regions where no other X-ray sources were present. Us-
ing PIMMS to extrapolate our measured 0.5—-2.0 keV count rate
for SDSS J1426+6025 to the full ROSAT energy range (=~0.1—
2.4keV), we found our value was consistent with that previously
published by Reimers et al. (1995).

The remaining two archival sources in our sample, SDSS
J1110+4831 and SDSS J1525+5136, were previously observed
with XMM-Newton. SDSS J1110+4831 has its X-ray properties
described in detail in Page et al. (2005). We have reanalyzed the
XMM-Newton data using standard XMM-Newton Science Anal-
ysis System (ver. 6.5.0 ) tasks and found results consistent with
those presented in Page et al. (2005); the X-ray values we quote
in Tables 3 and 4 are taken from our analysis. Similarly, the X-ray
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data for SDSS J1525+5136 have appeared in Page et al. (2005),
and this quasar has been studied in detail in Shemmer et al. (2005a);
we use the data from Shemmer et al. (2005a) in our analysis.

3. X-RAY, OPTICAL, AND RADIO PROPERTIES
OF THE CORE SAMPLE

In Table 4 we list the main X-ray, optical, and radio properties
of our core sample.

Column (1)—The SDSS J2000.0 quasar coordinates, accu-
rate to ~0.1”.

Column (2).—Galactic column density in units of 10*° cm~2,
calculated using COLDEN with the data from Stark et al. (1992).

Column (3).—The monochromatic AB magnitude at a rest-
frame wavelength of 1450 A (AB 1450 = —2.5 log S1as0 4 — 48.6;
Oke & Gunn 1983). The AB145) magnitudes were calculated from
the spectra after applying corrections due to Galactic extinction and
fiber light-loss. The fiber light-loss correction was calculated as the
average difference between the synthetic g, , and i magnitudes
(i.e., the integrated flux across each respective bandpass in the
SDSS spectrum) and the photometric g, r, and i magnitudes, as-
suming no flux variation between the spectroscopic and photomet-
ric epochs. The ABj45 magnitudes for the two quasars that were
missed by the SDSS selection criteria, APM 08279+5255 and
HS 160343820, were calculated from the photometric / magnitudes.

Column (4).—The absolute i-band magnitude, taken from the
SDSS DR3 quasar catalog; for APM 08279+5255 and HS
1603+3820, we calculated this value from the photometric i
magnitude, correcting for Galactic extinction.

Columns (5) and (6).—The flux density and luminosity at a
rest-frame wavelength of 2500 A computed from the magnitude
in column (3), assuming a UV—optical power-law slope of a@ =
—0.5 (Vanden Berk et al. 2001), where F, o< v*.

Columns (7)) and (8).—The count rate in the observed-frame
0.5-2.0 keV band and the corresponding flux, corrected for Ga-
lactic absorption and the quantum-efficiency decay of Chandra
ACIS at low energy. The fluxes have been calculated using PIMMS,
assuming a power-law model with I' = 2.0, which is a typical
photon index for luminous AGNs (e.g., Reeves & Turner 2000;
Page et al. 2005; Piconcelli et al. 2005; Shemmer et al. 2005b;
Vignali et al. 2005; see § 5.1 for direct justification).

Columns (9) and (10).—The flux density and luminosity at a
rest-frame energy of 2 keV, computed assuming I' = 2.0 and
corrected for the quantum-efficiency decay of Chandra ACIS at
low energy.

Column (11).—The luminosity in the rest-frame 2—10 keV band.

Column (12).—The X-ray—to—optical power-law slope, «ox,
defined as

_ log ( f2kev /fr500 &)
log (2 kev/ V2500 &)

=0.38381og (fakev/frs004), (1)

0oxX

where £ kev and fs0 4 are the monochromatic flux densities at
rest-frame 2 keV and 2500 A, respectively.

Column (13).—The difference between the measured oo
(from col. [12]) and the predicted cvox (quoted as Acvx), given
the UV luminosity from column (6), based on the established
ox-Lysoo 4 Trelation (given as eq. [2] of S06). The statistical
significance of this difference is also given in units of o, where
o = 0.146 for 31 < log (L5090 4) < 32,and o0 = 0.131 for 32 <
log (L,500 4) < 33 (see Table 5 of S06).

