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ABSTRACT

This dissertation focuses on determining the properties of the environments

and the line-of-sight mass distributions for a sample of strong gravitational lenses

as well as establishing their effects on the observed lens properties and the Hub-

ble constant.

Strong gravitational lenses ought to be able to provide important constraints

for cosmology, however the lack of understanding of their large–scale environ-

ments has hindered their use. Here, we present a spectroscopic survey of the

environments and lines of sight of 28 strong galaxy–mass lenses. We determine

redshifts for 9698 galaxies in the fields of these lenses and identify 163 structures

with at least five members in 26 fields. We find that 12 of 26 lenses are group

members. Six of these groups are newly discovered. Overall, between 38–67%

of lenses are in groups, and in 8–31% of the lenses the group makes a significant

contribution to the lens potential. Line-of-sight structures are present in virtually

every lens field, and in 19% of lenses the structures appear to be a significant

perturbation to the lens potential. We consider the effect of the environment on

H0 derived from gravitational lenses. We find that, when the environment is ig-

nored, lenses in groups predict a systematically higher value of H0, inconsistent

at the 1σ level with H0 derived from isolated lenses. Correcting for the environ-

ment and line of sight structures brings the two values into agreement and lowers

the combined value (H = 66+3.4
−3.2). Without correction for the environment, the H0

values from strong lenses should be considered a strict upper limit. We explore

the correlation between the observed lens properties and external perturbations

from the observational perspective. We find that four-image lenses are statisti-

cally more likely to be in groups than two-image lenses. Furthermore, the dis-
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tributions of convergences are statistically different for quads and doubles. This

finding strongly supports the idea that the high quad-to-double ratios are at least

partially due to the effect of the environment. We also examine the connections

between flux anomalies and environment and the correlations between image

separations and convergence. We find no significant links due to the limitations

of our sample.
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CHAPTER 1

INTRODUCTION

Strong gravitational lensing is the deflection of light from distant sources by in-

tervening massive objects. One of the most distinct manifestations of gravita-

tional lensing is in multiply imaged distant quasars lensed by foreground galax-

ies. These systems, referred to as strong gravitational lenses, can potentially be

used to place unique constraints on cosmological parameters, the properties of

dark matter halos and the properties of quasars. In particular, lenses offer con-

straints on the masses, shapes, evolution and substructure of dark matter halos

as well as the nature of dark matter itself via studies of the halos of lens galax-

ies (e.g., Kochanek, 1991; Keeton et al., 1998; Metcalf & Madau, 2001; Dalal &

Kochanek, 2002; Rusin et al., 2003; Rusin & Kochanek, 2005; Treu & Koopmans,

2004; Ferreras et al., 2005). Using gravitational lenses as high-magnification tele-

scopes has opened the opportunity to study high-redshift quasars and to recon-

struct their host galaxies (e.g., Peng et al., 2006). Lens statistics and time delays

can be used to determine the Hubble constant and the properties of dark energy

(e.g., Refsdal, 1964a; Kochanek & Schechter, 2003) independent of other methods.

For all their promise, however, lenses have failed to deliver, limited mainly

by systematic biases and uncertainties in both the observed and lens model de-

rived properties. A major source of such biases and uncertainties comes from the

fact that lenses are not isolated galaxies but instead reside in groups and clusters

(Keeton & Zabludoff, 2004). The majority of lenses are produced by early-type

galaxies which are more likely to reside in overdensities. Furthermore, lenses are

embedded in the large scale structure of the Universe. The lens environment and

line-of-sight structures cause perturbations to the lens potential and contribute
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additional mass to the lens beam, both of which are degenerate with the quanti-

ties derived from the lens. This dissertation focuses on determining the properties of

the environments and lines of sight mass distributions to a sample of strong gravitational

lenses as well as establishing their effects on the observed lens properties and the Hubble

constant.

Gravitational lensing was first proposed in the context of Newtonian gravity

some 200 years ago — if light could be treated as a particle, as Newton had pro-

posed in his corpuscular theory of light, then light rays would be influenced by

gravitational fields. First John Mitchel, in a letter to Henry Cavendish in 1784, and

later Johann von Soldner in 1804, calculated that light propagating in the field of

a spherical mass M, like a star, would be deflected by an angle α̂ = 2GM/(c2ξ),

where G is Newton’s constant of gravity, c is the speed of light, and ξ is the im-

pact parameter of the incoming ray. At roughly the same time, in 1795, Pierre-

Simon Laplace first speculated on the existance of black holes by noting “that the

gravitational force of a heavenly body could be so large that light could not flow

out of it” and calculated what is referred to today as the Schwarzschild radius

R = Rs = 2GM/c2 of a mass M . However, only after the formulation of General

Relativity (GR) and the introduction of the concept of the photon, could the be-

havior of light in a gravitational field be given a firm physical footing. Einstein

first considered the basic properties of gravitational lenses in 1911-12, presum-

ably during a visit to the astronomer Erwin Freundlich in Berlin. As evident

from sketches in his notebook, he recalculated the results of Mitchel and Soldner,

of whose work he was unaware. After the completion of GR, however, it became

obvious to him that the “Newtonian” deflection angle was too small by a factor of

two. The first observation of gravitational deflection was performed in 1919 dur-

ing a solar eclipse, when Sir Arthur Eddington and his collaborators measured
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the positions of stars projected near the solar surface. The observations confirmed

Einstein’s prediction of the deflection angle (within the large uncertainties) and

provided one of the classical tests of GR.

In the following years the subject of deflection of light was considered in a

number of publications: by Einstein himself in his personal correspondence, by

the physicist Oliver Lodge who first used the term “lens” when referring to gravi-

tational light deflection, though he noted that “it has no focal length”, and by the

Russian physicist Orest Chwolston who considered the case of a perfect align-

ment between the lens and the source. Finally, in 1936, on the request of Rudi

Mandl, a Czech emigrant and amateur engineer, Einstein agreed to a brief pub-

lication in Science: “Lens-Like Action of a Star by the Deviation of Light in the

Gravitational Field”. The article included the derivations of the optical proper-

ties of a gravitational lens he had done 24 years earlier. Like previous works on

the subject, Einstein concluded that the angular separation between the images

would be too small, so “there is no great chance of observing this phenomenon”

(Einstein, 1936).

Einstein’s publication, though short, lent credibility to the subject of gravita-

tional lensing and inspired a number of follow-up works which did not share his

pessimism. Most importantly, in 1937 Fritz Zwicky suggested that deflection of

light by “extragalactic nebulae” is much more observationally feasible (Zwicky,

1937a,b). He predicted that the probability of near alignment of two galaxies is

much higher than that of two stars and estimated the image separation to be of

the order of 10′′. He also noted that observing this effect would be an additional

test of GR, would allow the us to see nebulae at greater distances (due to magni-

fication), and would be a way to measure of the masses of the nebulae acting as

lenses.
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The subject lay to rest until the early 1960s, when both theoretical and obser-

vational advances renewed the interest in lensing: Klimov (1963) considered the

lensing of galaxies by galaxies, while Refsdal (1964a,b) calculated the difference

of light travel times between the two images of a source and pointed out that if

the image separation and time delay are measured, one can determine the lens

mass and the Hubble constant. In 1963 the first quasars were detected. These dis-

tant, luminous objects were the ideal candidate for a source population behind

the less distant lens galaxies. However, the discovery of the first gravitationally

lensed quasar — Q0957+561 — had to wait another 15 years. In their program to

optically identify quasars, Walsh et al. (1979) found a pair of quasars with identi-

cal colors, redshifts and spectra, and separated by only 6′′. A galaxy at z = 0.36

was soon found between the two quasars (Stockton, 1980; Young et al., 1981a) —

the lens was the brightest galaxy in a small cluster, and we now know that the

large image separation of the system is partly due to the cluster contribution. The

second lens — PG1115+080 (hereafter PG1115), which is prominently featured in

this dissertation — was discovered only a year later by Weymann et al. (1980)

using the MMT telescope. PG1115 is a quasar, quadruply imaged by a z = 0.31

galaxy.

Today, there are close to 100 strong gravitational lens systems with a galaxy

acting as the main lens. A subsample of 28 of these lenses are examined in this

dissertation. The lenses in our sample are an inhomogeneous lot as is the greater

sample of lenses. Some of them have been discovered from systematic searches

for lenses among radio sources (e.g., JVAS and CLASS, King et al., 1999; Browne

et al., 2003) and optical sources (Maoz et al., 1993), still many lenses have been

discovered serendipitously. More recently, the SDSS and SLACS surveys have

found large photometrically and spectroscopically selected samples of lenses (In-
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ada et al., 2008; Bolton et al., 2006), however none of these lenses are included in

our sample.

Poor groups are the most common environments for galaxies in the universe:

∼ 50% of the galaxies in the local universe are thought to reside in groups. These

are also the structures we expect to find lens galaxies in. Statistical arguments

suggest that at least 25% of lenses reside in groups with velocity dispersions

greater than 200km s−1 (Keeton et al., 2000). Groups are also much more likely

to lie along the lines of sight to lenses, due to the fact that their volume den-

sity is much larger than that of clusters. However, poor groups – systems typi-

cally containing fewer than five M∗ or brighter galaxies – are difficult to find with

conventional methods used for clusters at z > 0.1. Groups are cool (∼ 1 keV)

compared to clusters (∼ 10 keV) and are thus difficult to detect in X-ray surveys:

Rosati et al. (1995) show that serendipitous X-ray surveys only yield groups out

to z ∼ 0.3. Furthermore, a large fraction of groups are not X-ray bright and are

missed by such surveys. Weak lensing by groups has only been detected statis-

tically – groups have smaller masses and angular sizes than clusters, subtending

fewer background galaxies and lensing them more weakly. Finally, methods us-

ing the red sequence of early-type galaxies and photometric redshifts likewise

fail to reveal systems as sparsely populated as groups. The most robust method

for finding groups is spectroscopy – it allows not only for confirmation of groups

as bound systems but also for the determination of their kinematic properties

which is crucial for robust lens analyses. For this reason we have carried out a

large spectroscopic survey in the fields of 28 strong gravitational lenses and ob-

tained redshifts for ∼ 10, 000 galaxies in these fields. This dissertation is based on

the data obtained in that survey.

Obtaining redshifts however, is not the only challenge in finding groups. Find-



24

ing groups in redshift catalogs is in itself a notoriously difficult task. A num-

ber of methods have been developed to cope with the task. The first and most

widely used technique is the friends-of-friends or percolation algorithm (Huchra

& Geller, 1982). Alternative methods include the Voronoi-Delauney Method (VDM)

developed by Marinoni et al. (2002) and used by Gerke et al. (2005) in DEEP2,

and the C4 algorithm (Nichol, 2004) used by the SDSS team which searches for

structures in a seven-dimensional redshift-color space. Due to the low overall

completenes level of our survey, the variations in completeness as a function of

spatial position (highest completeness in the field center, lowest in the outskirts),

and the field-to-field deviations in completeness, we decide against using these

standard methods and instead apply a more hands-on approach to finding the

groups. We test our group finding algorithm in great detail using mock spectro-

scopic catalogs based on the Millennium simulation to assess the level of success-

ful recovery of virialized systems and the level of contamination.

The groups identified in this survey can be further used to study the evolution

of groups and their galaxies over the last 7 Gyrs. The study of groups is necessary

for understanding galaxy evolution for two significant reasons: most of the galax-

ies (and therefore, baryons) in the nearby universe lie in groups, and groups are

thought to be relatively simple environments where the processes which drive

galaxy evolution are fewer than in the hot, dense clusters. While not the main

topic of this dissertation, the spectroscopic data allows for an in-depth study of

the extinctions, metallicities and star-formation properties of group galaxies and

their evolution with cosmic time between z = 0.1 and z = 0.7. An evolution of

sorts is also expected as a function of group velocity dispersion as the properties

of galaxies depend on the mass of the halo they reside in. A large survey such

as this one opens the doors to studies of classes of objects which are intrinsically
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rare (AGN and E+A galaxies, for example). The overall properties of groups, as

a function of cosmic time and group mass, can also be explored with this dataset.

This dissertation is organized as follows. Chapter 2 presents our first-look sur-

vey of the environments of eight strong gravitational lenses – the first systematic

survey of its kind. Using this small sample we find that the incidences of groups

associated with the lenses and line-of-sight structures are quite frequent and de-

velop the techniques to quantify their effects. We also consider the properties of

the groups found using this method and find a wide range, suggesting that the

sample is potentially valuable to study galaxy evolution in groups over a range

of redshifts. In Chapter 3 we present the full spectroscopic survey in the fields

of 28 lenses. The spectroscopic catalog contains 9798 unique new redshifts with

a mean z = 0.35. We also present a catalog of 123 groups with at least 5 mem-

bers identified in the spectroscopic catalog. We find that twelve of the 28 lens

galaxies are in groups. Of these, six groups – the ones associated with the lenses

Q0047, HE0435, RXJ1131, MG1654, WFI2033 and B2114 – are newly discovered.

In Chapter 4, we consider the effects of the environments and large scale struc-

ture on lensing. We discuss the implications of these for the observed properties

of strong lenses and the quantities derived from lens models. In particular we

study the effects of the environment and line-of-sight structures on the Hubble

parameter, the relative numbers of four to two image lenses, the image separa-

tion and the flux ratios. Finally, in Chapter 5, we summarize our findings and

discuss their importance for future work involving strong gravitational lenses.

We also discuss possible future application of the rich dataset, acquired in the

course of this work, to study the evolution of groups and their member galaxies.
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CHAPTER 2

A SPECTROSCOPIC STUDY OF THE ENVIRONMENTS OF GRAVITATIONAL LENS

GALAXIES: PRELIMINARY RESULTS

We present the first results from our spectroscopic survey of the environments of

strong gravitational lenses. The lens galaxy belongs to a poor group of galaxies in

six of the eight systems in our sample. We discover three new groups associated

with the lens galaxies of BRI 0952−0115 (five members), MG 1654+1346 (seven

members), and B2114+022 (five members). We more than double the number

of members for another three previously known groups around the lenses MG

0751+2716 (13 total members), PG 1115+080 (13 total members), and B1422+231

(16 total members). We determine the kinematics of the six groups, including

their mean velocities, velocity dispersions, and projected spatial centroids. For

the newly discovered groups, we quantify these properties for the first time. For

the other three groups, the increased membership allows us to make more robust

estimates of the kinematic properties of the groups than previously possible. The

velocity dispersions of the groups range from 110+170
−80 to 470+100

−90 km s−1 . The

higher velocity dispersions (for the richer groups MG0751, PG1115, and B1422)

are consistent with those of nearby X-ray luminous groups, while the others (for

the poorer groups BRI0952, MG1654, and B2114) are more typical of nearby dy-

namically younger groups. The lens galaxy is the brightest member in fewer

than half of the groups. In general, the brightest group galaxy is an early-type

galaxy that lies off the center of the potential and occupies an orbit indistinguish-

able from the other group members. In at least three of the lenses — MG0751,

PG1115, and B1422 — the group environment significantly affects the lens po-

tential. These lenses happen to be the quadruply-imaged ones in our sample,
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which suggests a connection between image configuration and environment. Fi-

nally, our survey allows us to assess for the first time whether mass structures

along the line of sight are important for lensing. We first show that, in principle,

the lens potential may be affected by line-of-sight structures over a wide range

of spatial and redshift offsets from the lens. We then quantify real line-of-sight

effects using our survey and find that at least four of the eight lens fields have

substantial interloping structures close in projection to the lens, and at least one

of those structures (in the field of MG0751) significantly affects the lens potential.

2.1 Introduction

The study of strong gravitational lens systems offers critical constraints on the

masses, shapes, evolution, and substructure of galaxy dark matter halos (e.g.,

Kochanek, 1991; Keeton et al., 1998; Metcalf & Madau, 2001; Dalal & Kochanek,

2002; Rusin et al., 2003; Rusin & Kochanek, 2005; Treu & Koopmans, 2004; Fer-

reras et al., 2005), on the Hubble constant independent of the local distance ladder

(e.g., Refsdal, 1964a; Kochanek & Schechter, 2003), and on the dark energy den-

sity (e.g., Turner, 1990; Kochanek, 1996a; Chae, 2003; Linder, 2004; Mitchell et al.,

2005). However, our understanding of observed lenses is limited by uncertainties

and biases in the lens models necessary to analyze the data. Despite improving

data for lensed images and lens galaxies, astrophysical applications of lensing

are still hindered by poor knowledge of the environments in which strong lens

systems reside.

Several arguments suggest that lenses have complex environments. Statistical

arguments based on galaxy demographics imply that at least 25% of lens galaxies

lie in dense environments such as groups and clusters (Keeton et al., 2000). From

spectroscopic observations, several lenses are in fact known to lie in groups (MG
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0751+2716, PG 1115+080, B1422+231, and B1608+656; Tonry & Kochanek, 1999;

Kundić et al., 1997a,b; Tonry, 1998; Fassnacht et al., 2004), and several others in

clusters (RX J0911+0551, Q0957+561, HST 14113+5221, and MG 2016+112; Kneib

et al., 2000; Young et al., 1981b; Fischer et al., 1998; Soucail et al., 2001). Indi-

rect evidence for the existence of other groups comes from the large tidal shears

required to explain the image configurations of many four-image (quad) lenses,

which presumably come from mass structures near the lens galaxy or along the

line of sight (Keeton et al., 1997). The range of required shears in quad lenses

could reflect a range of environment densities, running from poor groups to rich

clusters. Comparisons of the lensing rate in different surveys have also been

cited as evidence that many lens galaxies probably lie in groups (Blandford et al.,

2001). Finally, theoretical models predict that lens galaxies reside in complex en-

vironments that produce substantial shears, although it is not yet clear whether

the models predict shears large enough to explain real quad lenses (Holder &

Schechter, 2003; Dalal & Watson, 2004).

If not handled properly, complex environments can inject uncertainties and

biases into the astrophysical quantities derived from lens models (see Keeton

& Zabludoff, 2004, hereafter KZ04). For example, neglecting environment al-

together leads to lens models that, for most purposes,1 are simply wrong. Ap-

proximating environmental effects with a simple shear term leads to models that

are better but still tend to overestimate the Hubble constant, the velocity disper-

sion of the lens galaxy, and the dark energy density ΩΛ, and to underestimate the

magnifications of the lensed images. In principle, modeling the full richness of

environmental effects can remove these biases, and may also resolve the long-

1The important exception is measurements of the total mass within the Einstein radius, which
are largely independent of assumptions built into lens models (e.g., Kochanek, 1991; Cohn et al.,
2001).
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standing puzzle of why quad lenses are almost as common as doubles in statisti-

cally complete lens samples (see King et al., 1996; Kochanek, 1996b; Keeton et al.,

1997; Rusin & Tegmark, 2001; Cohn & Kochanek, 2004, KZ04). Such an analysis

requires detailed knowledge of the galaxy populations, velocity dispersions, and

projected spatial centroids of groups and clusters around lenses in order to deter-

mine how the environments affect the lens potentials. To date, such observations

have mainly been carried out for the few lenses that reside in clusters, which

leaves many lenses whose environments are known poorly or not at all. Worse,

existing observations cannot characterize the distribution of lens environments,

so we cannot assess environment-related biases in statistical quantities (such as

ΩΛ or the quad/double ratio) or ensemble properties (such as evolution or sub-

structure). While the environment distribution can be predicted from theoretical

models (Keeton et al., 1997; Holder & Schechter, 2003; Dalal & Watson, 2004),

disagreements among the models, and discrepancies between the predicted dis-

tributions and the shears required to fit observed lenses, raise questions about

the predictions.

These issues have not been adequately addressed with observations, because

no systematic survey of lens environments exists. Surveys of a few lens fields

have been published individually or in pairs (Young et al., 1981b; Kundić et al.,

1997a,b; ?; Tonry, 1998; Tonry & Kochanek, 1999; Kneib et al., 2000; Fassnacht

et al., 2002b, 2004; Soucail et al., 2001). In many cases, though, those surveys

only spanned a ∼ 30′′ field around each lens, so they did not adequately sample

group or cluster membership out to the virial radius (∼ 0.7 Mpc for groups, cor-

responding to ∼3′ at the redshifts of the lenses we study). We have undertaken a

systematic deep and wide-field survey of lens fields, and here we present results

for the first eight systems that we have targeted for multi-object spectroscopy.
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We characterize the environment within a ∼6′ diameter field around each of the

eight lenses, and quantify how those environments affect the lens potentials.

