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1 Introduction

Gravitational lenses that produce multiple images of background quasars can be an invaluable
tool for measuring cosmological parameters, to better study the magnified distant quasars, and
to explore the structure of the lensing galaxies. Modeling of these systems requires mapping the
gravitational potential along the line of sight to the quasar, including the lensing galaxy and any
additional structure.

Keeton et al. (2000) predict that ≥ 25% of lensing galaxies are associated with a group or
cluster that would perturb the gravitational potential. Finding and studying these lensing groups
and clusters enhances the science that can be accomplished with gravitational lenses and provides
a method for finding groups and clusters that is not biased by their luminosity.

We are searching for X-ray emission from galaxy groups and clusters in the fields of multiply-
imaged quasars using the Chandra X-ray Observatory’s resolving power to separate the faint diffuse
emission from the much brighter quasar images. We present a uniformly analyzed catalog of cluster
and group properties for fields with significant diffuse emission, and upper limits on group properties
in fields where no diffuse emission is detected. Where available, these measurements are compared
with optical data.

2 Data Analysis

Our sample includes all observations of gravitationally lensed quasars available in the Chandra
public archive through the end of 2006. Thirty-eight lenses were observed in seventy separate
observations. The data were reduced and merged following the standard CIAO 3.3 threads. After
merging, exposure times range from 4 ksec to 1 Msec.

Disentangling the much weaker extended emission from the bright quasar images is a complex
task. To maximize the diffuse signal and minimize the background, the eventlists were filtered to
include only photon energies between 0.5 and 2 keV. To better remove the spatial distribution of
the quasar emission, a model was constructed for the lens with positions fixed to those measured
in the optical and radio, and fit to the data. This lens model was then subtracted from the original
image. Any remaining point sources were excised using the CIAO tool dmfilth. The images were
smoothed with a 30 pixel FWHM Gaussian and normalized for exposure variations and instrument
features.

3 Diffuse Source Detection

A four arcminute region in the quasar-subtracted smoothed images was examined to search for dif-
fuse emission. Regions higher than 5-σ above the background level are considered detections. Thir-
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Table 1: X-ray Detections
Lens Name Group X-ray Results Lensing Params

zg σv TX LX(r500) M(r500) b γ θγ

(km/s) (keV) (ergs/s) (1013M�) (′′) (o)

B0712+472 0.29 306+110
−58 1.2 (8.3± 6.5)× 1041 4 19 0.11 56

HS0810+2554 0.08 232+56
−56 0.82+0.08

−0.08 (2.7± 0.4)× 1042 3 58 0.03 -89
RXJ0911+0551 0.77 836+180

−200 3.7+1.4
−0.8 (4.0± 0.5)× 1044 38 39 0.12 -162

SDSS0924+0219 0.391 6.7+∞
−4.0 (7.2± 1.6)× 1043 55 71 0.14 -71

Q0957+561 0.35 715+130
−130 4.0+3.2

−1.3 (2.3± 0.2)× 1044 17 7 > 0.3 68
SDSS1004+4112 0.68 700m 4.6+0.8

−0.6 (1.21± 0.05)× 1045 31 5 > 0.3 -36
PG1115+080 0.31 440+90

−80 1.1+0.3
−0.2 (4.9± 1.5)× 1042 4 20 0.09 -112

RXJ1131-1231 0.29p · · · 3.7 (2.7± 0.9)× 1043 22 3 > 0.3 -138
0.10 407+136

−136 1.18+0.05
−0.04 (2.4± 0.1)× 1043 5 155 0.01 71

MG1131+0456 0.34 222+384
−65 2.9 (8.6± 6.1)× 1042 15 60 0.08 132

Q1208+1011 1.131 1 (5.8± 2.6)× 1044 3 68 0.02 -62
HST14113+5211 0.46 1660+382

−311 5.1+0.2
−0.2 (2.83± 0.02)× 1045 45 42 0.20 10

B1422+231 0.34 470+100
−90 1.6+1.0

−0.3 (3.6± 0.9)× 1043 4 13 0.24 127
HE2149-2745 0.27 400+105

−105 1.75 (4.2± 3.4)× 1042 7 83 0.04 -122

Notes: “p” = photometric redshift; “m” = velocity dispersion estimated from lens modeling; shear angle (θγ) is

measured North through East; 1 estimated lens redshift, no known optical group

teen targets have detectable diffuse emission, including all seven previously known X-ray sources.
One of the twelve targets, RXJ1131-1231, has two diffuse detections.