Column (14).—The radio-loudness parameter R (see § 2.1.3).
The f1490 4 values were calculated by extrapolating from the

7 See http://cxc.harvard.edu/toolkit/colden. jsp.
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log(L,), log(vL,), logL,
Object Nu  ABuso M, fsooA® 2500 A Count Rate® 5~ Srev® 2 keV 2-10 keV Qox Aagy (0 R
M @ ©) “4) ®) (©) Y ®) ©) (10) (1n (12) (13) (14)
SDSS I:
012156.04+144823.9 w392 17.0 —29.29 6.83 32.09 9.9M12 412777 23.8%43 45317097 45.52 —-1.71 +0.05 (0.36) <2.9
014516.59—-094517.3 ... . 270 16.7 —29.50 9.08 32.18 42,5739 189.415¢ 105.57%7 45.9310:92 46.13 —1.51 +0.20 (1.34)¢ <04
020950.71—000506.4 ....covvrveeerrrreennen. 2.42 16.9 ~29.40 7.44 32.12 5.573 219785 12.6738 45037012 45.24 —-1.83  —0.07 (0.52) <0.5
073502.314265911.4 .ooooormrreeererrrennane 5.67 16.5 -29.28 11.85 32.05 8.5117 37.0173 164434 44,8708 45.08 —-1.87  —0.11 (0.86) 1.0
075054.64+425219.2 ..o 4.95 16.0 —29.50 17.08 32.17 11.4719 485753 210739 44957047 45.16 —1.88  —0.11 (0.87) <0.2
080342.04+302254.6 .....ooonieriens 4.55 163 —29.33 12.68 32.10 14.4+22 60.715 27541 45.12+0:0¢ 4532 —179  —0.03 (0.23) <0.3
081331.28+254503.0 ...vveovnrveeiiens 3.80 16.2 —29.40 13.45 31.89 88.7143 281.3M32 1055733 4547702 45.68 —1.58  +0.06 (0.39)¢  <0.2
084401.95+050357.9 3.65 17.7 —29.49 3.46 31.90 42414 17.3733 11.2438 45.10%0:12 45.31 —172  +0.01 (0.07) 18.9
090033.49+421546.8 2.03 16.6 —29.86 9.17 32.31 21.072$ 82.51192 52.81%3 4576703 45.97 —1.63  +0.16 (1.24) 1.6
094202.04-+042244.5 3.51 17.1 -29.39 6.18 32.14 8.6117 35.140% 224433 45381008 45.59 —1.70  +0.06 (0.47) <0.6
095014.05+580136.5 1.35 17.6 —-29.28 3.59 32.04 5.3H4 20.6133 152731 45357019 45.55 —1.68  +0.07 (0.56) <13
100129.64+545438.0 0.84 15.9 —29.41 17.06 32.11 14.04%} 52.9*81 21.8533 44911006 45.11 —1.88  —0.12 (0.89) <0.2
101447.18+430030.1 ..cooovveerieenne 1.16 16.5 -30.02 11.76 32.38 6.3713 2417338 14.9%33 45.1770% 45.38 —1.88  —0.08 (0.62) <03
110610.73+640009.6 «....covnvrveerrerreernne. 111 16.1 —29.65 14.83 3223 274439 10474104 50.073§ 45.44+093 45.65 -1.72  +0.06 (0.47) <0.2
111038.64+483115.7 cccveereeererenennne 1.37 16.7 —29.76 9.11 32.23 . 240704 13.7752 45107001 45.30 —1.85  —0.07 (0.56) <0.4
121930.78+494052.3 1.83 17.0 —29.29 7.27 32.07 7.2%%3 87.87284 48.5%157  45.58*012 45.79 -1.60  +0.15(1.17) 24
123549.47+591027.0 1.18 16.9 —29.46 7.18 32.10 8.0717 30.47¢3 174537 45175008 45.37 —177  —0.01 (0.10) <0.5
123641.46+655442.0 1.96 17.2 —29.43 6.03 32.15 48+14 18.843% 123433 4515401 45.35 —1.80  —0.03 (0.25) <3.7"
135044.67+571642.8 1.22 17.2 —-29.31 5.45 32.00 0.6703 2.5734 1.47%0 4410703 44.31 —2.14  —0.40 (3.02) <0.7
140747.22+645419.9 1.90 17.2 -29.29 6.16 32.09 11.0*22 43.0457 262133 45414008 45.61 —-1.68  +0.08 (0.62) <3.4f
142123.98+463317.8 1.40 173 —-29.34 5.12 32.08 1.0%98 3.8 25729 44457028 44.66 —2.04 028 (2.15) <0.7
142656.18+602550.9 1.75 163 -30.22 13.05 3245 22+19 26.514%? 16.6%71 45234017 45.44 —-1.88  —0.07 (0.55) <0.3
143835.95+431459.2 1.61 17.6 —29.60 4.00 32.18 21101 8.2738 6.9733 45117018 45.31 —1.83  —0.06 (0.44) <11
144542.76+490248.9 227 17.4 —29.41 4.06 32.07 4.9*5% 6117132 44500 45.80%000 46.01 —1.52 +0.24 (1.80) 7.6
152156.48+520238.4 1.59 15.8 -30.17 21.34 32.38 0.7+5] 21722 Lot 43.747032 43.95 —244  —0.63 (4.82) <0.1
152553.89+513649.1 1.60 16.9 —29.64 7.41 32.13 . 129.2+121 74.9719 45.82+0:%3 45.92 —1.51 +0.25 (1.93) <0.5
161434.67+470420.0 1.20 16.4 —-29.36 9.59 31.91 49.1748 153.371%2 65.5%%4 45431004 45.63 —1.60  +0.13 (0.92) 438
162116.92—004250.8 7.11 17.0 —29.69 5.53 32.18 127433 44.811%4 314487 4562401 45.82 —1.63  +0.14 (1.08) <43
170100.62+641209.0 2.53 16.0 —30.24 17.84 3247 69703 344122 19.21}2 45197003 45.40 —191  —0.10 (0.73) <LIf
173352.22+540030.5 3.36 17.0 —29.54 6.92 3222 8.971% 36.1%73 23.9439 45.44+0:08 45.56 -1.71  +0.06 (0.48) 10.0
212329.46-005052.9 ... 4.78 16.5 —29.38 11.21 32.13 56713 23.7+¢2 116439 44824019 45.20 —191  —0.15(1.15) <03
231324.45+003444.5 . . 403 16.4 —29.56 13.12 32.13 2,628 1144004 5233 44.4240:30 44.62 —-2.07  —0.31(2.35) <0.2
APM 0827945255 .ooovvevrreeenieeeneieeeens 4.05 15.1 —32.00  43.87 33.11 447407 142,933 103.97}7 46175001 46.37 -178  —0.16 (1.07)* <02
HS 160343820 ...couuvvorrrverrreerreeesenerines 1.32 16.1 -30.05 17.94 3241 11343 354739 18.57%4 45.1179% 45.23 —191  —0.11 (0.85) <0.2