Going beyond the lenses’ immediate environments, we also consider the de-

gree to which massive structures along the line of sight to a lens affect the lens

potential. The prevalence and importance of interloping structures in lens fields

is poorly understood. Observationally, there appear to be bound groups along

the lines of sight to B0712+472 (10 members; Fassnacht & Lubin, 2002a) and MG

1131+0456 (3 members; Tonry & Kochanek, 2000). Overdensities of galaxies are

seen in the fields of several other strong lenses (Faure et al., 2002; Morgan et al.,

2005), but it is not yet known whether they indicate massive bound structures,

and whether any such structures are associated with the lens galaxies or lie else-

where along the lines of sight. On the theoretical side, studies have yielded con-

flicting results as to whether line-of-sight structures are very important or negli-

gible for lensing (e.g., Seljak, 1994; Bar-Kana, 1996; Keeton et al., 1997; Premadi &

Martel, 2004). We show here that lenses are, in principle, sensitive to structures

over a wide range of redshifts and projected spatial offsets, so the practical im-

portance of interloping structures depends only on how common they are. Our

photometric/spectroscopic pencil-beam survey of lens fields enables us to self-

consistently identify any prominent structures at all relevant redshifts, and to

assess their actual contributions to observed lenses.

Separate from lensing, an important by-product of our survey is a sizable

sample of poor groups at intermediate redshifts. Only a few such samples are

presently known (Carlberg et al., 2001; Wilman et al., 2005; Gerke et al., 2005).

Groups are important laboratories for studies of galaxy evolution because they

are the most common environments for galaxies, and are also relatively simple

systems in which the range of mechanisms thought to drive galaxy evolution (pri-
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marily galaxy–galaxy interactions) is much narrower than in hotter, denser clus-

ters (Zabludoff & Mulchaey, 1998a, hereafter ZM98). Unfortunately, poor groups

are notoriously difficult to identify using conventional methods for finding clus-

ters, due to their low projected surface densities, faint X-ray luminosities, and

inefficiency for weak lensing. The velocity dispersions of nearby groups range

from σr ∼ 200 km s−1 for systems that are X-ray faint, late-type dominated,

dynamically young, and generally similar to the Local Group; to σr ∼ 300–500

km s−1 for systems that are richer, X-ray luminous, early-type dominated, and

dynamically more evolved; up to σr ∼ 1000 km s−1 for rich clusters. In nearby

X-ray luminous groups with σr ∼ 300–500 km s−1 , there is always a giant ellipti-

cal that lies at the center of the group potential, which suggests that such galaxies

form in groups via interactions prior to being accreted by rich clusters (ZM98).

Groups at intermediate redshifts like those we describe here will, in conjunction

with nearby group samples, permit us to observe the evolution of groups directly.

The organization of this Chapter is as follows. In §2 we describe our sample of

eight lens systems and summarize previous work on them. In §3 we present our

spectroscopic data in the eight lens fields. In §4 we determine the membership,

kinematics, and centroids of the groups, and use those properties to quantify

how the environments affect the lens models. We also explore the effects of line-

of-sight structures on the lens models. We summarize our results and conclusions

in §5. We present the formalism for computing the convergence and shear aris-

ing from perturbing structures anywhere along the line of sight in Appendix A.

Where necessary, we assume a cosmology with ΩM = 0.3, ΩΛ = 0.7, and H0 = 70

km s−1 Mpc−1.
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2.2 The Sample

Our sample consists of eight known gravitational lens systems with lens galaxies

at intermediate redshifts 0.25 < zl < 0.5. Four of the lenses (MG 0751+2716, PG

1115+080, B1422+231, and MG 1654+1346) were suspected from previous studies

to have complex environments. We chose the other four lenses (BRI 0952−0115,

PMN J2004−1349, B2114+022, and HE 2149−2745) because of the availability of

prior imaging and photometry as well as accessibility from Las Campanas Obser-

vatory. In the remainder of this section we briefly review prior studies of these

eight lenses. The data from this section are summarized in Table 4.1.

MG 0751+2716 (hereafter MG0751), discovered as a part of the MIT–Green-

bank–VLA search for gravitational lenses, is a radio lens with four images and

a partial ring (Lehár et al., 1993b). Optical imaging of the system by Lehár et al.

(1997) identified an R = 21.3 galaxy (G3) located 0.2′′ northeast of the brightest

radio spot as the likely lens galaxy. G3 is a satellite of a much brighter R = 19.1

galaxy (G1) located 6′′ away. Tonry & Kochanek (1999) determined the redshifts

of the galaxies to be zG1 = 0.3501 ± 0.0003 and zG3 = 0.3502 ± 0.0003. They also

found a nearby emission line galaxy to have redshift 0.3505 ± 0.0003, indicating

that the lens galaxy lies in a small group with at least three members. Lens mod-

els by Lehár et al. (1997) suggest that MG0751 requires more external shear that

can be accounted for by the observed galaxies, which is consistent with the hy-

pothesis that the lens environment is complex. The redshift of the source quasar

is zs = 3.200 ± 0.001 (Tonry & Kochanek, 1999).

BRI 0952−0115 (hereafter BRI0952) was discovered by McMahon & Irwin (1992)

as a doubly imaged zs = 4.5 optical quasar. The quasar is also detected at millime-

ter wavelengths (Omont et al., 1996). Keeton et al. (1998) found that the lens is a

flattened early type galaxy, and Kochanek et al. (2000b) estimated a lens redshift
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Table 2.1. Gravitational Lens Galaxies

Lens RAb Decb zl Ib zs
b ∆te Imagesb,f kTX

e Ngrp
d,e σr

e

(J2000) [mag] [days] [keV] [km s−1 ]

MG 0751+2716 07:51:41.46 +27:16:31.4 0.349a 21.26 3.20 - R - 2 -

BRI 0952−0115 09:55:00.01 −01:30:05.0 (0.41)c 21.21 4.50 - 2 - - -

PG 1115+080 11:18:17.00 +07:45:57.7 0.31b 18.92 1.72 25.0±2.0 4 0.8±0.2 4 270±70

B1422+231 14:24:38.09 +22:56:00.6 0.34b 19.66 3.62 - 4 1.0+inf
−0.3 5 550±50

MG 1654+1346 16:54:41.83 +13:46:22.0 0.254a 17.9 1.74 - R - - -

PMN J2004−1349 20:04:07.07 −13:49:30.7 - - - - 2 - - -

B2114+022 21:16:50.75 +02:25:46.9 0.316a 18.63 - - 2+2 - - -

0.59b

HE 2149−2745 21:52:07.44 −27:31:50.2 0.50b 19.56 2.03 103.0±12.0 2 - - -

aData from this work

bData from references in the text and from the CASTLES website (http://cfa-www.harvard.edu/castles/).

cPhotometric redshift (Kochanek et al., 2000b)

dNumber of previously known group members in addition to the lens galaxy.

eReferences in text.

fR means an Einstein ring.
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of zl = 0.41 ± 0.05 based on fundamental plane fitting. Because the separation

between the images is small (0.9′′) and the lens galaxy is faint (21.9 in F675W;

Keeton et al., 1998), the lens redshift has not been determined spectroscopically.

PG 1115+080 (hereafter PG1115) is a lens system discovered by Weymann et

al. (1980), in which a radio-quiet quasar at redshift zs = 1.722 is lensed into four

images (Hege et al., 1981). The lens galaxy was first detected by Henry & Heasley

(1986); its redshift was estimated by Angonin-Willaime et al. (1993), and later im-

proved by Kundić et al. (1997a) and Tonry (1998) to zl = 0.3098±0.0002. Young et

al. (1981a) suggested the presence of a small group of galaxies near the lens. This

was confirmed by Kundić et al. (1997a) and Tonry (1998), who measured the red-

shifts of a total of four galaxies within 20′′ of the lens galaxy. Kundić et al. (1997a)

estimated a group velocity dispersion of σr = 270 ± 70 km s−1 from four galax-

ies, while Tonry (1998) estimated σr = 326 km s−1 from a slightly different set of

four galaxies. Grant et al. (2004) detected diffuse X-ray emission that is associated

with the group and that has a temperature kT ∼ 0.8±0.2 keV; this value is consis-

tent with typical values for low-redshift poor groups, but somewhat high given

the measured group velocity dispersion and the local σr-TX relation (Mulchaey &

Zabludoff, 1998, hereafter MZ98). PG1115 is one of nine known strong lens sys-

tems for which the time delay between different images has been measured, so

it can be used to determine H0. Schechter et al. (1997) measured the light curves

of the different images and estimated the time delays, and Bar-Kana (1997) then

reanalyzed the data to give more precise results: the delay between images B and

C is tBC = 25.0+3.3
−3.8 days, and the ratio of the delays between A (actually a com-

bination of the close images A1 and A2), B, and C is tAC/tBA = 1.13+0.18
−0.17. PG1115

is one of the lenses with “anomalous” flux ratios thought to indicate some sort of

small-scale structure in the lens galaxy (e.g., Metcalf & Madau, 2001; Chiba, 2002;
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Dalal & Kochanek, 2002; Keeton et al., 2005).

B1422+231 (hereafter B1422) is a four-image lens discovered by Patnaik et al.

(1992b) while searching for small-separation lenses among flat spectrum radio

sources in the Jodrell Bank–VLA Astrometric Survey (JVAS; Patnaik et al., 1992a;

Browne et al., 1998; Wilkinson et al., 1998; King et al., 1999). The source is a

radio loud quasar at zs = 3.62 (Patnaik et al., 1992b), and the lens is a luminous

elliptical at zl = 0.3374 (Impey et al., 1996; Kundić et al., 1997b). The lens galaxy

and five nearby galaxies form a group at zg = 0.338 with a rest-frame line-of-sight

velocity dispersion of σr = 550 ± 50 km s−1 (Kundić et al., 1997b). Lens models

for B1422 require a significant shear γ ∼ 0.20–0.26, which may be attributable to

the group environment (Hogg & Blandford, 1994; Keeton et al., 1997; Dobler &

Keeton, 2005). Indeed, from their estimate of the group’s velocity dispersion and

centroid, Kundić et al. (1997b) estimated γ = 0.23 and pointed out that the group

will also create some convergence κ that may affect the lens potential. Grant et

al. (2004) detected B1422 in X-rays (0.5–2 keV) and determined a temperature of

kT = 1.0+∞
−0.3 keV, which is consistent with the value expected for a poor group

(MZ98). B1422 is another lens with “anomalous” flux ratios (Mao & Schneider,

1998; Chiba, 2002).

MG 1654+1346 (hereafter MG1654) was originally detected in the MIT - Green-

bank - VLA survey. Langston et al. (1988, 1989) recognized its unusual struc-

ture in a VLA snapshot and obtained radio and optical mapping. The source

is a zs = 1.74 radio quasar with a compact core and two extended radio lobes.

The southwest lobe is lensed into a ring by a zl = 0.254 giant elliptical galaxy

(Langston et al., 1988; Kochanek et al., 2000b). Langston et al. (1989) noted an

enhancement of the number density of galaxies near the lens; some of the nearby

galaxies are comparable in brightness to the lens galaxy, suggesting a complex
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environment.

PMN J2004−1349 (hereafter PMN2004) is a two-image lens discovered in a

search for radio lenses in the southern sky (Winn et al., 2001). The radio spectral

index of the images is typical for radio-loud quasars, so the source is considered

to be a quasar despite the lack of an optical spectrum and a measured redshift

(Winn et al., 2001). Based on photometry, Winn et al. (2001) suggested a lens

redshift in the range 0.5 < zl < 1.0. Higher-resolution imaging by Winn, Hall

& Schechter (2003) revealed a spiral lens galaxy (only the fifth one known) and

showed that the color differences between the two images at optical and near-

infrared wavelengths can be explained by differential extinction. The extinction

analysis can be used to infer the lens redshift; it seems to imply somewhat low

values (0.03 ∼< zl ∼< 0.36), but that result depends on assumptions about the ex-

tinction curve.

B2114+022 (hereafter B2114) was discovered as part of the search for lenses

in JVAS (King et al., 1999). Radio maps show four distinct components within

2.4′′ in a configuration that is atypical for lenses. Furthermore, the sources can be

divided into two pairs with distinct radio surface brightnesses and radio spectra:

sources A and D are similar to each other, and sources B and C are similar to one

another, but the two pairs are clearly different. Ground-based and HST optical

imaging and spectroscopy do not detect the lensed images but reveal two lens

galaxies at zl1 = 0.3157 and zl2 = 0.5883 (Augusto et al., 2001), suggesting a

compex lensing geometry. Chae, Mao & Augusto (2001) could explain two of the

radio components (A and D) as lensed images using a two-plane lens model. It

is not known whether the other components (B and C) are images of the same

source (unlikely), images of a different source, or structure related to the G1 lens

galaxy. No lens models that explain these components have been published.
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HE 2149−2745 (hereafter HE2149) is a doubly imaged broad absorption line

quasar at redshift zs = 2.033, which was discovered by ?) in the Hamburg/ESO

wide-angle survey for bright quasars. Burud et al. (2002) reported a redshift of

zl = 0.495 ± 0.01 for the elliptical lens galaxy, consistent with the photometric

redshift estimate of zl = 0.43+0.07
−0.06 (Kochanek et al., 2000b). Burud et al. also

measured the time delay between the two images to be ∆t = 103 ± 12 days.

Based on the large number of red non-stellar objects in R-band images of the field

around the lens, Lopez et al. (1998) suggested that the lens galaxy might be a

member of a cluster.

2.3 Spectroscopic Data

We first identified galaxies for follow-up spectroscopy from two-color, wide-field

imaging of each lens field. We obtained deep images in I and either V or R during

the period from May 2002 to June 2004 using the 36′×36′ Mosaic Imager on the 4-

m telescopes at Kitt Peak National Observatory and Cerro Tololo Inter-American

Observatory. We reduced these images and extracted photometric catalogs fol-

lowing standard methods using IRAF2 and SExtractor (Bertin & Arnouts, 1996).

A more detailed description of the photometric analysis is presented in Williams

et al. (2006).

We selected spectroscopy targets using a prioritization scheme based on ob-

jects’ colors and projected distances from the lens. Highest priority was given to

objects populating a red sequence in the color–magnitude diagram that is con-

sistent with the lens redshift, and to targets that lie within a group-like virial

radius of 0.7 Mpc (ZM98), which corresponds to ∼ 3′ over the redshift range of

2IRAF is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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our lenses. We applied a magnitude cut at I = 21.5 to assure reasonable expo-

sure times. This limiting magnitude corresponds to I∗ + 4.2 at the low redshift

limit of our sample (z = 0.25) and to I∗ + 2.8 at the high redshift limit (z = 0.5),

where I∗ is the observed magnitude of an L∗ galaxy, adopted from Williams et al.

(2006). We obtained multislit spectroscopy during two observing runs, March 1–4

and August 30–September 2, 2003, with the Low Dispersion Survey Spectrograph

(LDSS-2; Allington-Smith et al., 1990) at the 6.5-m Magellan 2 (Clay) telescope at

Las Campanas Observatory. All spectra were taken with the medium blue grism

(300 l/mm; 5000Å blaze) over a wavelength range of 3900–8000Å. We used 1.03′′

slitlets, resulting in a spectral resolution of ≈ 15Å FWHM. Each slitmask had di-

mensions ∼ 5′×7′, typically contained 20–30 targets, and was observed for 4×900

seconds.

Our sky coverage is shown in Figure 2.1. Each panel spans 15′ × 15′ and is

centered on the lens galaxy. Rectangles show the outlines of our slitmasks. There

is a noticeable difference in the sampling between the two observing runs. In

March 2003, when we observed MG0751, BRI0952, PG1115, B1422, and MG1654,

the masks lay mostly on top of one another, providing exhaustive coverage of

the immediate surroundings of each lens galaxy. Because most of our fields were

far north for Magellan, we aligned the masks with the paralactic angle to mini-

mize the effects of atmospheric dispersion. In contrast, the masks for MG1654,

PMN2004, B2114, and HE2149 in the August 2003 observing run were tiled to

cover a larger area of the sky but still overlap significantly in the 3′ projected ra-

dius around the lens. No attempt was made to align the masks with the paralactic

angle because the targets were close to or south of the celestial equator and were

therefore observed at relatively low airmass.

The figure shows that our sampling is very good within 3′ around the lens
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Figure 2.1 Sky coverage for LDSS-2 multislit spectroscopy in the fields of the eight lens systems

in our sample. Each panel is 15′ × 15′, centered on the lens galaxy. Rectangles show the positions

of our slit masks. Each slitmask covers ∼ 5′×7′ and includes 20–30 slitlets parallel to the long side

of the mask. The 3′ circle around the lens galaxy corresponds to ∼ 0.7 Mpc, a group-like virial at

the redshifs of the lenses in our sample. We observed four masks for each of MG0751, BRI0952,

PG1115, and B1422, five masks for each of PMN2004, B2114, and HE2149, and seven masks for

MG1654. The masks from the first observing run lack a particular sampling pattern but provide

excellent coverage of the expected group virial radius in all cases except B1422, where a small

portion remains unsampled. The masks from the second observing run were tiled in an attempt

to maximize the sky coverage while still providing good sampling of the immediate surroundings

of the lens.
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for all fields, with a minor exception in B1422. We observed four masks for each

of MG0751, BRI0952, PG1115 and B1422, five masks for each of PMN2004, B2114

and HE2149, and seven masks for MG1654 (which was observed during both

runs). We discuss our spectroscopic completeness below.

We reduced all spectra using standard IRAF procedures and corrected them

to the local standard of rest using the IRAF routines RVCORRECT and DOPCOR.

We determined the radial velocities using the cross-correlation of absorption lines

(XCSAO) and/or using emission line identifications (EMSAO)3. If both emission

and absorption line velocities were found, the quoted value is a weighted aver-

arage of the two. Marc Postman kindly provided template galaxy spectra (Post-

man et al., 2002, and private communications). We visually inspected every fit to

ensure accuracy.

The number of objects observed in each field is listed in Table 2.2. Galaxies

represent ∼42% of the objects targeted spectroscopically, while stars originally

misclassified as galaxies are ∼22%. “Failed” targets (∼ 32%) are those for which

were unable to obtain velocities. The majority of failed targets, especially at

fainter magnitudes, were absorption-line systems for which the signal-to-noise

was too low to allow successful cross-correlation. Other causes of failures are

low surface brightness or poor astrometry (more problematic in March than Au-

gust). The fraction of stars was significantly lower in August (15%) than in March

(26%), thanks to improvements in star-galaxy separation made between the two

runs (see Williams et al., 2006). The large number of stars in PMN2004 is due

to the high stellar density at this relatively low galactic latitude and longitude

(l = 28 deg, b = −22 deg).

Figure 2.2 shows the completeness of our spectroscopy with respect to the

3XCSAO and EMSAO are routines in the RVSAO IRAF package (Kurtz & Mink, 1998)
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Table 2.2. LDSS-2 Observations

Lens Date # Galaxiesa # Stars # Failed Total

MG0751 March 2003 38 24 27 89

BRI0952 March 2003 47 24 19 90

PG1115 March 2003 47 28 11 86

B1422 March 2003 53 14 26 93

MG1654 March 2003 39 30 32 101

August 2003 20 6 35 61

PMN2004 August 2003 41 43 35 119

B2114 August 2003 38 1 46 85

HE2149 August 2003 41 8 66 115

aIncluding QSOs.
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photometry. The solid-line histogram shows the magnitude distribution for all

galaxies in the photometric catalog projected within 3′ of the lens, while the

shaded histogram shows the subset for which we determined velocities. Our tar-

get selection scheme, based on colors and projected offsets from the lens, misses a

few of the brightest galaxies (many of which are likely to be foreground objects).

We miss a larger fraction of objects at the faint end, but these are very few and/or

less massive galaxies, which would significantly affect the lens potential only if

very close to the lens galaxy. In total, there are only four galaxies within 10′′ of

the lens galaxies (the zone in which a small perturber can have even a moderate

effect; see Fig. 2.7 below) that are present in our photometric catalog but have

no determined velocities. Two of those (in B2114 and PMN2004) are below our

spectroscopic magnitude limit of I = 21.5. The other two galaxies are in the field

of HE2149, have I magnitudes of 19.97 and 21.08, and lie 7′′ and 10′′ respectively

form the lens. In color–magnitude space (Williams et al., 2006) they lie on red

sequences identified as line-of-sight structures at z = 0.45 and z = 0.60 (see §4.5).