For each of the detections a radial surface brightness plot was used to determine the radius at
which the extended emission drops below 1-σ above the background. Counts within this extraction
region were fit to a mekal plasma model with Galactic NH and 0.3Z�. The emission was assumed
to be at the redshift of any known galaxy group or cluster, or, at the redshift of the lensing galaxy.
The results are shown in Table 1. The redshift and velocity dispersion are taken from the literature.
Our measured temperature, luminosity, and gravitational mass are shown, as well as our estimates
for lensing model parameters such as the projected distance of the X-ray emission from the lens
and the magnitude and position angle of the external shear to due to the group at the lens position
For consistency, luminosity and mass have been extrapolated to r500, the radius where the mean
density of the system is 500 times the critical density of the Universe (Evrard et al., 1996).

For fields with no significant diffuse emission, we calculate 3-σ upper limits on luminosity.
These are shown in Table 2. The redshift and velocity dispersion are taken from the literature.
Our measured luminosity upper limits assume a temperature scaled from the measured velocity
dispersion or 1 keV where there is no known group.

4 Conclusions

We have detected diffuse X-ray emission towards thirteen of our thirty-eight gravitational lens tar-
gets. The properties of these objects are listed in Table 1. They span a wide range of temperature
and luminosity and indicate the variety of possible lens environments. Six of these X-ray detec-
tions are new and have not been previously reported in the literature. Four of these are in fields
with an optically studied group or cluster. The remaining two detections, SDSS0924+0219 and
Q1208+1011, are in poorly studied systems.
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Table 2: X-ray Upper Limits

Lens Name Group X-ray Lens Name Group X-ray
zg σv < L(r500) zg σv < L(r500)

(km/s) (1043 ergs/s) (km/s) (1043 ergs/s)

Q0142-100 0.491 < 1 HST14176+5226 0.811 < 4
HE0230-2130 0.521 1130s < 6 SBS1520+530 0.9p · · · < 10
J0332-2756 0.621 < 0.9 MG1549+3047 0.111 < 0.07
MG0414+0534 0.961 < 10 B1600+434 0.41 100+40

−40 < 1
HS0818+2554 0.391 < 0.7 B1608+656 0.63 150+60

−60 < 3
APM08279+5255 1.061 < 20 0.27 320+100

−100 < 0.3
SDSS0903+5028 0.44p · · · < 1 0.43 270+110

−110 < 0.8
BRI0952-0115 0.42 170+150

−100 < 0.7 0.52 410+160
−160 < 2

J1004+1229 0.951 < 20 PKS1830-211 0.891 < 200
LBQS1009-0252 0.871 < 10 MG2016+112 1.00 771+430

−160 < 50
Q1017-207 0.78p1 < 10 WFI2033-4723 0.661 < 5
FSC10214+4724 0.75p1 < 5 Q2237+030 0.041 < 0.008
HE1104-1805 2p · · · < 600 PSS2322+1944 12 < 30
B1152+200 0.4391 < 1
H1413+117 0.8p 760s < 10

1.7p · · · < 200

Notes: “p” = photometric redshift; “s” velocity dispersion from weak shear mass reconstruction; 1 no known group,

using lens redshift; 2 lens redshift unknown

The properties of the detected groups and clusters are compared to the scaling relations of
Osmond & Ponman (2004) in Figure 1. Although the sample size is small, there is no indication
of any significant deviations from the scaling relations beyond the usual scatter, even though the
Osmond & Ponman sample is at lower redshift (z < 0.03) than this sample (0.08 < z < 0.8).

Twenty-five of the lens systems do not show any significant diffuse X-ray emission in these
observations. The 3-σ luminosity upper limits are shown in Table 2. For the cases with an X-ray
undetected, optically known group, these upper limits are also compared to the LX − σv scaling
relation in Figure 1. The undetected groups do not appear to be anomalous, rather just under-
exposed.

Our “hit” rate of 13 detections out of 38 lensing fields or ∼ 34% is consistent with previous
studies of lensing environments. Including the X-ray undetected but optically known objects in-
creases this fraction of lens environments containing groups or clusters to over 50%. We cannot
rule out a much higher fraction of groups and clusters since many of the fields with non-detections
have low statistics and do not place strong constraints on the X-ray luminosity. Our sample may be
biased toward high density environments due to the fact that these lenses, on average, have larger
image separations than the full gravitational lens catalog. These larger separations are indicative
of higher lensing mass.

This research was supported by NASA contracts NAS-8-38252 and NAS-8-37716 and makes use
of the CASTLES gravitational lens database (C.S. Kochanek, E.E. Falco, C. Impey, J. Lehar, B.
McLeod, H.-W. Rix)
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Figure 1: Comparison of group/cluster properties to the LX − TX , LX − σv, and σv − TX scaling
relations of Osmond & Ponman (2004). The triangles and diamonds indicate systems with σv

estimates from lens modeling and weak shear analysis, respectively. The bottom right panel shows
the luminosity upper limits for optically known groups.
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