* Flux density at rest-frame wavelength 2500 A in units of 10~27 ergs cm=2 s~! Hz™!.

® Observed count rate computed in the 0.5-2 keV band in units of 103 counts s~'. The count rates for off-axis sources have been corrected for vignetting.

© Galactic-absorption-corrected flux in the observed 0.5—2 keV band in units of 10~ ergs cm

4 Flux density at rest-frame 2 keV in units of 10732 ergs em™2 s~ Hz!.

® The difference between measured and predicted a o, (Acvoy), and the significance of that difference (o), based on the S06 a ox-L, (2500 A) relation.
" Flux density at an observed-frame frequency of 1.4 GHz taken from the NVSS survey. All other 1.4 GHz flux densities are from the FIRST survey.
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€ The A« values for gravitationally lensed objects have been calculated using lensing-corrected luminosities.
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Fic. 2.—SDSS spectra for our sample of 32 SDSS quasars. Prominent emission lines are marked in the top panel of each column. The spectral resolution is ~2000. The four
columns have been sorted into redshift bins in the following way: the first contains sources from z ~ 1.5 to 2.5, the second and third columns from z ~ 2.5 to 3.5, and the fourth
column from z ~ 3.5 to 4.5. Within each column the spectra are sorted by right ascension. SDSS J0844+0503, SDSS J1525+5136, and SDSS J2313+0034 are BAL quasars. Note
the C 1v absorption for SDSS J0844+0503, which is also mildly radio-loud, and the interesting spectrum for SDSS J1521+5202, which is shown in greater detail in Fig. 4.

magnitudes in column (3), assuming a UV -optical power-law
slope of @ = —0.5. The f5 gy, values were calculated using data
from the FIRST (Faint Images of the Radio Sky at Twenty cm;
Beckeretal. 1995) and NVSS (NRAO VLA Sky Survey; Condon
etal. 1998) catalogs. The flux density at a rest-frame frequency of
5 GHz was calculated from the flux density at an observed-frame
frequency of 1.4 GHz assuming a radio power-law slope of o =
—0.8. Seven of our sources have FIRST radio detections; two of
them are RLQs. Upper limits were placed on 20 of our sources at
the 3 o level, given our a priori knowledge of the positions of all
of our sources. Upper limits on the five sources not covered by
the FIRST survey were placed using the upper limit on NVSS
detection (=2.5 mJy).