We were never able to put slits on all of our highest-priority objects; this lim-

itation is inherent to multislit spectroscopy. For lensing purposes, the main ef-

fect of spectroscopic incompleteness is to cause us to underestimate environment-

related lensing biases (see §§4.4–4.5). In particular, the fact that we prioritize

galaxies thought to lie at the lens redshift (color selection) means that we un-

dersample line-of-sight structures and hence underestimate their contributions

to the lens potential.

As already mentioned, we improved our photometric catalogs after some of

the spectroscopic targets were selected. As a result, there are 15 galaxies whose

velocities we measured that do not actually appear in the final photometric cata-
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Figure 2.2 Apparent magnitude histograms of galaxies in the photometric catalog (solid line),

and of those galaxies within 3′ of the lens for which redshifts were obtained (shaded). Our target

selection scheme, based on colors and projected offsets from the lens, misses a few of the bright-

est galaxies. We miss a larger fraction of objects at the faint end, but these are presumably less

massive galaxies that do not contribute significantly to the lens potential.
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log. (These galaxies lie under bleed trails in the imaging, so accurate photometry

is not possible.) In addition, there are another 25 galaxies whose velocities we

measured that are (mis-)classified in the final photometric catalog as stars. We

omit all of these galaxies when comparing the spectroscopic and photometric cat-

alogs for the purpose of understanding our spectroscopic completeness (i.e., they

are excluded from Fig. 2.2). However, these remain a part of our spectroscopic

catalog and all analyses based on that catalog.

To estimate the zero-point velocity correction and external velocity errors, we

cross-correlate 403 sky spectra extracted from our data with the same templates

used for the galaxy spectra and find a mean velocity of ῡ = 40 ± 50 km s−1 .

We also determine the velocities of 153 of the serendipitously observed stars and

find ῡ = 30 ± 180 km s−1 . Both methods give mean velocities comparable to or

smaller than the dispersion, and much smaller than the velocities of the objects

in the sample. We therefore conclude that no zero point correction is needed.

Table 3.5 lists our spectroscopic catalog. For each entry we give the catalog

name, J2000 coordinates calibrated to USNO-B2.0, projected distance from the

lens in arcmin, aperture magnitude within a fixed physical size of ∼6.5 kpc (see

Williams et al., 2006), the heliocentric radial velocity, velocity error, redshift and

redshift error. The last column describes the method from which the velocity was

obtained: 1 for absorption lines, 2 for emission lines, or 3 for a combination of

both. Missing data means that the object was not in the final photometric catalog

as described above. Such objects have no identification names and are numbered

successively starting with 90001.
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Table 2.3. Lens Field Galaxy Properties — EXAMPLE

ID α δ b I cz ∆cz z ∆z Spectral

[hh:mm:ss] [dd:mm:ss] [’] [mag] [km s−1 ] Type

MG0751: MWKZ GAL

... 9809 07:51:30.20 27:14:43.1 3.10 20.9 168070 30 0.56023 0.000083 2

... 9739 07:51:30.77 27:17:55.7 2.76 20.6 105970 70 0.35323 0.000237 2

... 9726 07:51:31.00 27:14:16.7 3.24 20.5 175630 50 0.58543 0.000173 3

... 9582 07:51:32.04 27:12:59.2 3.30 19.0 91080 30 0.30360 0.000113 3

... 9606 07:51:32.28 27:12:58.9 4.10 20.8 106950 100 0.35650 0.000320 1

... 9570 07:51:32.49 27:17:38.6 2.29 20.2 104680 30 0.34893 0.000113 3

... 9560 07:51:32.73 27:14:42.1 2.67 21.0 106300 30 0.35433 0.000113 2

... 9333 07:51:34.61 27:15:45.5 1.71 19.5 91220 50 0.30407 0.000153 1

... 9297 07:51:34.66 27:13:37.7 3.28 18.4 28910 40 0.09637 0.000133 1

... 9274 07:51:35.24 27:17:37.1 1.76 19.6 105350 110 0.35117 0.000380 1

... 9225 07:51:35.43 27:17:07.9 1.48 19.0 79820 60 0.26607 0.000213 3

... 9239 07:51:35.75 27:15:22.8 1.72 20.9 104960 80 0.34987 0.000280 1

... 9100 07:51:36.66 27:19:39.8 3.31 18.4 74510 50 0.24837 0.000160 1

... 9047 07:51:36.96 27:19:27.9 3.10 18.3 104220 40 0.34740 0.000140 2

... 9120 07:51:36.98 27:18:40.6 2.37 20.9 72100 60 0.24033 0.000203 2

... 9049 07:51:37.73 27:18:06.5 1.78 20.4 71940 50 0.23980 0.000163 2

... 8794 07:51:37.92 27:16:12.9 0.85 0.0 167590 100 0.55863 0.000320 1

... 9006 07:51:38.04 27:17:33.7 1.28 20.1 168620 90 0.56207 0.000307 1

... 8816 07:51:40.32 27:16:22.1 0.31 20.9 104940 100 0.34980 0.000323 1

... 8669 07:51:41.07 27:19:43.7 3.20 18.9 147320 120 0.49107 0.000390 1

... 8682 07:51:41.50 27:16:31.9 0.00 20.1 104810 120 0.34937 0.000410 1

... 8673 07:51:41.84 27:16:29.2 0.09 21.5 167090 10 0.55697 0.000037 2

... 8476 07:51:43.25 27:17:53.3 1.41 19.8 169470 210 0.56490 0.000687 1
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Table 2.3—Continued

ID α δ b I cz ∆cz z ∆z Spectral

[hh:mm:ss] [dd:mm:ss] [’] [mag] [km s−1 ] Type

MG0751: MWKZ GAL

... 7921 07:51:43.26 27:16:06.3 0.58 0.0 124780 30 0.41593 0.000103 3

... 8385 07:51:44.18 27:16:39.7 0.61 20.7 112430 200 0.37477 0.000657 1

... 8257 07:51:45.32 27:17:02.4 0.99 19.4 105110 60 0.35037 0.000200 1

... 8288 07:51:45.50 27:18:51.4 2.49 20.4 60380 100 0.20127 0.000317 1

Note. — This table is published in its entirety in Momcheva et al. (2006). A portion is shown here

for guidance regarding its form and content. Objects with missing data were not found in our final

photometric catalog for reasons explained in the text.

2.4 Results and Discussion

2.4.1 Group Membership

The environments of most strong lenses are not well characterized. Our first goal

is to determine whether each lens galaxy lies in a group or cluster, and if so to

identify the other member galaxies. Even in cases where groups were already

identified (MG0751, PG1115, and B1422), the number of group members known

previously ranged from three to six. Our deep, wide-field spectroscopic sampling

has the potential not only to find new groups, but also to increase the membership

of known lens groups to the point where robust determinations of the group ve-

locity dispersions and centroids are possible. These are essential for understand-

ing how a group affects the lens potential, as discussed in §4.4. Furthermore, a

more complete inventory of the brightest (most massive) group members, and

their contributions to the lens potential, will also greatly improve lens models.
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We present the redshift histograms for all eight of our lens fields in Figure 2.3.

In the left panels, the shaded histograms include all galaxies that lie within a

projected radius of 3′ (a group-like virial radius) around the lens, and Ntot in-

dicates the number of galaxies in the histogram. This number excludes a few

high-redshift AGNs that fall outside the range of the plot. The histograms in-

clude all galaxies with spectroscopic redshifts both from our sample and from

the literature. In particular, we have added the following 16 galaxies to our cat-

alog: G1, G6, and G7 in MG0751 (Tonry & Kochanek, 1999); the lens galaxy GL

as well as Gx in PG1115 (Tonry, 1998); the lens galaxy G1 as well as G2, G3, G4,

G6, G8, G9, G10, and Gx in B1422 (Kundić et al., 1997b; Tonry, 1998); the zl = 0.59

lens galaxy in B2114 (Augusto et al., 2001); and the zl = 0.495 ± 0.01 lens galaxy

in HE2149 (Burud et al., 2002). We have not included the lens galaxy in BRI0952

(because it only has a photometric redshift estimate) or in PMN2004 (because no

good redshift estimate exists). The vertical line shows the position of the lens

galaxy as listed in Table 4.1. In six cases (see Table 2.4), there is clearly a peak in

redshift space at or near the lens galaxy redshift.

We determine the group membership by applying a pessimistic 3σ clipping

algorithm (as suggested by Yahil & Vidal, 1977) to any redshift peak containing

a lens galaxy. This procedure removes the galaxy most deviant from the mean

redshift and recalculates the mean and velocity dispersion of the distribution. If

the omitted galaxy is more than three new standard deviations away from the

recomputed mean, it is rejected. This loop is executed until an omitted galaxy is

not rejected. We use statistical bi-weight estimators, which are more robust for

small sample sizes than the standard estimators (Beers et al., 1990), to calculate

the location (mean redshift) and scale (velocity dispersion). In Figure 2.3, Ngrp is

the number of group members determined by the 3σ clipping algorithm.
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Figure 2.3 (Left) Galaxy redshift distributions of the eight fields in our sample. The bin size

is 1000 km s−1 . The shaded histogram inclues all galaxies that lie within a projected radius of

3′ about the lens. The vertical dashed lines show spectroscopic lens galaxy redshifts from the

literature. The vertical dotted line for BRI0952 shows a photometric estimate of the lens galaxy

redshift. In PMN2004, the vertical dot-dashed lines show two different model-implied estimates

of the lens galaxy redshift (Winn, Hall & Schechter, 2003). Ntot is the total number of galaxies

included in the histogram, while Ngrp is the total number of group members. (Right) A close-up

of the range ±5000 km s−1 centered on the mean group velocity. The bin size is 500 km s−1 . The

shaded histogram shows confirmed group members.
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Figure 2.4 Continued from Figure 2.3
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Table 2.4. Group Kinematic Properties

Lens Ntot Ngrp αcen σα,cen δcen σδ,cen υmin υmax ῡ δῡ z σr,grp δσr,grp

[′′] [′′] [ km s−1] [ km s−1] [ km s−1]

MG0751 39 13 07:51:40.7 ±11 +27:16:53 ±9 104220 105970 104980 ±100 0.3499 320 +170
−110

BRI0952 44 5 09:54:56.1 ±34 −01:29:58 ±27 125000 127000 126510 ±30 0.4217 170a +150
−100

PG1115 48 13 11:18:16.8 ±11 +07:16:46 ±9 92120 93960 92970 ±110 0.3090 440 +90
−80

B1422 57 16 14:24:41.0 ±11 +22:55:42 ±9 100640 102810 101540 ±130 0.3385 470 +100
−90

MG1654 59 7 16:54:39.3 ±27 +13:47:15 ±20 75390 76210 75750 ±100 0.2525 200 +120
−80

B2114 38 5 21:16:51.4 ±34 +02:10:59 ±27 93000 95000 94240 ±80 0.3141 110 +170
−80

aVelocity dispersion calculated in the manner of Danese et al. (1980), instead of using the statistical bi-weight estimator of scale

(Beers et al., 1990). See text.
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The right-hand panels in Figure 2.3 show a cut within ±5000 km s−1 of the

lens galaxy velocity to present a better view of the lens groups themselves. The

peak height is lower than in the full histogram because the bin size is smaller, but

groups are still easily recognizable in six cases: MG0751, BRI0952, PG1115, B1422,

MG1654 and B2114. The groups in BRI0952, MG1654, and B2114 are new discoveries.

For the previously known groups, we have increased the number of group members from

three to 13 in MG0751, from five to 13 in PG1115, and from six to 16 in B1422. The

projected spatial distributions of galaxies in the six groups are shown in Figure

2.5.

In the case of BRI0952, we suggest that the lens galaxy may belong to the

five-member group at zg = 0.422, which is consistent with its photometric red-

shift estimate of zl = 0.41 ± 0.05. In B1422, the group seems to consist of two

clumps — one around the lens galaxy and the other to the northeast of it (see

Figure 2.5). Zabludoff & Mulchaey (1998b) have found analogous substructure

in nearby groups. B1422 is our best sampled group (16 members) and we expect

that increasing the membership of the other groups might reveal similar clumpi-

ness. In B2114, the group is associated with the foreground lens galaxy (the first

vertical dashed line). There is a second peak slightly in front of the group around

the lens galaxy, but the galaxies are significantly offset from the lens on the sky

and thus not important for lensing. We classify as “group members” only the

galaxies in the peak at the lens redshift.

Our spectroscopic findings agree well with the expectations set by our pho-

tometry (see Williams et al., 2006). All six lenses where we find groups show a

compelling red sequence at the lens redshift. In HE2149, the color–magnitude

diagram shows a well defined red sequence corresponding to z ∼ 0.28, where

we see a prominent line-of-sight structure in Figure 2.3. In PMN2004, the lack
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Figure 2.5 Spatial distribution of the group member galaxies on the sky. North is up and east

is to the left. The fields are centered on the lens. Each panel has an angular size of 6.8′ × 6.8′,

which is roughly equivalent to the typical size of nearby poor groups. The open circles mark

the group galaxies, an open square denotes the lens galaxy, and a four-pointed star indicates the

group centroid and its 2σ errorbars (see §4.3). All galaxies with measured velocities are marked

with small solid points. The scale bar in the lower left corner of each panel corresponds to 200

kpc at the lens redshift.
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of compelling structures in either the color–magnitude diagram or the redshift

histogram suggests that there are no significant structures along the line of sight,

although it is difficult to draw firm conclusions from non-detections (especially

given incomplete spectroscopy). In any case, the agreement between our pho-

tometric and spectroscopic results reassures us that we understand the data and

their implications. These results are discussed further in Williams et al. (2006).

2.4.2 Group Kinematics

The group velocity dispersion provides a key observable probe of the group po-

tential and its effect on lens models. Group velocity dispersions based on small

member catalogs are uncertain and may be biased, because poor sampling of the

underlying velocity distribution tends to underestimate the true velocity disper-

sion (ZM98). Our more extensive member catalogs now allow us to measure the

group velocity dispersions more accurately than was previously possible.

To determine the mean velocities, ῡ, and line-of-sight velocity dispersions, σr,

of the six groups in our sample, we use bi-weight estimators of location and scale

(Beers et al., 1990) because of their superiority at de-weighting tails in the velocity

distribution. In BRI0952, which has only five members, the bi-weight estimator

routine fails, so we use the standard method for calculating the mean velocity

and velocity dispersion from Danese et al. (1980). In general standard and bi-

weight methods yield similar means and velocity dispersions. We use all known

group members, including the 10 found in the literature, to determine these kine-

matic properties. We apply a standard 1/(1 + zg) cosmological correction to the

velocity dispersions (Beers et al., 1990). The kinematic properties of the groups

are presented in Table 2.4.

The six groups have velocity dispersions ranging from 110+170
−80 to 470+100

−90 km s−1 .

In the nearby Universe, this range of velocity dispersions describes systems run-
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ning from dynamically young, unrelaxed systems like the Local Group, up to

more dynamically relaxed, X-ray luminous groups. We are probably seeing a

similar range of groups in our intermediate-redshift sample. It is important to

note that the total number of galaxies for which velocities were obtained is sim-

ilar in all six fields, and that Ngrp is roughly correlated with σr, suggesting that

the differences between the measured σr values are real and not due to variable

sampling.

As a further check on the accuracy of our group velocity dispersions, we can

determine the X-ray temperature that would be derived by combining our mea-

sured σr values with the σr-TX relation for nearby groups and clusters (ZM98),

and compare that with the temperature measured directly from X-ray observa-

tions. Only two of the groups in our sample have been observed in X-rays with

Chandra: PG1115 and B1422 (Grant et al., 2004). The X-ray temperatures expected

from the σr-TX relation (1.5 keV and 1.7 keV, respectively) are consistent within

the 95% confidence limit with the observed values (0.8 keV and 1.0 keV, respec-

tively). This suggests that our values of σr for these groups are reasonable.

2.4.3 Group Centroids

The projected offset of the lens galaxy from the group centroid is another key

ingredient in estimating the contribution of a group to the lens potential. The po-

sition of the brightest group galaxy relative to the spatial and kinematic centroid

of the group is also an important constraint on models of giant elliptical forma-

tion (ZM98). (The lens galaxy may or may not be the brightest group galaxy, as

discussed below.) In this section we calculate the projected spatial and kinematic

centroids of the groups by averaging the sky positions and velocities, respec-

tively, of all group members. For members whose velocities were added from the

literature, we use coordinates from our own photometric catalog when possible
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in order to maintain a consistent coordinate system. Neither the projected spa-

tial centroid nor the mean velocity is weighted by the luminosity, because we do

not want to introduce an a priori bias toward the brightest group galaxy or as-

sume implicitly that the mass-to-light ratios for all group members are the same.

Nevertheless, the luminosity-weighted centroids are within 2σ of the unweighted

centroids for all groups except B1422 (where four bright galaxies close to the lens

pull the luminosity-weighted centroid 3.5σ away from the unweighted centroid).

2.4.3.1 Projected Offset Between the Spatial Centroid and the Lens Galaxy

If a group around a lens has a common dark matter halo, the effects of that halo

on the lens potential are sensitive to any projected spatial offset between the

halo centroid and the lens galaxy. In particular, the offset determines the relative

importance of convergence (gravitational focusing) and shear (tidal distortions)

from the group halo. (See §4.4 and Appendix A for details.) While we obvi-

ously want to determine the offset in each lens/group system, we also seek to

understand the distribution of offsets because that affects the distribution of con-

vergence and shear, which in turn affects statistical applications like constraining

the dark energy or understanding the quad/double ratio. For MG0751, PG1115,

and B1422, the new members we have found allow us to measure the offsets more

precisely. For the newly discovered groups around BRI0952, MG1654, and B2114,

we are able determine the offsets for the first time.

Figure 2.5 shows that in some cases there is a clear offset between the lens

galaxy and the projected group spatial centroid. In B1422, the offset is substantial;

the lens galaxy lies ouside the 2σ errors for the group centroid and is not the

galaxy closest to the group centroid. In MG0751, PG1115 and MG1654 the lens

galaxy is only marginally within the 2σ centroid errorbars, and is also not the

galaxy closest to the centroid. We use these spatial offsets in our calculations of
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the shear and the convergence due to the lens environment in §4.4.

2.4.3.2 Brightest Group Galaxy vs. Group Potential

Key issues that bear on the evolution of groups and their galaxies are whether

the brightest group galaxy (hereafter BGG) is kinematically and spatially distinct

from (1) the other group members or (2) from the center of the group potential.

In nearby X-ray luminous groups (σr ∼> 300 km s−1 ), there is always a bright,

giant elliptical galaxy that occupies the center of the potential (as defined by the

spatial and kinematic centroids) and that lies on an orbit distinct from the other

group members (ZM98). Our survey now allows us to ask the same questions

for intermediate-redshift groups, and to consider what the answers imply about

group evolution.

In each of our six groups the BGG appears to have an early-type morphology.

The identifications are as follows:

• MG0751: The BGG is the G1 galaxy, which lies 6′′ from the lens galaxy and

is 2.2 mag brighter in I (Tonry & Kochanek, 1999).

• BRI0952: The BGG is a galaxy 2.3′ away from the lens galaxy and 1.5 mag

brighter in I.

• PG1115: The BGG is the giant early-type galaxy labeled G1, located 12′′

away from the lens galaxy and 0.7 mag brighter in I (Impey et al., 1998).

• B1422: The BGG is the galaxy G3 located 8′′ from the lens galaxy and 1.5

mag brighter in V (Kundić et al., 1997b).

• MG1654 and B2114: In both cases, the lens galaxy is the BGG.

The top panel of Figure 2.6 shows the projected spatial x and kinematic y off-

sets from the group centroid for the BGGs (filled squares) and for all other mem-
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ber galaxies (filled circles) in our sample groups. The y errorbars (ǫy) represent the

1σ uncertainties based on adding the galaxy velocity errors and the group mean

velocity errors in quadrature. The x errorbars (ǫx) represent the 1σ uncertainties

based on the adding the centroid errors and the individual galaxy position errors

in quadrature (the centroid errors dominate). To estimate the statistical errors

of the centroid for a group of Ngrp members, we carry out a statistical bootstrap

analysis where we draw 500 random samples of Ngrp galaxies without replace-

ment from the B1422 group (the one with the most members), and adopt the

variance of the centroid position as its error. For B1422, we use the smallest of the

errors calculated for the other groups.