For the luminosity values quoted in columns (4), (6), (10), and
(11), no lensing corrections have been made (i.e., the fluxes have
not been deamplified when determining these values).

4. OPTICAL SPECTRA AND NOTES
ON INDIVIDUAL OBJECTS

In Figure 2 we present the optical spectra of the 32 SDSS qua-
sars in our sample. Below we comment on sources with partic-
ularly interesting optical and/or X-ray properties.

SDSS J014516.59—094517.3 (z = 2.73).—This object was
first reported as a gravitationally lensed system by Surdej et al.
(1987, 1988), and it consists of two images separated by Af ~
2", The optical flux ratio between the two images was found to
be ~7 (Kassiola & Kovner 1992). Using the Chandra obser-
vations taken in 2004 we have calculated an X-ray flux ratio of
12.4729 in the full band (see Fig. 3); this discrepancy between
flux ratios is not wholly unexpected, given (1) that the amplitude
of flux variations in the X-ray band is typically greater than that
in the optical, (2) the likelihood of intrinsic variability of the
quasar between the different epochs, and (3) possible micro-
lensing. The optical positions measured from SDSS astrometry
agree with the positions of the X-ray centroids of both compo-
nents to within the expected astrometric accuracy of Chandra
(=~0.5"). We found aox = —1.51 for this quasar, which differs
from the predicted value from S06 (using a lensing-corrected lu-
minosity) by 1.3 o.

SDSS J081331.28+254503.0 (z = 1.51).—This object is a grav-
itationally lensed system consisting of four images discovered by
Reimers et al. (2002). The angular separation between the two
brightest images is A = 0.25", too small to be resolved by the an-
gular resolution of Chandra (~0.5"). We measure ooy = —1.58
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Fic. 3.—Chandra 0.5-8 keV image of the gravitationally lensed quasar
SDSS J0145—0945. The image spans ~7"" x 7" on the sky; north is up, and east is
to the left. The image has been adaptively smoothed at the 2 o level. The two qua-
sar images are separated by Af = 2", and the optical and X-ray flux ratios between
them are ~7 and /12, respectively (note that the optical and X-ray flux measure-
ments were taken at different epochs). The positions of the two X-ray images agree
with those of the optical images (based on SDSS astrometry) to within the expected
Chandra positional error.

for this quasar, which differs from the predicted value of S06
(using a lensing-corrected luminosity) by 0.4 o.

SDSS J084401.95+050357.9 (z = 3.35)—This isa BAL RLQ,
with a relatively mild radio-loudness parameter of R = 18.9 and
a rest-frame equivalent width (EW) of ~30 A for the C 1v ab-
sorption trough. While the additional jet-linked X-ray emission
generally increases the X-ray—to—optical flux ratio, the intrinsic
absorption present in BAL quasars tends to reduce that quantity;
it is possibly because of these competing effects that we measure
aox = —1.72 for this source, which differs from the predicted
value for a non-BAL RQQ with log (509 4) = 31.90 at a level
of only 0.07 0.

SDSSJ135044.67+571642.8 (z = 2.91).—This quasar is some-
what X-ray weak, with ooy = —2.14; this value differs from the
predicted value by 3.02 o. The SDSS spectrum of this object ap-
pears in Figure 2, and it shows no obvious UV absorption.

SDSS J152156.48+520238.4 (z = 2.19%).—This exception-
ally luminous quasar is the third most optically luminous object
in SO5. Manual aperture photometry for this quasar measured
only 3 counts: 2 in the hard band and 1 in the soft band. X-ray
fluxes and other properties were calculated from the full-band
count rate using PIMMS since there were not enough counts in the
soft band for a detection. This quasar is anomalously X-ray weak,
with log (VL,), .y = 43.74 and asteep aox = —2‘44f8:%§, which
is inconsistent with the predicted value at a level of ~5 o. The
SDSS spectrum of this quasar appears in Figure 4. The Ly« line
is completely absorbed by several narrow absorption line (NAL)
systems, and the high-ionization emission lines are blueshifted

8 Although the SDSS quotes a redshift of 221, on examination of the
spectrum we have measured a redshift of 2.19 based on the Mg 1 12798 line; it is
this latter value which we adopt throughout this paper.
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Fi. 4—SDSS spectrum of SDSS J1521+5202 (see § 4). This object shows
strong Ly« absorption, which suggests that absorbing material along the line-of-
sight is responsible for its anomalous X-ray weakness («vox = —2.44). The spec-
tral resolution is ~2000.

relative to the quasar’s redshift, even when allowing for the re-
vised redshift in footnote 8. The strong observed UV absorption
and the hint of a hard X-ray spectral shape suggest that absorbing
material along the line of sight is likely responsible for the X-ray
weakness of this quasar (e.g., Brandt et al. 2000; Gallagher et al.
2001). Therefore, we will exclude this quasar from the statistical
analyses below, since our main interest there is in the intrinsic
X-ray emission properties of quasars.