We define the quantity R2 = (x/δx)
2 + (y/δy)

2 as a measure of the phase-

space distance of a galaxy from the group centroid. Here δx and δy are the rms

deviations in x and y for all galaxies plotted in the top panel of Figure 2.6. A

galaxy will have a large value of R if it has a large peculiar velocity and/or a

position that is far from the projected spatial centroid. Conversely, galaxies at

rest in the center of the group potential will have small R values. The bottom

panel of Figure 2.6 shows the distributions of R values for the BGGs (shaded

histogram) and for all other group members (unshaded histogram). We can now

use these distributions to answer two questions about the BGGs.

Are the BGGs distributed differently than the other group galaxies? We compute

the R distributions for BGGs and for all other group galaxies (see the bottom

panel of Figure 2.6), and then compare them using three statistical tests: the KS-

test (to compare the overall distribution), the t-test (to compare the means), and

the F-test (to compare the variances). All three fail to distinguish between the

two distributions. In other words, there are no significant differences between

the orbits of BGGs and the orbits of other group members, at least for these small
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Figure 2.6 (Top) Projected spatial and kinematic offsets of the brightest group galaxy (BGG;

filled squares) and all other group members (filled circles) from the group centroid for five of our

groups. The lens galaxies are marked with open circles. (The lens galaxy in BRI0952 is omitted

because it does not have a measured redshift.) The velocity offset is normalized by the velocity

dispersion of the group to compensate for the differences among the group potentials. The y

errorbars represent the 68% confidence level based on adding the lens and group velocity errors in

quadrature. The x error bars are the 68% confidence level based on a statistical bootstrap test (see

text). (Bottom) Distribution of the phase-space offset R for the BGGs (shaded histogram) and all

other group galaxies (open histogram, normalized by the number of the brightest group galaxies).

Statistical tests fail to distinguish between these two distributions. The heavy line (scaled down

by a factor of 400 to fit the y-axis) shows the model R distribution for a galaxy assumed to lie

at the bottom of the group potential (see text). Based on a KS-test and a t-test comparing the

BGG and model distributions, we conclude that the BGGs generally do not occupy the center of

the potential, and that their phase space distribution is consistent with that of the other group

members.
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samples. This result differs from observations of nearby groups (see ZM98). It is

not clear from our present sample whether our result indicates real evolution in

the group galaxy population between z ∼ 0.3 and z = 0, or is due simply to small

number statistics. It will be interesting to return to this question with the larger

sample of lensing-selected groups that we are obtaining.

Are the BGGs consistent with the group centroids? We compare the distribution

of R values for the BGGs with a model distribution expected for a galaxy lying at

the bottom of the group potential. To incorporate measurement errors, we treat

the model distribution as a Gaussian in x and y with rms deviations of ǫx/δx and

ǫy/δy, respectively, and make 1000 random draws using the appropriate values of

ǫx and ǫy for each group. The bottom panel of Figure 2.6 shows the observed and

model distributions. A KS-test gives 6.6 × 10−3 as the probability that the two

samples are drawn from the same distribution. The probability that the means

of the two distributions are the same is 7 × 10−9, while the probability that the

variances are the same is 10−5. We conclude that the BGGs do not occupy the

center of the group potential.

This offset of the BGG from the kinematic and spatial centroid of the group is

not seen in nearby X-ray luminous groups. While our result could suggest group

evolution from z ∼ 0.3 to now, another possibility is that we are not compar-

ing apples to apples. For example, there are groups in our sample with velocity

dispersions lower than what is typical for dynamically-evolved X-ray luminous

groups nearby. Among nearby groups, lower-σr systems tend to be dynamically

younger and are more likely to have an offset BGG (e.g., the Local Group). This

may be true among our z ∼ 0.3 groups as well.

Support for this latter interpretation comes from a closer look at the BGGs in

the three high-σr groups in our sample: B1422, PG1115, and MG0751. The BGGs
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of MG0751 and PG1115 are the galaxies closest to the projected spatial/kinematic

centroid in their respective groups, and, within the errors, are consistent with be-

ing at the centroid. In contrast, the BGG in B1422 lies at a large projected distance

from the projected spatial centroid (∼ 0.22 Mpc) and has a substantial peculiar

velocity (1270 km s−1 ). The BGG spatial and kinematic offset, together with the

clumpiness of B1422 (see §4.1), suggest that this system is not yet relaxed. There-

fore, in two out of three cases, the high-σr groups in our sample are comparable to

those nearby groups with high velocity dispersions and centrally located BGGs.

We also compare the projected spatial centroid with the peak of emission

from the diffuse, luminous X-ray halos in PG1115 and B1422 (the two highest-

σr groups) seen by Grant et al. (2004). In PG1115, the projected spatial centroid

and X-ray peak are consistent within 2σ. By contrast, in B1422 the peak of the

X-ray emission is substantially offset (more than 3σ) from both the unweighted

and luminosity-weighted group centroids.

Our ability to address the questions of evolution raised in this section will

improve when we finish obtaining the larger sample of lensing-selected groups.

Since lensing is sensitive to groups spanning the redshift range 0.2 ∼< z ∼< 1, it will

naturally provide the large redshift baseline needed to probe evolution. Working

with a self-consistently selected sample of groups will mitigate selection effects.

2.4.4 Group Contributions to Lens Potentials

The understanding of environment-related biases and uncertainties in lensing

constraints on the masses and shapes of galaxy dark matter halos, H0, and sub-

structure requires detailed lens modeling (see KZ04). That is beyond the scope

of this work and will be treated separately. For our purposes here, a simple way

to quantify environmental effects is to determine the dimensionless convergence

κ and shear γ that the group contributes to the lens potential. The convergence
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represents gravitational focusing created by additional mass at the position of

the lens galaxy, while the shear represents tidal distortions created by having

an inhomogeneous distribution of matter near the lens galaxy. Convergence can

never be constrained using lens models alone because of the mass sheet degen-

eracy (Gorenstein et al., 1988; Saha, 2000). As a result, it is often omitted, which

can lead to significant biases in the model results (KZ04). Shear cannot be con-

strained in models of two-image lenses, which leads to enormous model uncer-

tainties. While shear can be constrained in models of four-image lenses, one of

the puzzling results is that shear is required in nearly all four-image lenses, and

the required shear strengths cannot easily be explained by traditional models of

large-scale structure (Keeton et al., 1997; Dalal & Watson, 2004).

Models of four-image lenses lead to the rule of thumb that a shear of γ ∼ 0.1 is

common for groups, and γ ∼ 0.3 for clusters. Generally, we expect κ ≥ γ because

of the way convergence and shear add when there is more than one perturber: κ

is a scalar, so multiple convergences simply add; while γ is a tensor, so multiple

shears may add or cancel (see Appendix A). Many lensing conclusions scale as

(1 − κ) to some power (see KZ04 and Appendix A), which can help us estimate

the biases. For example, if a lens has convergence κ ∼ 0.1, then lens models

that omit the convergence will overestimate H0 by ∼10%. Hence, we consider

convergences and shears larger than ∼0.1 to be quite important, and values down

to ∼0.05 worth consideration.

In this section, we quantify the effect of the group environments in our sam-

ple by determining the convergence and shear due to the group surrounding

each lens galaxy. Because it is not clear how the mass is divided between the

individual group members and a common group dark matter halo, we consider

two extreme cases that bound the range of possibilities. In the “group halo limit,”
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we assume that all of the mass is associated with a common group halo, and we

estimate the amount of mass from the velocity dispersion. In the “group galaxies

limit,” we assume that all of the mass is bound to the individual member galaxies,

and we calibrate the individual shears and convergences with recent weak lens-

ing observations (Sheldon et al., 2005). Comparing results from the two limits

will indicate how much our conclusions depend on how the mass is distributed

within the group.

2.4.4.1 Group Halo Limit

The group halo limit is appropriate for considering relaxed, dynamically evolved

groups in which the individual dark matter halos of member galaxies may have

been stripped by interactions, so that the dominant component is a common dark

matter halo. In this case, the luminous galaxies just trace the underlying mass dis-

tribution, and the velocity dispersion of the galaxies is a measure of the mass of

the group as a whole. If we model the group halo as a singular isothermal sphere

(SIS), then we can take the velocity dispersion σr of a group and its centroid posi-

tion (b, φ) in polar coordinates centered on the lens galaxy, and compute the con-

vergence κgrp and shear γgrp using eq. (A.20) in Appendix A. (Note that κgrp = γgrp

in the SIS approximation.) We then use the uncertainties in the velocity disper-

sion and centroid position to determine the uncertainties in the convergence and

shear. These derived uncertainties are highly non-Gaussian, so we compute them

using Monte Carlo simulations.

The results are presented in Table 2.54. In three of the six groups (MG0751,

PG1115, and B1422), the convergence and shear are significant. In these systems

the group environment needs to be accounted for in lens models, and our mea-

4As noted in the table caption, we assume zs = 2 for the unknown source redshift in B2114,
but the particular value has little effect on our results.
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surements of the group properties make that feasible. In the other three groups

(BRI0952, MG1654, and B2114), it appears from our current data that the conver-

gence and shear are small.

The case of B1422 illustrates how our identifications of additional group mem-

bers affect estimates of the convergence and shear. Based on six members, Kundić

et al. (1997b) estimated that the group velocity dispersion is σr = 550 km s−1 , and

that the centroid lies a projected distance of b ∼ 14′′ from the lens galaxy. That led

them to estimate a large “observed” shear of γobs = 0.23, a value consistent with

the shear γmod ∼ 0.2 required by lens models (Hogg & Blandford, 1994; Keeton

et al., 1997; Dobler & Keeton, 2005). Now with 16 members, we find a smaller

velocity dispersion σr = 470 km s−1 and a larger offset b = 43′′, which reduce the

nominal observed shear to a more moderate value of γobs = 0.058. Accounting

for the measurement uncertainties (which has not been done before), we find al-

lowed ranges of 0.034 ≤ γobs ≤ 0.095 at 1σ, and 0.020 ≤ γobs ≤ 0.170 at 2σ. One

clear lesson is that omitting group members can bias estimates of how environ-

ment affects the lens potential. A second is that even with an extensive group

catalog (16 members), uncertainties are still important when comparing observa-

tions of the group with inferences from lens models. There seems to be a large

difference between the observations and models when we consider the nominal

“observed” shear γobs = 0.058, but given the uncertainties it is not clear whether

that difference is significant at more than 2σ. To test consistency between the ob-

servations and models, the best approach will be to make new models with the

environment constrained by our observations (including the uncertainties, in ad-

dition to possible clumpiness, see §4.1), and to see whether it is possible to fit the

lens data.
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Table 2.5. Convergence and Shear in the Group Halo Limit

Lens b σr κgrp = γgrp θγ Number of

[′′] [km s−1 ] [deg] Images

PG1115 23 440 0.089 +0.065
−0.046 6 ± 37 4

B1422 43 470 0.058 +0.037
−0.024 −65 ± 20 4

MG0751 23 320 0.049 +0.071
−0.033 −27 ± 36 4+R

MG1654 65 200 0.007 +0.011
−0.005 −35 ± 30 R

BRI0952 61 170 0.005 +0.013
−0.004 −81 ± 42 2

B2114a 49 110 0.003 +0.014
−0.002 −12 ± 52 2

Note. — The groups are sorted by decreasing values of the con-

vergence and shear . The magnitudes of the convergence and shear

are equal (κgrp = γgrp) in the SIS approximation. Values larger than

0.05 are marked in boldface. The angle θγ defines the direction of

the shear (measured North through East). The convergence and

shear errorbars are 1σ uncertainties derived from the uncertaintines

in the group centroid position and velocity dispersion (from Table

2.4). Column 6 lists the image configuration for each lens: 2-image,

4-image, or ring (R).

aWe assume a source redshift zs = 2 for B2114, but the particular

value has little effect on our results. In particular, assuming zs = 3

leads to the same numerical values for the κgrp, γgrp, and θγ .
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2.4.4.2 Group Galaxies Limit

In the group galaxies limit, we suppose that all the mass in the group is bound

to the individual member galaxies. This is probably a better approximation for

dynamically younger groups, which may still be in the process of collapse and

whose galaxies still retain their halos.

To calibrate the shear and convergence from each galaxy, we turn to observa-

tions that are perfectly suited to our needs: weak lensing. The advent of large

surveys, such as the Sloan Digital Sky Survey, has made it possible to measure

shear as a function of distance from an average galaxy, on scales from 20 h−1

kpc to 7 h−1 Mpc (e.g., Sheldon et al., 2005).5 The projected offsets of galaxies

in our sample range over ∼ 20–700 h−1 kpc, so we are working in precisely the

regime studied by Sheldon et al. (2005). One possible concern with this calibra-

tion is that the Sheldon analysis provides limited information about how shear

and convergence scale with luminosity (or mass). Sheldon et al. (2005) measured

the shear profile in three luminosity bins, but most of our galaxies fall into just

one of the bins (−22 < Mi − 5 log h < −17). Thus, we expect that our present

analysis characterizes the average properties of the group galaxies well, but it

will be worthwhile to redo the analysis when future weak lensing data provide

finer luminosity resolution.

The quantity that is measured in weak lensing studies is shear, but the ob-

served shear profile is consistent with a power law which means that there is a

simple relation between the shear and convergence. Appendix A gives this rela-

tion, and also provides more details about how we use the weak lensing data to

calibrate our analysis.

Once we have computed the convergence and shear from each galaxy, we

5Sheldon et al. (2005) quote comoving distances, but we have converted to angular diameter
distances as those are more natural for our analysis.
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combine them in the manner of eqs. (A.12)–(A.16) in Appendix A. The net con-

vergence and shear for each group are presented in Table 2.6. We also list sta-

tistical uncertainties derived (using Monte Carlo simulations) from the errorbars

on the weak lensing parameters quoted by Sheldon et al. (2005). These are gen-

erally small and are probably less important than systematic effects due to in-

completeness (see below). As in the group halo limit, in the galaxies limit we

find that MG0751, PG1115, and B1422 all have significant group contributions to

the lens potential. The group contributions are fairly small in MG1654, BRI0952,

and B2114. Comparing Tables 2.5 and 2.6 leads to a crucial point: our conclu-

sions about which groups significantly affect the lens potentials do not depend

on assumptions about how the mass is distributed within the groups. While the

detailed lensing implications do depend on the mass distribution — which is ac-

tually useful (see §4.4.3) — it is reassuring to see that our qualitative conclusions

about which groups are important for lensing are robust.

In carrying out this analysis we do not distinguish between different morpho-

logical galaxy types. Given their higher mass-to-light ratios, elliptical (red) galax-

ies would produce more shear and convergence than spiral (blue) galaxies of the

same luminosity. To test the effects of morphology on our results we consider

the extreme assumption that all group galaxies are red and use the Sheldon et al.

(2005) shear profiles for red galaxies. In almost all cases the total convergence and

shear due to the group increase by ∼70%. Thus, if most group members are red

galaxies then our current analysis may actually underestimate the convergence

and shear by as much as 70%.

As a simple sanity check, in Table 2.6 we also compute the net convergence

and shear assuming that each galaxy can be treated as a singular isothermal

sphere (SIS) with velocity dispersion σ = 100 km s−1 . We expect that many of the
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Table 2.6. Net Convergence and Shear in the Group Galaxies Limit

[Sheldon] [σ = 100 km s−1 ]

Lens κtot γtot θγ κtot γtot θγ

[deg] [deg]

PG1115 0.066 +0.012
−0.006 0.028 +0.009

−0.003 64.2 ± 3.2 0.040 0.031 66

B1422 0.092 +0.019
−0.009 0.010 +0.012

−0.004 −35.6+25.4
−13.5 0.064 0.019 −34

MG0751 0.115 +0.040
−0.026 0.091 +0.057

−0.034 −82.9± 1.8 0.040 0.029 −88

MG1654 0.027 +0.006
−0.004 0.006 +0.005

−0.003 21.4 ± 13.2 0.013 0.004 43

BRI0952 0.013 +0.002
−0.002 0.007 +0.001

−0.001 −64.6± 8.3 0.006 0.003 −67

B2114a 0.016 +0.004
−0.002 0.012 +0.003

−0.002 −15.9± 3.3 0.008 0.007 −16

Note. — The groups are sorted as in Table 2.5. Values larger than 0.05 are

again marked in boldface. Columns 2–4 list the net convergence and shear

when we calibrate the individual galaxies using the weak lensing observa-

tions by Sheldon et al. (2005). The errorbars represent 1σ statistical uncertain-

ties derived from the weak lensing errorbars quoted by Sheldon et al.; even

more important may be systematic effects due to spectroscopic incomplete-

ness (see text). For a simple comparison, Columns 5–7 list the results when

we treat each galaxy as an isothermal sphere with velocity dispersion σ = 100

km s−1 .
aAgain, we assume a source redshift zs = 2 for B2114, but the particular

value has little effect on our results.
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galaxies have larger velocity dispersions, and given that convergence and shear

scale as σ2, this simple case should provide a conservative lower bound on the net

convergence. (The shear is more complicated, as discussed below.) Comparing

the results assuming σ = 100 km s−1 with those based on the weak lensing cal-

ibration confirms this expectation, and generally suggests that the weak lensing

calibration is reasonable. We should note that the convergence from the simple

SIS model may not be a strict lower bound if halos are significantly truncated, but

in practice most of the convergence (and shear) arise from galaxies close enough

to the lens that truncation would have little effect. For example, if all halos had

cut-off radii at 300 kpc, the SIS model convergence would drop from κ = 0.040 to

0.036 in PG1115, and from 0.064 to 0.057 in B1422. Even with an extreme cut-off at

100 kpc, the convergences would still be 0.027 for PG1115 and 0.051 for B1422. (In

all cases, the shears are basically unchanged.) We expect that the conservative as-

sumption of a small velocity dispersion more than compensates for the omission

of a cut-off radius, so that the SIS model results are indeed lower bounds.

It is again interesting to consider how our efforts to increase the group mem-

bership have affected conclusions about the convergence and shear. The most

instructive case is PG1115. With our catalog of 13 members, we find a net conver-

gence κ = 0.066+0.012
−0.006 and a net shear γ = 0.028+0.009

−0.003 at position angle θγ = 64± 3.

If Kundić et al. (1997a) had done the same analysis with their catalog of four

members, they would have found κ = 0.027+0.008
−0.005, γ = 0.014+0.006

−0.003, and θγ = 69±5.

(Tonry 1998 would have obtained similar results.) In other words, the previous

catalogs missed at least half of the sources of shear and convergence. The prob-

lem was that they focused on the region within ∼ 30′′ of the lens, but (in the

galaxies approach) the galaxies have extended dark matter halos, requiring the

inclusion of group members out to the full virial radius of the group in order to
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fully characterize environmental effects in lens models.

With this thought in mind, we must consider how spectroscopic incomplete-

ness may affect the results in Table 2.6. We cannot account for galaxies that we

missed, but we can ask how our results would have differed had we omitted a

few of the galaxies that we did actually include. The effects of incompleteness

on the net convergence are simple: since convergences from different galaxies

combine in a simple scalar sum (see eq. A.12 in Appendix A), omitting galaxies

causes us to underestimate the net convergence. Turning this around, we can say

that our estimates of κtot are strict lower bounds on the true net convergence. To

be more quantitative, in analyzing subsamples of our group catalogs we find that

the net convergence scales roughly with the number of group members; so if the

true number of members is, say, 50% larger than what we have observed then

we expect the true convergence to be ∼50% larger than our estimate. For under-

standing biases in lens models, it is very valuable to have a lower bound on the

convergence because that can be turned into lower bounds on the biases.

The shear is more complicated, because multiple contributions sum as ten-

sors rather than scalars (see eqs. A.13 and A.14); adding more contributions can

either increase or decrease the net shear, and modify the position angle. The ef-

fects depend on the spatial distribution of member galaxies. In PG1115 the most

important galaxies lie roughly in a line on the sky, which means that the direc-

tion of the net shear is robust against incompleteness, while the amplitude of

the shear scales roughly with the number of group members. By contrast, in

B1422 the galaxies are distributed more broadly, so incompleteness may change

the shear direction by tens of degrees and the shear amplitude by tens of percent.

(Of course, the shear from the galaxies in B1422 is small, so even large fractional

uncertainties are not so important.) Finally, in MG0751 the environmental effects
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are dominated by the galaxy G1 that is massive and close to the lens, so the most

important thing is to include G1 (which we do).

The bottom line is that incompleteness does not significantly affect our qual-

itative conclusions. Since our estimate of the net convergence is a lower bound,

we know that our conclusion that groups are important on MG0751, PG1115,

and B1422 is robust. It is possible that our conclusion that the groups are not

so important in MG1654, BRI0952, and B2114 could change if we measure more

galaxies and find that κ rises, but that would be somewhat surprising given what

we know now. Incompleteness issues will need to be considered when making

detailed quantitative comparisons between our environment observations and

lens models.

2.4.4.3 Discussion

It is important to understand the similarities and differences between the results

from the “group” and “galaxies” limits. We have already noted that both limits

lead to the same conclusions about which groups are important for lensing. All

three high-σr groups (MG0751, PG1115, and B1422) produce a significant con-

vergence in both approaches, so these groups cannot be ignored in lens mod-

els. At the same time, two of the low-σr groups (BRI0952 and B2114) produce a

small shear and convergence in both approaches, suggesting that these groups

are not so important for lensing. While this latter conclusion may not seem ex-

citing, it is actually quite valuable. Two-image lenses (including both BRI0952

and B2114) suffer from a strong degeneracy between ellipticity and shear, if both

quantities are unknown. That degeneracy can now be broken by ruling out mod-

els with large shear. The situation is less clear for MG1654, because the group

analysis implies negligible shear, while the galaxies analysis yields a small but

non-negligible shear γ = 0.03 (and that could be an underestimate).
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When we turn to a more quantitative comparison of the two approaches, we

notice some significant differences. The differences suggest that it may be possi-

ble to distinguish between the group and galaxies limits, and thus to learn about

the distribution of dark matter within the groups. For example, in B1422 the

group analysis leads to a moderate convergence and shear, while the galaxies

analysis leads to a larger convergence but a negligible shear. Lens models re-

quire a large shear γ ∼ 0.2 that is marginally consistent with the group approach

(given our uncertainties) but grossly inconsistent with the galaxies approach; and

the models imply a shear position angle θγ ∼ −53◦ that is consistent with our

observations (within the errors). Both of those results suggest that the mass is

distributed in a common halo rather than being attached to the individual group

members. This hypothesis needs to be examined more carefully with detailed

lens models; rather than just comparing the shear required by lens models with

that inferred from our observations, it is important to build models that explic-

itly incorporate the environment (which may even consist of multiple subgroup

halos, see §4.1) in both the group and galaxies limits and see whether either case

can fit the lens data. A system like B1422 may provide an exciting opportunity to

determine the distribution of dark matter in a distant group.

Another interesting system is MG0751. Here, the galaxies analysis is domi-

nated by the G1 galaxy, lying just 6′′ from the lens. Even so, Lehár et al. (1997)

showed that lens models including only the lens galaxy, G1, and up to three other

nearby galaxies cannot fit the lens data. It will be interesting to use new lens

models to test the hypothesis that both G1 and the common group halo contain

significant mass, and to see whether can we constrain their relative masses. We

must issue two warnings for lens modeling, however. First, the projected offset

of G1 from the lens galaxy is just 20 h−1 kpc, which lies at the inner limit of the
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range studied by Sheldon et al. (2005); thus, the reliability of the weak lensing

calibration is not clear. Second, we show in §4.5.2 that MG0751 also has a signif-

icant shear from a group along the line of sight, which must be included in lens

models along with the group at the lens redshift.

Turning to PG1115, we note that KZ04 used this system as a fiducial example

with which to asses environment-related biases in lens models. Dalal & Wat-

son (2004) suggested that PG1115 is a very atypical lens environment, and that

KZ04 therefore overestimated environmental effects. To the contrary, we find that

PG1115 is nothing if not typical: the group’s kinematic properties and shear and

convergence are consistent with at least half of the groups in our sample.

In summary, our results above show that: (1) Group environments, whether

the mass lies with individual member halos (galaxies limit) or in a common group

halo (group limit), can contribute significantly (κ, γ ≥ 0.05) to the lens potential.

(2) If the members have halos (galaxies limit), they can have a big effect, perhaps

even greater than that of a common group halo. (3) In the galaxies limit, correct-

ing for incompleteness is only going to boost the convergence (but will move the

shears in either direction). (4) The shears produced in the galaxies limit appear

to be systematically small compared with the observationally required values,

suggesting a problem with this model of the mass distribution, instead of an in-

completeness effect.

Finally, it is remarkable that the three lenses with significant environmen-

tal effects include both quad lenses (PG1115 and B1422) and the one quad/ring

(MG0751), whereas the double/ring (MG1654) and the two double lenses (BRI0952

and B2114) all have small convergence and shear. While this result is limited by

small number statistics, it may suggest a correlation between image configuration

and environment. Conventional wisdom (e.g., Rusin et al., 2001) holds that shear
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does not significantly affect the relative numbers of quads and doubles. How-

ever, KZ04 argue that treating environment properly (including terms beyond a

simple shear) does change the quad/double ratio. Our new results provide em-

pirical evidence that there is a connection.

2.4.5 Lensing Effects of Line-of-Sight Structures

Since lensing is a projected phenomenon, we must consider whether structures

projected along the line of sight significantly affect strong lens systems. Different

theoretical approaches to studying the effects of interlopers on strong lensing in a

ΛCDM universe have yielded contradictory results (e.g., Bar-Kana, 1996; Keeton

et al., 1997; Premadi & Martel, 2004; Wambsganss, Bode & Ostriker, 2004), so

an empirical approach is clearly necessary. To date, there are only two lenses

with confirmed line-of-sight groups (B0712+472 and MG 1131+0456; Fassnacht

& Lubin, 2002a; Tonry & Kochanek, 2000) and several other candidates (Faure

et al., 2002; Morgan et al., 2005). Here we present the first systematic survey

for structures along the line-of-sight to strong lens systems. The large redshift

baseline and wide field of view of our spectroscopic survey make it ideally suited

to address this issue.

2.4.5.1 Theory

Our first task is to estimate the “zone of influence” for a perturber along the

line of sight to each lens in our sample. Although it has not been done before,

the calculation is straightforward using the formalism presented in Appendix A.

Briefly, if we assume that a perturber can be modeled as an isothermal sphere

with some given velocity dispersion, then we can use eqs. (A.6), (A.7), and (A.20)

to compute the effective convergence and shear (κeff and γeff ) as a function of

the impact parameter b of the perturber relative to the lens, and the redshifts of
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the lens galaxy and perturber. (In the SIS approximation, κeff =γeff for a single

perturber.)

Figure 2.7 shows contours of κeff =γeff in the plane of b and ∆z = zpert − zlens,

for perturbers with velocity dispersions of 100, 300, or 500 km s−1 . (Because

we do not see rich clusters along the lines of sight to these lenses, this range of

σr should span the observed range of structures.) The grayscale is explained in

the figure caption. We consider the zone of influence to be the region in which

κeff ,γeff ≥ 0.05, i.e., the unshaded (white) region in the figure. The shape of this

region is not sensitive to the fact that an SIS halo has an infinite extent; a cut-off

halo radius of 300 kpc does not change the zone of influence. Also interesting

are regions in which κeff and γeff go negative (shaded black), which represents a

breakdown of our formalism. This happens only when the intrinsic convergence

of the perturber is κ > 0.5, which means that the offset between the lens and

perturber is small enough that the lens actually lies within the Einstein radius of

the perturber (see Appendix A). In this case, the “perturber” is no longer just

a perturbation because its caustics interact with those of the main lens galaxy,

and we would observe a strong lensing effect from the second mass as well. This

breakdown does not affect our conclusions because we do not actually see any

structures lying within this region; besides, any objects that lie so close to the line

of sight to the lens would presumably be known from previous observations.

As the velocity dispersion of the perturber increases, the zone of its influence

grows dramatically ∝ σ2
r . Consequently, a more massive perturber can produce

a large shear and convergence even when offset from the lens; a perturber with

σr ∼ 500 km s−1 (i.e., a rich group) can be offset by as much as 1′ and still pro-

duce γ ∼ 0.05. Another striking feature of Figure 2.7 is the very wide redshift

baseline in front of and behind the lens over which a perturber can cause signifi-
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Figure 2.7 Contours of κeff =γeff produced by a perturber with a velocity dispersion of 100, 300

and 500 km s−1 , located at a redshift 0 < zpert < 1 and having an impact parameter b with respect

to the lens, computed for seven of the lenses in our sample. (We exclude PMN2004 because its

lens redshift is unknown.) The horizontal axis represents the redshift difference between the

perturber and lens galaxy. The vertical axis represents the projected distance of the perturber

from the lens, out to 2′. Contours are drawn at κeff = γeff = 0.001, 0.01, 0.05, 0.1 and 0.5, although

not all of them are clearly visible in all panels. The grayscale is as follows: κeff ,γeff ≥ 0.05 (white);

0.05 >κeff ,γeff ≥ 0.01 (light gray); 0.01 >κeff ,γeff ≥ 0.001 (medium gray) and κeff ,γeff < 0.001

(dark gray). Important regions are 0.5 >κeff ,γeff > 0.05, i.e., the areas in white. Notice the strong

dependence on σ: the zone of influence scales as σ2. Massive perturbers can have large effects

even when they lie far from the lens. Another striking feature is the very wide redshift baseline

in front and behind the lens over which the perturber can cause a significant effect.
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cant effects. This result shows that it is crucial to catalog not just mass structures

in the immediate vicinity of the lens galaxy, but also elsewhere along the line of

sight, in order to model the lenses accurately.

2.4.5.2 Prominent Interloping Structures Limit

To quantify line-of-sight effects for the lenses in our sample, we first consider

only the most prominent structures (those likely to be groups and clusters) iden-

tified from our redshift catalog. This approach is analogous to the halo limit

for groups around lens galaxies (§4.4.1), because it accounts for the dark matter

in massive bound structures. To identify significant line-of-sight structures, we

show the redshift histograms again in Figure 4.3. To guide the eye toward poten-

tially important structures, we have shaded only those galaxies that lie within 1′

of the lens. We have also over-plotted the curve of the normalized shear strength

κeff /κ = γeff /γ (eq. A.11) to give an indication of how the convergence and shear

vary with redshift. From the discussion in §4.5.1, we expect structures with large

velocity dispersions, small projected offsets from the lens, and/or small redshift

offsets from the lens galaxy to contribute most to the lens potential. To be con-

servative, we select only those peaks in Figure 4.3 that: (1) have at least four

members; (2) lie within ∆z such that κeff /κ and γeff /γ are ∼> 0.5; and (3) have

at least one member projected within 1′ of the lens. For every peak, we set pes-

simistic 3σ velocity limits and use bi-weight estimators of location and scale to

calculate the mean velocity υi and the line-of-sight velocity dispersion σr,i. Based

on the membership, we then calculate the projected spatial centroid of the struc-

ture, and its offset from the lens galaxy bi and position angle φi. Finally, we can

use eqs. (A.6), (A.7), and (A.20) to determine the effective shear and convergence.

The results are presented in Table 2.7. We list the individual effects of all
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Figure 2.8 Same as the left panels in Figure 2.3, except that here we have shaded only those

galaxies within 1′ of the lens. We have also overplotted the normalized shear strength and nor-

malized convergence (κeff /κ =γeff /γ; see text) to guide the eye regarding general behavior of

convergence and shear as the perturbing structure is moved away from the lens in redshift.
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Figure 2.9 Continued from Figure 4.3
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prominent structures. We choose to include the groups at the lens redshifts (re-

peating results from Table 2.5), so that we can compare local versus interloping

structures, and also obtain the correct sums. We then sum all the structures along

each line of sight (using eqs. A.12–A.16) to obtain the total convergence and shear

for each lens (in the group halo limit). We emphasize that our results are conser-

vative in the sense that we have not tallied all the line-of sight structures that

might affect the lens models. We have not included all peaks in the velocity his-

tograms (Fig. 4.3), because most are undersampled or intrinsically poor, and thus

have too few members for us to interpret them as likely groups and to compute a

meaningful velocity dispersion. In addition, the velocity dispersions we compute

are probably underestimates not only because of the narrow (conservative) choice

of initial velocity ranges but also because many of the velocity peaks are poorly

sampled. Finally, our spectroscopic target selection prioritizes galaxies thought

to lie at the lens redshift (see §3), and to some extent that limits our ability to

identify interloping structures.

The discussion of incompleteness in §4.4.2 applies here as well. The most im-

portant point is that the scalar and positive-definite nature of convergence means

that our κtot values are strictly lower limits on the true convergence. The tensor

nature of shear means that we must be more cautious about interpreting the shear

values that we estimate. Nevertheless, since convergence is more important for

understanding biases in lens models (see KZ04), we are still able to draw valuable

conclusions.

The main result is that four of the eight lenses in our sample have significant

interloping structures. MG0751, PG1115, and B1422 each have one structure,

and HE2149 has three. At least one of those structures, along the line of sight

to MG0751, has a significant contribution to the lens potential. This perturbing
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Table 2.7. Convergence and Shear Due to Prominent Line-of-Sight Structures

Lens ID zpert b σr κeff =γeff θγ κtot γtot θγ,tot

[′′] [km s−1 ] [deg] [deg]

MG0751 1 0.35 23 320 0.049 −27

MG0751 2 0.56 28 550 0.066 −56

MG0751 total 0.116 0.101 −44

BRI0952 1 0.42 61 170 0.005 −82

BRI0952 total 0.005 0.005 −82

PG1115 1 0.31 23 440 0.089 7

PG1115 2 0.49 44 300 0.010 −74

PG1115 total 0.099 0.080 5

B1422 1 0.34 43 470 0.058 −65

B1422 2 0.28 80 400 0.020 −28

B1422 total 0.078 0.066 −57

MG1654 1 0.25 65 200 0.007 −35

MG1654 total 0.007 0.007 −35

HE2149 2 0.27 51 400 0.017 −62

HE2149 3 0.45 70 180 0.004 −80

HE2149 4 0.60 56 150 0.003 88

HE2149 total 0.024 0.022 −68

B2114 1 0.31 49 110 0.003 −12

B2114 total 0.003 0.003 −12

Note. — “Prominent” structures are defined as having at least four members, at least

one of which is projected within 1′ of the lens galaxy and displaced by ∆z such that

κeff/κ = γeff/γ > 0.5. Column 2 labels all the prominent structures along the line of

sight to each lens; “0” refers to a group at the lens redshift. (HE2149 is the only lens

with more than one interloping structure.) Columns 3–7 refer to individual structures,

while Columns 8–10 give the final results after combining all the prominent structures

along the line of sight to each lens (including a group at the lens redshift, if there is

one). Values larger than 0.05 are marked in boldface.
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group lies at a redshift of z = 0.56, which places it between the lens galaxy and

the source quasar, and has a velocity dispersion σr = 550 km s−1 based on the

six members that we have identified. With a centroid that lies at a small pro-

jected offset of 28′′ from the lens, the group contributes a convergence and shear

κlos = γlos = 0.066. This is clearly an important contribution to the lens potential

— in fact, it is slightly stronger than our estimate of the contribution from the

group at the lens redshift (in the group halo limit). It represents one more piece

in the interesting puzzle of fully understanding lensing on the MG0751 system.

Even in cases where the interloping structure is not particularly significant,

it can still have a noticeable effect on the net convergence and shear. B1422 is

such a case, and it will be interesting to consider whether detailed lens models

are sensitive to the interloping group at z = 0.28.

To our knowledge, our lens sample is not biased toward having significant

line-of-sight effects. Our survey methods are, if anything, somewhat biased against

finding line-of-sight structures (as discussed above). Therefore, our discovery of

a significant structure in 1/8 lenses suggests that line-of-sight effects are impor-

tant in at least ∼10% of all lenses. That estimate needs to be confirmed with a

larger sample, but it does indicate that lensing effects from the line of sight de-

serve further attention.

2.4.5.3 Interloping Galaxies Limit

We now turn to the complementary approach of estimating the combined lensing

effects of all the individual galaxies (other than lens group members) along the

line of sight. This approach is analogous to the galaxies limit for the analysis of

lens groups (§4.4.2); it allows us to account for objects that did not satisfy the

“prominent structures” criteria but may nevertheless be important for lensing.

We again calibrate the shear and convergence from each galaxy using the
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weak lensing observations by Sheldon et al. (2005), and then combine all of the

different galaxies using eqs. (A.12)–(A.16) in Appendix A. In this case the mor-

phological mix of Sheldon et al. is likely to be a good match to our sample of inter-

loping galaxies. The results are presented in Table 2.8. We emphasize that spec-

troscopic incompleteness means that our convergence values are lower bounds on

the true net convergence (in the galaxies limit; again, see §4.4.2).

We find that the galaxies projected along the line of sight only create a shear

at the level of a percent (similar to the results of surveys for cosmic shear; e.g.,

Van Waerbeke et al. 2001). That is due, at least in part, to the fact that the shears

from randomly placed galaxies tend to cancel. By contrast, the convergences all

add, so all of the lenses in Table 2.8 have net convergences of κeff,tot ∼> 0.04.

Following §4.4.2, for a simple sanity check we also present results assuming

that each galaxy can be treated as a singular isothermal sphere with velocity dis-

persion σ = 100 km s−1 , which should underestimate the mass of nearly all of

the galaxies. The SIS model yields somewhat smaller convergences than the weak

lensing calibration, but again we expect that we have underestimated σ and hence

κ as well. The SIS analysis here is sensitive to assumptions about the halo extent;

cutting off all halos at 300 kpc can reduce the convergences by up to a factor of

∼2. However, we believe that our conservative assumption about the velocity

dispersion more than compensates for omitting the cut-off radius. Besides, weak

lensing shear profiles indicate that most field galaxies are not severely truncated.

The physical picture here is that the halos of many galaxies can overlap the

line of sight and create a non-negligible projected mass density. It is not immedi-

ately clear how to interpret this density, because galaxies must contribute at some

level to the mean density of the universe, and it is really only fluctuations about

the mean that matter for gravitational lensing. That mean contribution must be
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Table 2.8. Total Shear and Convergence in the Line-of-Sight Galaxies Limit

[Sheldon] [σ = 100 km s−1 ]

Lens κeff,tot γeff,tot θγ κeff,tot γeff,tot θγ

[deg] [deg]

MG0751 0.051 0.005 83.9 0.028 0.010 −67

BRI0952 0.062 0.005 −68.9 0.029 0.004 −68

PG1115 0.037 0.010 −1.8 0.014 0.004 −2

B1422 0.067 0.014 −21.1 0.028 0.009 −16

MG1654 0.056 0.010 86.6 0.023 0.006 86

B2114 0.037 0.006 50.6 0.015 0.004 50

HE2149 0.047 0.005 −65.0 0.025 0.003 −65

Note. — Net effective convergence and shear from all galax-

ies along the line of sight, except members of lensing groups. Values

larger than 0.05 are again marked in boldface. Columns 2–4 list

the results when we calibrate the individual galaxies using the

weak lensing observations by Sheldon et al. (2005). For a sim-

ple comparison, Columns 5–7 list the results when we treat each

galaxy as an isothermal sphere with velocity dispersion σ = 100

km s−1 .
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determined (either theoretically or observationally) before analyzing the conver-

gences in Table 2.8 in detail. Nevertheless, we can conclude both from the typical

value of κeff,tot and the scatter that density fluctuations due to galaxies projected

along the line of sight cannot be ignored in detailed lensing analyses.

2.5 Conclusions

We have presented the first results from our spectroscopic survey of the envi-

ronments of strong gravitational lenses. We have used multislit spectroscopy to

measure the redshifts of 355 galaxies in the fields of eight strong gravitational

lenses with lens galaxies at redshifts between 0.25 and 0.50. After adding 16 red-

shifts from the literature, we have analyzed a total sample of 371 galaxies with

redshifts.

The lens galaxy belongs to a poor group in six of the eight systems in our

sample. We discover three new groups associated with the lens galaxy of BRI0952

(five members), MG1654 (seven members), and B2114 (five members). We more

than double the number of members for another three previously known groups

around the lenses MG0751 (now 13 members), PG1115 (13 members), and B1422

(16 members). These six groups add to the still small number of all poor groups

identified at intermediate redshifts.

We determine the kinematics of the six groups, including their mean veloci-

ties, velocity dispersions, and projected spatial centroids. For the newly discov-

ered groups, we quantify these properties for the first time. For the other three

groups, the increased membership allows us to make more robust estimates of the

kinematic properties of the groups than previously possible. The highest veloc-

ity dispersions we measure (320 to 470 km s−1 for MG0751, PG1115, and B1422)

are consistent with those of nearby dynamically-evolved X-ray luminous groups
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(MZ98), while the lower velocity dispersions (110 to 200 km s−1 ) are more typical

of dynamically younger groups at low redshift. In the two cases where a diffuse

X-ray component has been measured (PG1115 and B1422; Grant et al., 2004), the

X-ray temperatures and our velocity dispersions are consistent with the local σr-

TX relation (MZ98).