SDSS J170100.62+641209.0 (z = 2.74).—This quasar is the
most optically luminous in the DR3 catalog and has an aox —1.91,
which differs from the predicted value by 0.7 o. After binning the
data from the X-ray spectrum into 10 full-band counts per bin, we
fitted the spectrum below 2 keV to a power-law model with Ga-
lactic absorption and extrapolated the fit to higher energies; we
found two consecutive bins that fall 23 o below the model near
~3 keV in the observed frame (~11 keV in the rest frame), signs
of a possible absorption feature. A spectrum taken with XMM-
Newton (PI: F. Jansen) shows no such feature, although it is not
ruled out within the uncertainties on the data points (the XMM-
Newton spectrum was particularly noisy due to background
flaring). The binned Chandra spectrum of this quasar appears as
part of Figure 5. Further observations are necessary to test the
reality of this feature.

5. DATA ANALYSIS AND RESULTS
5.1. X-Ray Spectral Properties
5.1.1. Individual-Object Analyses

We have investigated the X-ray spectra of seven of the eight
sources with Chandra observations that have >100 full-band
counts (APM 08279+5255 has already had its complex spectrum
studied in detail in Chartas et al. 2002); below this threshold there
are too few counts for statistically useful results to be derived from
individual spectral fitting. The seven spectra were extracted with
the CIAO routine PSEXTRACT using circular apertures of 3.0”
in radius centered on the X-ray centroid of each source, with the
exceptions of SDSS J0145—0945 (4.0” used to enclose both
lensed images), SDSS J1614+4704 (30.0" used due to PSF broad-
ening at large off-axis angles), and SDSS J1701+6412 (8.0" used
due to PSF broadening). Background regions were extracted
using annuli of varying sizes to avoid contamination from other
X-ray sources. An annulus was not used to extract the background
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for SDSS J1701+6412 due to the quasar’s location near the edge
of the ACIS I3 CCD; instead we chose a nearby circular region
20" in radius that was free from other X-ray sources.

We used XSPEC version 11.3.2 (Arnaud 1996) to fit each
spectrum across the full-band energy range (0.5—-8.0 keV) with a
power-law model and a fixed Galactic-absorption component
(Dickey & Lockman 1990); all fits assumed solar abundances
(e.g., Anders & Grevesse 1989) and used the wabs absorption
model in XSPEC. We used the C-statistic (Cash 1979) when mod-
eling the unbinned data, since this method is more appropriate when
fitting low-count sources than x? fitting and still remains accu-
rate for higher numbers of counts (e.g., Nousek & Shue 1989).
All of the errors have been quoted at the 90% confidence level
considering one parameter to be of interest (AC = 2.71; Avni
1976; Cash 1979). Although when using the C-statistic there is
no value analogous to P(x*|v) with which to perform model test-
ing, we assessed whether each model fits the data acceptably by
searching for any systematic residuals. The seven objects with
fitting, along with their fit parameters and statistics, appear in
Table 5. In Figure 5 we present their X-ray spectra, binned at a
level of 10 counts per bin for clearer presentation. Note that in
Figure 5 (unlike in Table 5) we used x? fitting in order to show
residuals in units of o. The values of I" calculated from the band
ratios (see Table 3) are consistent with those derived from the
best-fit models. We also added an intrinsic, redshifted, neutral-
absorption component to the model, but it did not significantly
improve any of the fits.

SDSS J1701+6412 appears to show an absorption feature at
~3 keV in the observed frame (see § 4). We used x? fitting to
investigate further the significance of this feature; the ~350 full-
band counts detected from this object are enough for 2 fitting to
be acceptable. When modeled with a power law and Galactic
absorption, P(x*|v) = 0.23 with x*> =34.1 and v = 29. Al-
though this is a statistically acceptable fit, the presence of sys-
tematic residuals motivated further investigation. Performing an
F-test, 