To understand the evolution of groups and their galaxies, it is important to de-

termine the relation of the brightest group galaxy (BGG) to the group potential.

(In four of the six groups, MG0751, BRI0952, PG1115, and B1422, the lens galaxy

is not the BGG.) We find that the BGG generally lies off the center of the group

potential and occupies an orbit indistinguishable from the other group members.

This result is surprising in comparison with nearby, X-ray luminous groups, in

which the BGG is always a giant elliptical galaxy occupying the center of the po-

tential, with an orbit distinct from the other group members (ZM98). However,

most of the effect we see comes from the three groups with lower velocity dis-

persions. In two (MG0751 and PG1115) of the three highest velocity dispersion

groups, the BGGs lie within the errors of the group centroid, suggesting that at

least these systems are comparable to dynamically-evolved poor groups in the

local Universe.

We use our detailed observations of the groups to assess how environments

affect gravitational lens models. A key ingredient is an accurate determination of

any offset between the lens galaxy and the group centroid on the sky. In MG0751,

PG1115, B1422, and MG1654, the lens galaxy is offset spatially from the group

centroid. Obtaining a larger sample (which is underway) to determine the full

distribution of lens vs. group offsets will be important for understanding how

lens environments affect statistical quantities such as the quad/double ratio and

lensing constraints on ΩΛ (see KZ04).
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To quantify environmental contributions to lens potentials in more detail, we

estimate the convergence (gravitational focusing) and shear (tidal distortions)

from each group. We consider two different models of the group mass distri-

bution that bound the extremes of dynamical states of groups. The members of

young groups are likely to still have large dark matter halos and the group mass

may be dominated by the dark matter halos of the individual member galaxies.

In this approach, we calibrate the shear and convergence from each galaxy based

on observations of weak lensing in the Sloan Digital Sky Survey (Sheldon et al.,

2005), and then sum the contributions appropriately. As the group evolves, these

halos may be truncated via interactions, so the mass will be redistributed into a

common group halo that may be the dominant group mass component. In this

approach, we approximate that halo as an isothermal sphere and use the mea-

sured group centroid and velocity dispersion to compute the convergence and

shear.

At least three of the lenses in our sample (MG0751, PG1115, and B1422) have

convergences and shears large enough (κ, γ ≥ 0.05) to indicate that the environ-

ment plays a significant role in the lens potential. For these systems, our survey

substantially improves the observational constraints that will be needed to make

detailed lens models that properly include environmental effects. Remarkably,

the high shear and convergence values occur in the quad lens systems, while the

environments of the double lenses are relatively weak. This result suggests that

environment may affect the relative numbers of quad and double lenses, a topic

much debated in the literature (see King et al., 1996; Kochanek, 1996b; Keeton et

al., 1997; Rusin & Tegmark, 2001; Cohn & Kochanek, 2004; Keeton & Zabludoff,

2004). For the other lenses, the conclusion that environment does not signifi-

cantly affect the lens potential is also valuable: constraining previously unknown
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environmental terms to be near zero will still improve lens models.

For the first time, we present a systematic assessment of whether structures

along the line of sight to lens systems are important for lensing. We show that in-

terloping structures can in principle affect lens models over a wide range of spa-

tial and redshift offsets. Our pencil-beam survey is ideally suited to identifying

such structures if they are present. We find that at least four out of eight lenses

have prominent line-of-sight structures, i.e., groups whose spatial and redshift

offsets place them in the “zone of influence” of the lens. MG0751, PG1115, and

B1422 each have one substantial group along the line of sight, while HE2149 has

three groups at different redshifts. Of these, the interloping group in MG0751 has

a significant effect on the lens potential. Our survey is actually biased against in-

terloping groups (and is not complete), so finding that at least one of eight lenses

(∼10%) is affected by projected structures is intriguing and worth further study.
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CHAPTER 3

SURVEY OF THE ENVIRONMENTS AND LINES OF SIGHT OF STRONG

GRAVITATIONAL LENSES

We present redshift catalogs as well as first results from a spectroscopic survey

in the fields of 28 strong gravitational lenses. The sample consists of 9798 unique

redshifts from this work. The median redshift of the catalog is z = 0.347 and

∼ 80% of the sample is between z = 0.1 and z = 0.7; 8% of the catalog red-

shifts are at z > 0.7 and the contamination by serendipitously observed stars is

6%. The spectroscopic catalog is augmented by adding ∼ 1, 500 redshifts from

NED. We use the redshift catalog to identify groups in redshift space. We find

301 groups of which 163 have at least five members and present group properties

for them. Group catalogs are not compiled for two fields — PMN2004 and B1608

— where our spectroscopic completeness is prohibitively low. The groups con-

tain 1659 galaxies or ∼ 10% of the galaxies in redshift catalog. We test our group

finding algorithms on realistic mock catalogs from the Millennium simulation

and find that 58% of the galaxies assigned to groups do indeed belong to virial-

ized halos and only 11% of groups are completely spurious. We find that 10 of

the 26 lens galaxies (28%) are placed in groups: Q0047 (8 members, 326 km s−1 ),

HE0435 (11 members, 496 km s−1 ), MG0751 (30 members, 490 km s−1 ), PG1115

(13 members, 377 km s−1 ), RXJ1131 (18 members, 328 km s−1 ), HST14113 (44

members, 627 km s−1 ), B1422 (16 members, 401 km s−1 ), MG1654 (7 members,

136 km s−1 ), WFI2033 (13 members, 422 km s−1 ), B2114 (8 members, 92 km s−1 ,

z = 0.316 lens). Four of these groups — the ones associated with Q0047, HE0435,

RXJ1131 and WFI2033 — are newly found. We find line of sight structures in

virtually every field of the survey but their importance in view of lensing will
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be discussed in a complementary paper. Finally, we point out several interesting

structures found in the survey — a cluster-like structure at z = 0.29 in the B0712

field, clusters in the fields of B1152 and HST14113, and several very low velocity

dispersion groups (σ < 100 km s−1 ) — and briefly discuss their properties.

3.1 Introduction

Strong gravitational lenses ought to be able to constrain cosmological parame-

ters such as the Hubble constant H0 (e.g, Refsdal (1964a); Kochanek & Schechter

(2004)) and the dark energy density ΩΛ (Chae, 2003; Mitchell et al., 2005). How-

ever, despite increasing sample sizes and improving observational data, this promise

has not yet been fulfilled. One of the main reasons is that the fundamental de-

tailed physics of the large scale environments in which lenses reside (e.g., Kee-

ton& Zabludoff (2004)) have not been understood well and taken into account.

Both theoretical and observational work suggests that galaxy scale gravita-

tional lenses reside in complex environments. Statistical arguments imply that at

least 25% galaxy of lens galaxies lie in groups or clusters (Keeton et al., 2000).

Spectroscopic observations have confirmed several groups (MG0751, PG1115,

B1422 and B1600, Momcheva et al. (2006); Auger et al. (2006)) and clusters (RXJ0911,

Q0957, HST14113, and MG2016, Kneib et al. (2000); Young et al. (1981a); Fischer

et al. (1998); Soucail et al. (2001)) around lens galaxies. Our analysis of early data

from this survey (Chapter 2) showed that ∼ 50% of lenses in the survey are in

groups and that a wide range of environments host lenses — small groups to

massive clusters. Furthermore, indirect evidence for the existence of complex en-

vironments, which have not yet been confirmed spectroscopically, comes from

the large tidal shears required to explain the image configurations in some four-

image lenses (Keeton et al., 1997).
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Gravitational lensing results from the integral of the mass along the line of

sight from the source to the observer and therefore foreground and background

structures may also influence the lensing potential. Observations show that line-

of-sight structures are common (B0712, MG1131, B1608, MG0751, Fassnacht &

Lubin (2002a); Tonry & Kochanek (2000); Fassnacht et al. (2006); Momcheva et

al. (2006)), though the requirement that the structure is located at a small impact

parameter and fairly close to the lens in redshift means that few would have a

major impact on the lens. A detailed census of line-of-sight structures is needed

to understand their frequency and significance.

We have carried out a spectroscopic redshift survey to map the mass along

the lines of sight to 28 lenses by measuring velocity dispersions and centroids for

structures in the lens fields. The implications of this survey for lensing studies

will be discussed in Chapter 4 (Momcheva et al., 2009). Apart from lensing, this

survey results in a large sample of spectroscopically confirmed groups at inter-

mediate redshifts. The group catalog presented here is also potentially valuable

for studies of galaxy evolution in group environments and will be explored in a

future paper.

In this Chapter we describe the acquisition and reduction of data for the spec-

troscopic survey. We also present a galaxy redshift catalog and a group catalog.

The Chapter is structured in the following way. In Section 2 we outline the sam-

ple of lens fields we have targeted. In Section 3 we present the target selection,

observations, data reduction, calibrations, zero-pointing and test whether red-

shifts takes with different instruments can be combined in one sample. In Section

4 we present the master redshift catalog, its overall properties and the properties

of the redshift catalogs for each field in the survey and discuss the redshift er-

rors. In Section 5 we describe our group-finding methods and test them on mock
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spectroscopic catalogs in Section 6. Section 7 presents the group catalog and, fi-

nally, in Section 8 we briefly discuss our results. Throughout this Chapter we use

H0=72 km s−1 , Ωm = 0.3 and Ωl = 0.7.

3.2 The Sample

The goal of this survey is to study the environments and lines of sight to strong

gravitational lens galaxies and to quantify the effects of such structures on the

lensing potential. In this spectroscopic survey we have targeted 28 galaxy mass

lenses from the CASTLES sample. These include the eight systems presented

in Chapter 2, for seven of which we have acquired additional data. Table 4.1

presents the lens systems. References and detailed information on each of them

is further listed in Appendix B. The redshifts of the lens galaxies range from 0.1

to 0.9. Of the 28 lenses, 12 are two-image systems, ten are four-image, three have

Einstein rings and three have more complicated image morphologies — four ex-

tended images with an Einstein ring (Q0047), two images and a ring (MG1131),

and a system with possibly two pairs of images of two different sources (B2114).

Two of the lens galaxies are spirals (B1600 and PMN2004), while the rest have

early type morphologies. Time delays have been measured for nine of the lenses

(HE0435, PG1115, RXJ1131, B1422, SBS1520, MG1549, B1600, WFI2033 and HE2149,

see Appendix B for references). Previous studies have shown that seven of the

lens galaxies in this sample are in groups (MG0751, PG1115, B1422, B1600, B1608,

MG1654 and B2114) and one is in a cluster (HST14113). Photometric observa-

tions and numerical models that require large shears have led to suggestions

that another ten may be in groups (Q0158, HE0435, FBQ0951, HE1104, MG1131,

RXJ1131, HST12531, H1413, SBS1520 and WFI2033). Line-of-sight structures have

been found in B0712, MG0751, MG1131, and HE2149 and photometric observa-



92

tions have suggested such structures in FBQ0951 and RXJ1131. The sample was

selected based on available photometry from the parallel photometric survey of

the environments of strong lenses (Williams et al., 2009) and slight preference

was given to systems with known lens redshifts between z = 0.1 and 0.8, which

exhibited a red sequence at or close to the lens redshift.
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Table 3.1. Gravitational Lens Galaxies

Lens RAb Decb zl Ib zs
b ∆t Imagesb,d kTX σr

(J2000) (J2000) [mag] [days] [KeV] [km s−1 ]

Q 0047−2808 00:49:41.89 −27:52:25.7 0.485 20.5 3.595 - 4ER -

Q J0158−4325 01:58:41.44 −43:25:04.20 - 18.91 1.290 - 2 -

HE 0435−1223 04:38:14.9 −12:17:14.4 0.455 18.05* 1.689 14.4±0.8? 4

B0712+472 07:16:03.58 +47:08:50.0 0.406 19.56 1.34 - 4 -

MG 0751+2716 07:51:41.46 +27:16:31.35 0.349a 21.26 3.20 - R - -

FBQ 0951+2635 09:51:22.57 +26:35:14.1 0.260 19.67 1.24 - 2 -

BRI 0952−0115 09:55:00.01 −01:30:05.0 0.632c 21.21 4.50 - 2 - -

Q 1017−207 10:17:24.13 −20:47:00.4 (0.78) 21.82 2.545 - 2

HE 1104−1805 11:06:33.45 −18:21:24.2 0.729 20.01 2.319 - 2

PG 1115+080 11:18:17.00 +07:45:57.7 0.310 18.92 1.722 25.0±2.0 4 0.8±0.2 270±70

MG 1131+0456 11:31:56.48 +04:55:49.8 0.844 21.21 (2.0) - 2R -

RX J1131−1231 11:31:51.6 −12:31:57 0.295 17.88 0.658 87±8? 4

B1152+200 11:55:18.3 +19:39:42.2 0.439 19.26 1.019 - 2 -

HST12531−2914 12:53:06.70 −29:14:30.0 (0.69) 21.83 - - 4 -

LBQ 1333+0113 12:53:06.70 −29:14:30.0 0.440 20.05 1.570 - 2 -
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3.3 The Data

3.3.1 Spectroscopic Target Selection

We obtained deep I and either V or R images of each field between May 2002 and

January 2006 using the 36′ × 36′ MOSAIC imagers on the 4-meter Cerro-Tololo

Inter-American Obesrvatory (CTIO) Blanco telescope for the southern fields and

the 4-m Kitt Peak National Observatory Mayal telescope for the northern fields.

These images were reduced using standard IRAF1 and SExtractor (Bertin & Arnouts,

1996) routines. For a more detailed description of the photometric reduction and

analysis see Williams et al. (2009). We used the algorithm described in Williams

et al. (2006) to identify red sequences in a cone of ∼ 0.5 Mpc around the lens in

each field. Targets for follow-up spectroscopy were identified on the basis of the

photometry. The red sequence galaxies were given highest priority for follow-

up. We constructed color-magnitude diagrams of all objects within 5’ of the lens

and further prioritized objects based on color and distance from the lens. Objects

with colors between the color of a red L∗ galaxy plus 3σ at the redshift of the fur-

thest red sequence and the color of a starburst galaxy at our limiting magnitude

at the redshift of the closest red sequence were given highest priority. Objects

with colors outside this specified range but within 5’ of the lens were given lower

priority. Objects outside 5’ were given even lower priority based their color and

distance from the lens. The limiting magnitude for spectroscopic follow-up was

I = 21.5 in all observing runs prior to Spring 2006 and I = 20.5 for the subse-

quent runs. We assigned slits/fibers to the targets in the prioritized catalogues

using the instrument specific software packages.

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities or Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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Table 3.1—Continued

Lens RAb Decb zl Ib zs
b ∆t Imagesb,d kTX σr

(J2000) (J2000) [mag] [days] [KeV] [km s−1 ]

Q 1355−2257 13:53:06.35 +11:38:04.7 0.702 19.04 1.370 - 2 -

HST14113+5211 14:11:19.60 +52:11:29.0 0.465 19.99 2.811 - 4 -

H1413+117 14:15:46.40 11:29:41.4 (0.9) 18.61 2.550 - 4 -

B1422+231 14:24:38.09 +22:56:00.6 0.338 19.66 3.620 8.2±2.0 4 1.0+inf
−0.3 550±50

SBS1520+530 15:21:44.83 +52:54:48.6 0.710 20.16 1.855 129.0±3.0? 2

MG 1549+3047 15:49:12.37 +30:47:16.6 0.111 16.70 1.170 51.0±2.0? R

B1600+434 16:01:40.45 +43:16:47.8 0.414 20.78 1.589 77.0±1.5? 2

B1608+656 16:09:13.96 +65:32:29.0 0.630 19.02 1.394 - 4 -

MG 1654+1346 16:54:41.83 +13:46:22.0 0.254a 17.9 1.740 - R -

PMN J2004−1349 20:04:07.07 −13:49:30.7 - - - - 2 -

WFI 2033−4723 16:09:13.96 +65:32:29.0 0.661 19.71* 1.660 62.6+4.1
−2.3

B2114+022 21:16:50.75 +02:25:46.9 0.316a 18.63 - - 2+2 -

0.588 - -

HE 2149−2745 21:52:07.44 −27:31:50.2 0.495 19.56 2.033 103.0±12.0 2 - -

aData from this work

bData from the CASTLES website: http://cfa-www.harvard.edu/castles/

cPhotometric redshift.

dR means an Einstein ring.
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3.3.2 Observations

We carried out the follow-up spectroscopy using the Magellan 6.5 m telescopes

for the southern targets and the MMT 6.5 m telescope for the northern targets.

B2114 was observed with both Magellan and MMT. We chose instruments with

multi-object capability so that acquiring redshifts for a large number of objects

would be more time-efficient. Furthermore, we used instruments that have a field

of view of at least 5′ to achieve fairly uniform coverage out to at least 0.5 Mpc at

the lens redshift, i.e. one group virial radius, in every pointing. On Magellan

we employed the LDSS2, LDSS3 and IMACS multi-slit spectrographs. On the

MMT we used the Hectospec multi-fiber spectrograph. The observations were

carried out between March 2003 and September 2006. Table 3.2 summarizes the

observing runs presented in this Chapter and Table 3.3 shows a break-down of

the observations for every field. The relevant details of the four spectrographs

are described below.
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Table 3.2. Observing Runs

Date Instrument # of Nights # of Masks/Configs Conditions

March 2003 LDSS2 4 20 Excellent

August 2003 LDSS2 4 18 Excellent

March 2004 IMACS 4 21 Excellent

November 2004 IMACS 4 8 Poor

March 2005 IMACS ? 5 Good

April 2005 IMACS 4 (partial) 16 Good

September 2005 LDSS3 4 7 Changing

February 2006 LDSS3 2 10 Good

August 2006 LDSS3 2 9 Excellent

September 2006 LDSS3 2 9 Good

Spring 2004 Hectospec 4 11 Excellent

Fall 2004 Hectospec 4 5 Poor

Spring 2005 Hectospec 4 6 Good

Summer 2005 Hectospec 2 4 Good

Spring 2006 Hectospec 2 4 Good
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Table 3.3. Data

LDSS2 LDSS3 IMACS Hectospec NED Total

Lens ID Nm Ns Nz Date Nm Ns Nz Date Nm Ns Nz Date Nm Nfib Nz Date Nz Nm Nz

Q 0047−2808 - - - - 3 89 62 09/05 3 732 254 10/04 - - - - 28 9 366

2 20 15 08/06

1 9 7 09/06

Q J0158−4325 - - - - 2 38 30 08/06 1 249 74 10/04 - - - - 1 3 105

HE 0435−1223 - - - - 2 29 22 08/06 4 991 373 10/04 - - - - 14 8 425

- 2 28 16 09/06

B0712+472 - - - - - - - - - - - 4 1059 618 Fall/04 23 4 641

MG 0751+2716 4 89 40 03/03 3 50 41 02/06 3 703 137 03/04 - - - 36 10 254

FBQ 0951+2635 - - - - - - - - - - - - 3 717 559 Spr/05 2 5 874

2 451 313 Spr/06

BRI 0952−0115 4 90 44 03/03 1 15 12 02/06 3 654 182 03/04 - - - 24 8 262

Q 1017−207 - - - - - - - - 4 720 442 04/05 - - - 2 4 444

HE 1104−1805 - - - - - - - - 3 571 443 04/05 - - - 4 3 447
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Table 3.3—Continued

LDSS2 LDSS3 IMACS Hectospec NED Total

Lens ID Nm Ns Nz Date Nm Ns Nz Date Nm Ns Nz Date Nm Nfib Nz Date Nz Nm Nz

PG 1115+080 4 89 47 03/03 2 35 27 02/06 3 653 137 03/04 - - - 98 10 417

1 201 107 03/05

MG 1131+0456 - - - - - - - - - - - - 2 530 229 Spr/04 36 2 335

RX J1131−1231 - - - - 2 35 15 02/06 3 656 331 03/04 - - - 15 7 558

2 352 197 03/05

B1152+200 - - - - - - - - - - - - 3 757 596 Sum/05 2 3 598

HST12531−2914 - - - - - - - 3 741 244 03/04 - - - 235 3 479

LBQ 1333+0113 - - - - - - - - 4 751 478 04/05 - - - 39 4 517

Q 1355−2257 - - - - - - - - 1 217 105 03/05 - - - 6 3 409

2 404 199 04/05

HST14113+5211 - - - - - - - - - - - - 1 251 214 Spr/05 113 3 699

- - - - - - - - - - - - 2 474 372 Spr/06

H1413+117 - - - - - - - - - - - - 2 451 263 Spr/05 11 2 274

B1422+231 4 93 57 03/03 1 20 14 02/06 3 690 181 03/04 - - - 30 8 282
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LDSS2 (Low Dispersion Survey Spectrograph - 2) is a multi-object spectro-

graph which was in use on the Magellan II - Clay telescope between 2001 and

2004 (Wynne & Worswick, 1988; Colless et al., 1990). We used the medium blue,

300 lines/mm grism blazed at 5000 Åwhich provides 5.3 Å/pixel dispersion and

the medium red, 300 l/mm grism blazed at 8000 Åwhich provides 5.1 Å/pix dis-

persion. The slit widths were 0.9”, which gave us a resolution of ∼ 10 Å. Obser-

vations were carried out during two observing runs in March and August 2003.

A total of 38 masks containing 858 slits were observed. These data were already

presented in Chapter 2.

IMACS (Inamori-Magellan Areal Camera and Spectrograph) is a wide-field

camera and spectrograph on the Magellan I - Baade telescope (Bigelow et al.,

1998). Data were obtained during four observing runs — March and Novem-

ber 2004, March and April 2005. We were one of the first users of IMACS after

its installation and saw gradual improvements of the instrument performance

throughout 2004 and 2005. We used the f/2 Short Camera which has a 27’ diam-

eter field of view combined with the 200 lines/mm grating which provides 2.037

Å/pixel dispersion and a 10 Åresolution. During the March 2005 observing run

the 300 lines/mm grating was used instead giving a 1.34 Å/pixel dispersion and

a 5 Åresolution. The wavelength coverage is 4000 to 9000 Åfor the data from the

March and November 2004 runs and 5000 to 8000 Åfor the March and April 2005

observing runs, when the WB4800 filter was used to remove first order contami-

nation. A total of 50 masks and 10,713 slits were observed.

LDSS3 (Low Dispersion Survey Spectrograph - 3) is an upgraded version of

LDSS2 with larger field of view (8.3’ diameter) and better throughput, which was

installed on Magellan 2 - Clay in 2005. We used the VPH-Blue grating which

has 1019 lines/mm and provides dispersion of 0.628 Å/pixel at 5200 A. We used
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Table 3.3—Continued

LDSS2 LDSS3 IMACS Hectospec NED Total

Lens ID Nm Ns Nz Date Nm Ns Nz Date Nm Ns Nz Date Nm Nfib Nz Date Nz Nm Nz

SBS1520+530 - - - - - - - - - - - - 2 521 333 Spr/04 28 2 361

MG 1549+3047 - - - - - - - - - - - - 2 529 377 Spr/04 26 2 403

B1600+434 - - - - - - - - - - - - 2 519 377 Spr/04 29 2 395

B1608+656 - - - - - - - - - - - - 1 259 106 Spr/04 5 1 111

MG 1654+1346 4 105 39 03/03 1 13 4 02/06 3 718 180 03/04 - - - 2 13 381

3 72 20 08/03 1 9 8 08/06 1 174 128 03/05

PMN J2004 5 119 41 08/03 - - - - - - - - - - - 0 5 41

WFI 2033−4723 - - - - 4 94 60 09/05 3 535 260 04/05 - - - 1 7 321

B2114+022 5 85 387 08/03 3 50 28 09/06 - - - - 2 517 327 Spr/04 4 11 396

HE 2149−2745 5 116 41 08/03 2 27 20 08/06 - - - - - - - 44 10 134

3 43 29 09/06
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0.9” slits. We chose this grism to achieve sensitivity in the 4500 to 6500 Åinterval

where we expected to find the 4000 Åbreak for the majority of our targets. How-

ever a shortcoming of this setup is that the spectra taken with it only span 2550

Å. Data were taken during four observing runs — September 2005, February, Au-

gust and September 2006. A total of 35 masks containing 597 slits were observed.

Hectospec is a multi-object optical spectrograph fed by 300 fibers on the MMT

(Fabricant et al., 2005). Data were obtained in queue scheduling mode during

five observing seasons — Spring and Fall 2004, Spring and Summer 2005, and

Spring 2006. We use the 270 lines/mm grating which is blazed at 5000 Å, has

1.21 Å/pixel dispersion and with spectral coverage from 4000 to 9770 Å. Each

fiber subtends 1.5” which gives a spectral resolution of 6 Å. 29 different fiber

configurations were observed and a total of 7036 objects were targeted.

3.3.3 Data Reduction

All data were reduced using standard methods and employed the instrument-

specific, publicly-available reduction software whenever possible. Here we pro-

vide a brief description of the main reduction steps.

The data obtained with LDSS2 and presented in Chapter 2 have not been re-

reduced for the purposes of this Chapter. We address any possible systematic

errors due to merging this data set with the rest of the data in Section 3.3.7.

The data obtained with LDSS3 and IMACS were all reduced using the COS-

MOS data reduction package (Oemler et al., 2008). COSMOS relies on an accurate

optical model of the spectrograph that allows for an accurate prediction of the

positions of the spectral features on the detector. The reduction proceeds in the

following steps: (1) alignment of the slitmask relative to the focal plane based on

several bright and isolated comparison arc lines; (2) perfection of the alignment

using one or more comparison arc images (we chose to fit the offsets along the
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slit and along the wavelength direction with first and second order polynomials

respectively); (3) image reduction, which includes bias subtraction, flat-fielding,

and two-dimensional sky-subtraction (Kelson, 2003); (4) extraction of the two-

dimensional spectra; and (5) co-addition of the separate images with cosmic ray

removal.

The extraction of the one dimensional spectra was done using a procedure

written by A. Marble (personal communication) in IDL, which implements an

optimal extraction method similar to that described by Horne (1986). Optimal

extraction is a methodology that allows the weighting of the pixels by their vari-

ance while avoiding spectral degradation and is made possible by modeling the

changing illumination pattern across the chip. The illumination pattern is con-

structed by first fitting a trace polynomial of order one (for IMACS) or two (LDSS3)

to the flux-weighted center of the spatial profile along the wavelength axis. This

trace is then removed and the spectrum is collapsed along the wavelength axis

forming a one dimensional spatial profile. A spline curve is fit to the over-

sampled pixels of the spatial profile and the profile values are weighted by their

propagated variance. A two-dimensional illumination model is then constructed.

The one dimensional spectrum is extracted iteratively from the image and weighted

by the variance. At each iteration the pixels in every column that are most deviant

from the expected shape of the illumination model are identified and masked

and the spectrum is recalculated. The corresponding error arrays are similarly

extracted.

There are several caveats in applying an optimal extraction algorithm to spec-

tra of galaxies. First, optimal extraction is primarily intended for point sources

where all the light originates from a common origin. Our routine however does

not assume that the spatial profile is gaussian and the spline fits to the spatial
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profiles of the galaxies (which subtend 1 to 2′′) are excellent. Second, the opti-

mal extraction algorithm assumes that the spectral signature is constant for all

illuminated rows. This is generally true for the continuum light but not true for

emission lines. And finally, the weighting used in the optimal extraction proce-

dure leads to the light from the brightest, central parts of the galaxy to domi-

nate the spectrum, i.e. the resulting spectrum may be “bulge dominated”. While

the first point does not seem to be a problem, the second and third points may

skew the relative contributions of light from different points along the slit in a

nontrivial way. For that reason, we also extract a traced but non-weighted spec-

trum of each object. The optimally extracted spectra have slightly higher signal-

to-noise, which we find beneficial for determining redshifts, especially for faint

objects. The non-optimally extracted spectra are paired with the redshifts deter-

mined from their optimally-extracted counterparts and will be used for all other

applications. Finally, we apply heliocentric corrections.

The Hectospec data reduction was completed using HSRED, an IDL reduc-

tion package based on the SDSS spectroscopic pipeline (Stoughton et al., 2002;

Kochanek et al., 2007). For every observing night, a bias, a dome-flat, a sky-flat

and a combined arc frame are produced by combining all relevant images taken

over the course of the night. The uniformly illuminated dome flats are used to

take out the high-frequency flat-field variations and fringing, while the twilight

sky flats (when available) provide a correction for the low-frequency fiber-to-fiber

variations. The comparison arc lamp spectra are extracted and the centroids of

the lines are measured and fitted with a fifth order Legendre polynomial. After

the bias subtraction, the object and sky fibers in each science exposure are traced

with tweaking from the flat-field trace and optimally extracted. The extracted

spectra are flat-fielded and wavelength calibrated with slight tweaking to match
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the positions of selected skylines. Heliocentric corrections are also applied to the

wavelength solution. An over-sampled supersky vector is constructed using the

sky fibers. For each object fiber, the sky is re-sampled at every pixel and sub-

tracted from the object spectrum. Finally all exposures done with the same fiber

configuration are co-added.

3.3.4 Flux Calibrations

The instrument response must be removed from the object spectra before apply-

ing the cross-correlation routine to determine the redshifts. For the purpose of the

work presented here absolute fluxing is not required. This issue will be discussed

in more detail in a future paper.

IMACS & LDSS3: Spectra of at least one spectrophotometric standard star

were taken during each observing night using a long slit mask with slit widths

0.75′′, 0.9′′ and 1.0′′. We use the standards taken during the night of the obser-

vations to flux the spectra, with the exception of the February 2006 LDSS3 run

(standard spectra are corrupted and taken with the wrong longslit). For this run

we instead use the sensitivity curves from the August 2006 run when the same

instrument setup was used. These standard star spectra were reduced and ex-

tracted in the same manner as the spectra of the science objects, corrected for

the atmospheric extinction (using the standard IRAF CTIO extinction curve) and

used to produce a response function for the night (using noao.onedspec.calibrate

and noao.onedspec.sensfunc in IRAF). Multiple standard star observations on a

given night, were averaged to produce a single average response function. The

science spectra were then divided by the sensitivity function, the exposure time

and the dispersion, and extinction corrected(also using the standard IRAF CTIO

extinction curve). A heliocentric correction is also applied. The fluxing is only

approximate because we do not correct for slit effects in either the standard on
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the science spectra.

Hectospec: Unlike other observational programs carried out with Hectospec

(Papovich et al., 2006; Cool, 2006) we did not observe F stars along with our scien-

tific targets, neither did the Hectospec operation provide for taking standard star

spectra during the night in any other way. We therefore choose to “pseudoflux”

our spectra by applying an average flux vector derived from the AEGIS obser-

vations of F-stars over several observing runs. No extinction correction has been

applied. We find that this method is adequate for our purposes as it produces

spectra with correct shapes. Again, no absolute flux calibration is applied here.

3.3.5 Redshift Determination

The redshift determination for LDSS2 data is described in Chapter 2. For LDSS3,

IMACS and Hectospec we determine redshifts using an automated cross-correlation

routine based on the SDSS redshift-finding algorithm. It uses a χ2 minimiza-

tion to compare each object spectrum to a library of galaxy and QSO model tem-

plates that are linear combinations of eigenspectra, as well as to a library of stel-

lar spectra. Each template is shifted through a range of redshifts and a χ2 is

calculated. The minimum χ2 yields the object redshift, a spectral classification

from the best fit template and a flag for the quality of the fit. Each redshift was

visually inspected to assure its quality. All IMACS and LDSS3 sky-subtracted,

two-dimensional spectra were also visually inspected along with the redshift in-

spection to insure that the spectral features are real. Spectra which did not yield

redshifts were flagged and discarded. Spectra for which the redshift was not

convincing (∼ 10% of all spectra) were flagged and further inspected by a second

person. Finally, for some spectra the cross-correlation routine failed and did not

yield a correct redshift measurement, typically due to misidentification of poorly

subtracted sky-lines with emission line, or misidentification of breaks. In these
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cases we examined not only the lowest χ2 fit, but the lowest ten χ2 fits. If none of

these yielded a correct redshift measurement, the spectrum was also flagged and

discarded and we have not attempted to obtain correct redshifts for these objects.

Our success rate at obtaining redshifts, i.e. objects targeted vs. redshifts ob-

tained, varies with observing run. The overall success rate by instrument is 44%

for LDSS2, 68% for LDSS3, 42% for IMACS and 67% for Hectospec. The IMACS

sucess rate is heavily influenced by the first two runs, prior to improvements in

the instrument — 34% for March 2004 and 35% for November 2004 (the latter

was further worsened by poor meteorological conditions). The IMACS success

rate went up to 61% during our last April 2005 run. The LDSS3 success rate

shows less run-to-run variation — the best is the August 2006 run which had

excellent conditions and 0.5” seeing (75%) and the worst was 59% during the

September 2006 run which was marked by variable conditions and sub-par see-

ing. Hectospec delivered generally good and gradually improving success rate

as the instrument and our observing strategies improved — starting with 58% in

Fall 2004 and going up to 79 % for Summer 2005. The overall success rate for our

observations is 52% — we have positioned ∼ 19211 slits and fibers and obtained

9908 redshifts.

3.3.6 Additional Redshifts

In addition to the redshifts we measure from observations, we also add redshifts

in the survey fields found in literature. The main goal of adding these objects to

the spectroscopic catalogs is to increase the membership of small/undersampled

structures. We query NED for galaxies with spectroscopically measured redshifts

within a 20’ radius of each field center and match the NED redshift to both our

spectroscopic and photometric catalogs. The objects matched to our spectro-

scopic catalogs are used for estimating the redshift errors (see Section 4). The
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objects that do not have counterparts in the spectroscopic catalog are paired with

the photometric information from our catalogs and added to the spectroscopic

catalogs. We do not attempt to add objects that are not present in our photomet-

ric catalogs which are typically high-redshift and/or low luminosity galaxies. In

total, we add redshifts for 785 objects in 27 fields with a median redshift z = 0.43.

A breakdown of the number of redshifts added to every field is given in Table 3.3.

Notably, we add 209 redshifts to in the field of H12531 which contains a z=1.237

supercluster (Demarco et al., 2007) of which 69 are at z > 1. We also add 93 ob-

jects in the field of PG1115, which contains the RXJ1117.4+0743 cluster at z=0.485,

and 108 objects in the field of HST14113 which contains the 3C 295 cluster at

z=0.46 (Dressler & Gunn, 1992; Thimm et al., 1994). The NED redshifts we add

are flagged and will be treated differently throughout the analysis — they are not

included in the completeness estimates and they will not be used in the assess-

ment of the spectroscopic properties of galaxy because spectra are not available

for them.

3.3.7 Errors

The data presented in this Chapter were taken during 15 observing runs over a

period of four years. 14 of the fields were observed repeatedly, during more than

one run and 13 of the fields were observed with more than one instrument. De-

spite our efforts to minimize any possible systematics by reducing all data in a

unform manner, some systematics may still be present. To combine data taken

with different instruments and during different observing runs we need to make

sure to first remove any such systematics; otherwise we may be artificially inflat-

ing/deflating/creating velocity dispersions. We consider three possible sources

of systematic errors: (1) systematic offset of the zero point of the redshift determi-

nation; (2) systematic offsets between redshifts measured with the same instru-
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ment during different observing nights/runs, i.e., the intra-instrument errors; (3)

and systematic offsets between redshifts measured with different instruments,

i.e., inter-instrument errors.

3.3.7.1 Zero Point Errors

Due to errors in the wavelength calibration and/or instrument and telescope flex-

ure which cannot be removed during the reduction, the zero point of the spectra

may be different from zero. As a result of this, the redshifts may not be mea-

sured relative to zero. In addition, the zero point may change between masks,

fiber configurations, nights and runs. We estimate the redshift zero points by

measuring the velocities of the sky lines in each spectrum, expecting that the sky

lines intrinsically to have a zero velocity. The sky spectra are extracted from the

science exposures, which also contain the spectra of the targeted galaxies. The

sky emission lines are several orders of magnitude brighter that the underlying

galaxy spectra, except for a negligible fraction of cases where the object is a bright

QSO or a bright star. We extract the sky spectra in the same manner as the science

target spectra, skipping the sky subtraction and the heliocentric correction steps.

For the Hectospec data we turn off the sky subtract and the flux tweaking option

(the latter is not necessary because it only influences the flux variations and not

the wavelength solution) . For IMACS and LDSS3 we use the trace, defined by the

science object spectra in the sky-subtracted images, to extract the sky spectrum.

We then identify a list of bright and fairly isolated skylines using the IRAF task

EMSAO (from the RVSAO package) in a batch mode to measure the velocities of

the sky lines. Finally we estimate the mean and the median of the distribution of

sky velocities for each mask and fiber configuration. For Hectospec we find that

the distribution of the sky spectra velocities is consistent with zero within the

dispersion over all observing runs — the offset of the center of the distribution is
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typically ± 1 to 3 km s−1 and the dispersion is typically 3 to 5 km s−1 . Therefore

we do not apply a zeropoint correction for these spectra. For IMACS and LDSS3

the zero point values vary from mask to mask and are typically ±10 to 50 km s−1 .

We apply a correction equal to the median zero point offset on a mask by mask

basis. In Chapter 2 we find that no correction is necessary for the LDSS2 redshifts

based on zeropoints determined from skylines and serendipitous stars because

while the dispersions were large they were consistent with zero.

3.3.7.2 Instrument-instrument Errors

We compare repeated redshift measurements from spectra taken during differ-

ent observing runs with the same instrument or with different instruments to

assess instrument errors. Objects were observed repeatedly during different ob-

serving runs because we felt that the first observation did not yield a satisfactory

S/N. However for some of them we were able to obtain more than one redshift

measurement. Multiple redshift measurements were obtained for a total of 254

objects. They were compared after making the zero-point correction described in

the previous subsection.

The intra-instrument errors are the variations within observations with one

instrument on different observing nights or different runs. To estimate their mag-

nitude, we compare the redshift measurements of objects observed twice during

two separate observing runs or on different nights during the same observing

run. We have obtained repeated measurements for 143 objects with IMACS and

13 objects with Hectospec. There are no repeated measurements with LDSS3. Fig-

ure 3.3.7.2 and Table 3.4 present the comparison. For all instruments the distri-

bution of measurement differences is consistent with zero at the one sigma level.

We conclude that no systematic errors will be introduced as a result of combining

data from different observing runs.
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Figure 3.1 Comparison of repeated redshift measurements taken with the same instrument. We

show ∆z = z1−z2 as a function of I-band magnitude (first column), average S/N of the spectrum

(second column) and mean redshift (third column). We also show the overall ∆z distribution

(rightmost panel). The distributions are generally symmetric about zero and thus we conclude

that no systematic errors are being introduced by merging data-sets from different observing runs

with the same instrument.
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Table 3.4. Instrument-instrument redshift comparison

Instruments Nmatch Nfield |∆zmed| σ∆z

Intra-instrument comparison

LDSS2-LDSS2 2 2 2.277e-3 4.043e-3

LDSS3-LDSS3 0 0 - -

IMACS-IMACS 143 3 1.910e-05 3.095e-4

Hecto-Hecto 13 2 1.509e-4 3.024e-4

Inter-instrument comparison

LDSS2-LDSS3 7 3 4.300e-4 5.246e-4

LDSS2-IMACS 3 2 1.031e-3 4.630e-5

LDSS2-Hecto 11 1 2.687e-4 6.333e-4

LDSS3-IMACS 62 7 1.695e-5 3.650e-4

LDSS3-Hecto 8 1 4.915e-5 2.448e-4

IMACS-Hecto 0 0 - -

External comparison

NED-This work 173 18 1.754e-4 7.881e-4
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The inter-instrument errors are the variations from instrument to instrument.

In addition to objects observed twice because we felt the first observation did

not yield high enough S/N, 19 bright (I < 19) objects in the fields of B2114 and

MG1654 which were already observed with LDSS2 and/or Hectospec and LDSS2

and/or IMACS (respectively for the 2 masks) were re-observed with LDSS3 dur-

ing the August and September 2006 runs. Figure 3.3.7.2 and Table 3.4 present the

comparison of measurements. There are seven objects with redshifts measured

from both an LDSS2 and an IMACS spectrum, three with LDSS2 and IMACS red-

shifts, 11 with LDSS2 and Hectospec, 66 with LDSS3 and IMACS and eight with

LDSS3 and Hectospec. There are no objects with redshift measurements from

both IMACS and Hectospec data, but if no systematics are observed between the

other instrument pairs, no systematics should be expected between these two as

well. The LDSS3-IMACS and LDSS3-Hectospec comparisons show no systematic

offset between the measurements made with different instruments. The mean

residual offset in the IMACS, LDSS3 and Hectospec comparisons with LDSS2 is

within 1.5σ of zero in the sense that the LDSS2 redshifts are systematically higher

than those measured with the other three instruments. All IMACS, LDSS3 and

Hectospec redshifts were determined in the same way and zero-point corrections

have been applied to all of them. The only possible source of systematic may lie

in using RVSAO to determine the LDSS2 redshifts. To test this we determine red-

shifts for the ∼ 200 Hectospec spectra including the 11 spectra in the Hectospec-

LDSS2 overlap subsample spectra through both HSRED and RVSAO and com-

pare the results. We find that the redshifts from RVSAO are systematically higher

than the HSRED ones by ∆z = 0.0003 on average and the discrepancy can reach

as high as ∆z = 0.0013. The offset is puzzling but its source is beyond the scope of

this work. Therefore we subtract a constant offset of ∆z = 0.0003 from all LDSS2
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redshifts to bring them into agreement with the rest of the sample.

The redshift errors based on the χ2 values from the spectrum correlation are

an order of magnitude lower than the dispersion in redshift measurements. We

thus feel that these errors severely overestimate the actual redshift errors. We use

our findings in this section to define better errors in Section 3.4.

3.3.7.3 External Checks

To perform an external cross-check on our redshifts we compare them to existing

redshifts measurements found in NED. There are 197 redshifts for 186 different

objects which overlap between NED and our spectroscopic catalogs (for seven ob-

jects we have two redshift measurements, for two objects we have three redshift

measurements). Of these, there are 19 redshifts pairs that differ from one another

by more than ∆z = 0.005. We define these as catastrophic failures and examine

them in more detail. We visually inspect our spectra for the catastrophic failures.

We find that six of them are broadline QSOs at z > 1 (five lensed QSOs and one

unlensed z = 1.856 QSO) which are consistent at the ∆z < 0.1 level. Broadline

QSOs are difficult to determine precise redshifts for so these should not be con-

sidered catastrophic failures, though we do exclude them from the comparison

sample. Furthermore, our estimate of the redshift of the z = 0.32 lens galaxy

in B2114 differs from the literature value by ∆z ∼ 0.005 — our average value is

z = 0.3150 from three different measurements (consistent with z = 0.3157 from

(Augusto et al., 2001)), while the value listed in NED is z = 0.32. Additionally,

we find that for another 10 objects our redshifts are indeed correct — the ones

in NED may be wrong or we may have misidentified the object due to unprecise

coordinates. One of the catastrophic outliers is a star in the field of MG0751. We

do not try to determine precise redshifts for stars and thus this is not a concern.

Finally, one of our redshifts is actually wrong — PG1115-9136 is identified as a
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Figure 3.2 Comparison of repeated redshift measurements taken with different instruments.

Again, we show ∆z = z1 − z2 as a function of I-band magnitude (first column), average S/N

of the spectrum (second column), mean redshift (third column) and the overall ∆z distribution

(rightmost panel).
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Figure 3.3 Comparison between our redshift measurements and ones from NED, again as a

function of I-band magnitude, S/N and redshift, as well as overall ∆z distribution. We find that

the redshifts from this work are consistent with the ones found in literature and there are no

systematic offsets.

star in our spectroscopy, while it is a z = 0.14 galaxy in NED. Visual inspection

of the image confirms that the object is extended and the coordinate match is cor-

rect. Based on this we conclude that the failure rate of our spectroscopy is 1 out

of 186, i.e. 0.54% and thus there may be 50 wrong redshifts in our spectroscopy.

Figure 3.3.7.3 and Table 3.4 shows the distribution of redshift measurement dif-

ferences between our spectroscopic catalog and NED as a function of magnitude,

S/N and redshift. The distribution is broad σ ∼ 0.001 as should be expected from

the heterogeneity of the sample but the mean is very close to zero. We conclude

that, in comparison to redshifts in literature, our redshifts are sound and there

are no noticeable systematic errors in the spectroscopic catalog.

3.4 Redshift Catalog

Table 3.5 presents the spectroscopic catalog. For each entry we give the catalog

number, J2000.0 coordinates calibrated to USNO-B2.0, projected distance to the

lens in arc-minutes, Cousins I band magnitude, RC − IC or VJ − IC color (see

Williams et al. (2009) for details on the photometry), redshift z and redshift error

δz. The flag in the last column notes if the object was classified as a star in the
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photometry and included in the stellar photometric catalog (Flag=1), if the object

does not figure at all in our final photometric catalogs (Flag=2) or if the object’s

redshift may be uncertain (Flag=3). The objects are ordered in ascending order of

Right Ascension.
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Table 3.5. Spectroscopic Catalog (Excerpt)

Lens ID RA Dec b I R-I z ∆z Flag

Q0047 2267 12.15079 -27.92057 14.78 18.36 0.64 0.2393 1.6e-04 0

3127 12.18116 -27.88725 12.93 19.29 0.54 0.3962 1.3e-04 0

3241 12.18753 -27.97718 14.00 20.18 0.69 0.3366 3.1e-04 0

3365 12.19159 -27.98285 13.97 19.59 0.63 0.3673 2.1e-04 0

3422 12.19416 -27.96951 13.49 20.27 0.71 0.8001 1.9e-04 0

3464 12.19584 -27.90281 12.25 21.15 0.57 0.5887 3.1e-04 0

3505 12.19643 -27.80256 12.84 19.88 0.83 0.4292 2.1e-04 0

3534 12.19875 -27.88514 11.99 21.81 0.43 0.5833 1.9e-04 0

3693 12.20341 -27.95319 12.65 20.40 0.38 0.3098 1.9e-04 0

3775 12.20468 -27.96061 12.76 18.14 0.62 0.1148 1.6e-04 0

3748 12.20681 -27.83794 11.75 17.00 0.75 0.2380 1.6e-04 0

3906 12.20864 -27.84015 11.63 17.41 0.73 0.2415 1.6e-04 0

4008 12.21207 -27.83905 11.46 18.38 0.55 0.2394 1.9e-04 0

3931 12.21374 -27.85583 11.23 18.84 0.57 0.2373 2.2e-04 0

4093 12.21538 -27.82001 11.56 18.91 0.63 0.3071 1.9e-04 0

4086 12.21682 -27.92271 11.39 19.53 0.87 0.6352 2.1e-04 0

4116 12.21871 -27.99950 13.25 20.17 0.49 0.1950 1.9e-04 0

4250 12.22098 -27.83200 11.08 19.91 0.52 0.2411 1.9e-04 0

4237 12.22311 -27.84106 10.86 20.95 0.82 0.7111 1.9e-04 0

4359 12.22523 -27.83684 10.80 19.12 0.60 0.2383 2.2e-04 0

4376 12.22898 -27.92575 10.82 21.76 0.73 0.7089 2.1e-04 0

4612 12.23434 -27.98648 12.13 18.28 0.63 0.4387 2.1e-04 0

4598 12.23683 -27.98733 12.05 20.66 0.70 0.3079 3.1e-04 0

4636 12.23825 -27.82676 10.28 20.76 1.15 0.6542 3.1e-04 0

4834 12.24329 -28.00076 12.25 19.27 0.47 0.1935 2.1e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

4842 12.24414 -27.82518 10.00 19.40 0.57 0.4533 1.3e-04 0

4847 12.24470 -27.77219 11.33 20.22 0.59 0.2770 1.9e-04 0

4876 12.24578 -27.98167 11.47 19.36 0.72 0.3086 2.1e-04 0

4912 12.24608 -27.82898 9.84 19.82 0.48 0.5703 1.3e-04 0

4860 12.24616 -27.97461 11.22 21.54 1.01 0.8106 1.9e-04 0

4933 12.24688 -27.90489 9.60 19.43 0.60 0.3080 1.9e-04 0

4906 12.24691 -28.01426 12.63 20.02 0.81 0.6556 3.1e-04 0

4952 12.24901 -27.95223 10.42 20.24 0.59 0.6120 1.9e-04 0

5010 12.24985 -27.99936 11.93 19.25 0.73 0.3758 2.2e-04 0

4985 12.25027 -27.96143 10.62 20.26 0.90 0.7100 3.1e-04 0

5024 12.25172 -27.87908 9.17 20.46 0.97 0.7073 3.1e-04 0

5097 12.25227 -27.89299 9.20 18.40 0.48 0.1964 1.9e-04 0

5163 12.25613 -27.81578 9.59 20.12 0.60 0.2925 1.9e-04 0

5254 12.26032 -27.99897 11.49 19.41 0.74 0.3757 2.2e-04 0

5335 12.26330 -27.93708 9.35 20.33 0.59 0.2549 2.1e-04 0

5479 12.26927 -28.00589 11.42 20.31 0.32 0.3751 1.9e-04 0

5610 12.27396 -27.77823 9.84 20.99 0.40 0.4312 1.9e-04 0

5663 12.27628 -27.83928 8.13 20.16 0.48 0.4122 2.1e-04 0

5761 12.27732 -27.98761 10.36 19.93 0.96 0.5556 3.1e-04 0

5837 12.28226 -27.99724 10.56 20.01 0.79 0.5538 3.1e-04 0

5873 12.28276 -27.87185 7.52 19.54 0.83 0.5331 3.1e-04 0

5909 12.28497 -27.91055 7.72 19.51 0.71 0.3088 2.2e-04 0

5916 12.28592 -27.94979 8.64 20.64 0.68 0.6338 3.1e-04 0

5899 12.28606 -27.98928 10.09 20.73 0.67 0.5583 3.1e-04 0

5891 12.28621 -27.86650 7.35 21.84 0.37 0.1943 2.1e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

5993 12.28957 -27.95112 8.52 21.15 0.57 0.6203 1.9e-04 0

6030 12.29061 -27.80473 8.23 20.84 0.32 0.4474 1.9e-04 0

6069 12.29189 -27.91300 7.41 20.70 0.60 0.5942 3.1e-04 0

6343 12.29425 -27.88882 6.97 17.16 0.73 0.1954 1.6e-04 0

6226 12.29705 -27.83035 7.25 20.06 0.81 0.4551 3.1e-04 0

6318 12.29778 -27.96538 8.68 20.04 0.72 0.3737 2.1e-04 0

6418 12.30197 -27.89278 6.60 19.59 0.80 0.4511 2.2e-04 0

6470 12.30366 -27.89186 6.50 19.63 0.97 0.5569 3.1e-04 0

6451 12.30452 -27.84052 6.67 20.41 0.38 0.1850 1.3e-04 0

6471 12.30507 -27.95894 8.13 20.69 0.79 0.7092 1.9e-04 0

6568 12.30878 -28.01864 10.63 20.26 0.83 0.5669 3.1e-04 0

6630 12.31023 -27.95207 7.66 19.90 0.58 0.4012 1.3e-04 0

6604 12.31040 -27.91487 6.53 21.70 0.81 0.5945 2.1e-04 0

6614 12.31053 -27.98168 8.85 21.49 0.40 0.3071 2.1e-04 0

6655 12.31113 -27.87512 6.01 20.87 0.84 0.8850 1.9e-04 0

6786 12.31567 -27.82306 6.53 20.87 0.59 0.6799 1.9e-04 0

6958 12.31926 -27.95023 7.22 19.08 0.58 0.4029 1.3e-04 0

6950 12.32000 -27.95644 7.43 20.02 1.20 0.7127 3.1e-04 0

6899 12.32002 -27.94469 6.98 20.81 0.62 0.4029 2.1e-04 0

6927 12.32015 -27.94728 7.07 19.94 0.56 0.4029 1.3e-04 0

6976 12.32228 -27.84705 5.66 20.92 0.63 0.6554 3.1e-04 0

7101 12.32228 -27.90206 5.68 20.30 0.66 0.8809 1.9e-04 0

7050 12.32443 -27.92019 5.99 20.98 0.41 0.5316 1.9e-04 0

7073 12.32565 -28.00320 9.36 20.86 0.53 0.5682 1.9e-04 0

7209 12.33048 -28.04399 11.36 20.99 0.52 0.6158 1.9e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

7317 12.33291 -27.86770 4.87 21.07 0.67 0.5899 1.9e-04 0

7338 12.33586 -27.89142 4.82 16.87 0.71 0.3829 1.9e-04 0

7404 12.33668 -27.93955 6.10 20.26 0.91 0.6124 3.1e-04 0

7446 12.33993 -27.98593 8.08 21.83 0.55 0.6277 3.1e-04 0

7492 12.34072 -27.96618 7.10 20.63 0.47 0.2376 1.9e-04 0

7529 12.34145 -27.94023 5.94 20.36 0.83 0.5320 3.1e-04 0

7531 12.34191 -27.88562 4.44 21.65 0.39 0.4482 1.9e-04 0

7590 12.34378 -27.88981 4.39 21.30 0.57 0.6325 2.1e-04 0

7682 12.34446 -27.93345 5.55 19.40 0.56 0.1943 2.2e-04 0

7712 12.34690 -27.92947 5.30 20.44 0.51 0.3079 2.1e-04 0

7728 12.34801 -27.89831 4.31 20.64 0.73 0.5956 3.1e-04 0

7742 12.34823 -27.98398 7.75 20.60 0.43 0.5690 3.1e-04 0

7778 12.34947 -27.98820 7.93 20.37 0.54 0.3217 2.1e-04 0

7809 12.35114 -27.89370 4.07 21.77 0.46 0.5927 2.1e-04 0

7874 12.35183 -27.85640 3.99 19.86 0.42 0.4045 1.9e-04 0

7881 12.35280 -27.78493 6.55 21.93 0.64 0.7408 1.9e-04 0

7986 12.35516 -27.89809 3.95 19.72 0.79 0.5973 3.1e-04 0

7938 12.35547 -28.01996 9.50 20.82 0.60 0.6856 1.9e-04 0

8003 12.35752 -27.90359 3.98 21.62 0.84 0.6536 3.1e-04 0

8052 12.35754 -27.95168 5.87 20.26 0.42 0.2173 1.9e-04 0

8080 12.35809 -27.93124 4.93 19.47 0.58 0.3049 2.1e-04 0

8233 12.35984 -27.89345 3.63 18.99 0.36 0.3418 1.3e-04 0

8118 12.36011 -27.96099 6.25 20.29 0.62 0.5619 3.1e-04 0

8138 12.36157 -27.85349 3.55 21.61 0.63 0.6553 2.1e-04 0

8194 12.36254 -27.89627 3.55 20.27 0.77 0.5960 3.1e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

8234 12.36435 -27.90252 3.62 20.76 0.66 0.5971 2.1e-04 0

8501 12.36599 -27.88721 3.21 18.15 0.70 0.3063 1.6e-04 0

8484 12.36717 -27.85149 3.32 17.71 0.52 0.1706 1.6e-04 0

8314 12.36792 -27.98474 7.30 20.78 0.51 0.3089 1.9e-04 0

8380 12.37037 -27.89271 3.09 21.65 0.38 0.3074 1.9e-04 0

8378 12.37040 -27.95639 5.72 20.71 0.65 0.3737 1.9e-04 0

8443 12.37147 -27.85328 3.07 19.70 0.54 0.1833 2.1e-04 0

8455 12.37181 -27.85694 2.97 20.51 0.95 0.7691 2.1e-04 0

8446 12.37296 -27.90727 3.39 21.59 0.52 0.3101 2.1e-04 0

8587 12.37391 -27.93327 4.46 18.60 0.71 0.3098 1.6e-04 0

8542 12.37562 -27.91275 3.49 21.10 0.57 0.5902 2.1e-04 0

8602 12.37689 -27.86125 2.64 20.50 0.46 0.2374 1.9e-04 0

8650 12.37759 -27.87823 2.50 18.88 0.44 0.2372 1.9e-04 0

8624 12.37773 -27.86422 2.55 20.29 0.78 0.6538 2.1e-04 0

8627 12.37876 -27.98739 7.23 20.37 1.01 0.6189 3.1e-04 0

8743 12.37899 -27.89928 2.86 17.90 0.50 0.1707 1.1e-04 0

8711 12.38032 -27.88378 2.42 20.17 0.38 0.0835 3.1e-04 0

8646 12.38077 -28.06579 11.75 21.75 0.67 0.6841 1.9e-04 0

8729 12.38181 -27.83870 3.09 21.03 0.79 0.6649 3.1e-04 0

8705 12.38207 -27.88759 2.40 21.50 0.63 0.5326 3.1e-04 0

8828 12.38361 -28.05970 11.36 18.97 0.51 0.1799 2.1e-04 0

8831 12.38576 -27.87189 2.06 21.38 0.39 0.2376 3.1e-04 3

8876 12.38719 -27.85062 2.42 20.74 0.55 0.5374 2.1e-04 0

8863 12.38753 -28.01361 8.61 20.91 0.51 0.4378 1.9e-04 0

8939 12.38868 -27.85079 2.35 20.64 0.90 0.5386 3.1e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

8956 12.38943 -27.88949 2.08 20.49 0.80 0.4550 2.1e-04 0

8968 12.39028 -27.85369 2.18 21.39 0.94 0.5378 3.1e-04 0

9017 12.39148 -27.90663 2.64 20.29 0.64 0.3069 2.2e-04 0

9152 12.39159 -27.92009 3.28 18.37 0.65 0.3267 2.1e-04 0

9085 12.39303 -27.86202 1.81 20.60 0.75 0.6644 2.1e-04 0

9052 12.39309 -27.94558 4.62 21.79 0.66 0.6681 1.9e-04 0

9210 12.39744 -27.88411 1.56 20.33 0.93 0.5366 3.1e-04 0

9273 12.39836 -27.86292 1.53 20.43 0.59 0.4889 2.1e-04 0

9285 12.40132 -27.87644 1.24 21.59 0.65 0.8252 1.9e-04 0

9325 12.40238 -27.94866 4.64 21.00 0.63 0.5979 2.1e-04 0

9332 12.40249 -27.89165 1.58 21.80 0.51 0.5372 2.1e-04 0

9350 12.40379 -27.95992 5.28 21.73 0.40 0.4487 1.9e-04 0

9395 12.40424 -27.86820 1.13 21.36 1.01 0.5736 3.1e-04 0

9380 12.40434 -27.87875 1.11 22.00 0.52 1.9316 3.1e-04 0

9527 12.40748 -27.88011 0.98 20.15 0.95 0.5583 3.1e-04 0

9540 12.40790 -27.89848 1.72 20.57 0.52 0.4673 1.9e-04 0

9666 12.40861 -27.95743 5.09 18.38 0.86 0.4469 1.6e-04 0

9557 12.40885 -27.84804 1.76 20.93 0.98 0.8213 3.1e-04 3

9563 12.40914 -27.96912 5.78 20.89 0.47 0.4499 1.9e-04 0

9573 12.40950 -27.89170 1.34 21.25 0.50 0.5391 2.1e-04 0

9692 12.41009 -27.94217 4.17 19.35 0.50 0.1833 1.9e-04 0

9673 12.41103 -27.89172 1.29 20.61 0.59 0.5953 3.1e-04 0

9655 12.41174 -27.94756 4.48 20.17 1.25 0.7107 3.1e-04 0

9678 12.41229 -27.85194 1.46 21.48 0.57 0.6053 2.1e-04 0

9691 12.41329 -27.85695 1.17 21.56 0.56 0.6057 2.1e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

9852 12.41707 -27.89282 1.21 19.72 1.07 0.6534 2.2e-04 0

9971 12.41783 -27.88888 0.97 18.42 0.87 0.4877 1.6e-04 0

9914 12.41820 -27.89065 1.06 19.89 0.77 0.4839 3.1e-04 0

9887 12.41906 -27.86015 0.87 21.39 0.77 0.6539 2.1e-04 0

10056 12.42208 -27.84682 1.62 19.68 0.56 0.4860 1.9e-04 0

10088 12.42338 -27.80777 3.96 20.02 0.61 0.4861 2.2e-04 0

10058 12.42410 -27.93142 3.46 20.31 0.91 0.5384 2.2e-04 0

10125 12.42443 -27.90675 1.98 19.59 0.42 0.4019 1.0e-04 0

10217 12.42451 -27.87381 0.00 18.62 0.82 0.4842 2.2e-04 0

10063 12.42524 -27.89432 1.23 21.85 0.72 0.6521 2.1e-04 0

10380 12.42805 -27.92918 3.33 17.42 0.59 0.1960 1.9e-04 0

10241 12.42823 -27.94141 4.06 19.72 0.93 0.5969 3.1e-04 0

10268 12.42931 -27.93392 3.62 19.78 1.07 0.5973 2.2e-04 0

10303 12.43036 -27.85339 1.26 19.99 0.69 0.4560 3.1e-04 0

10312 12.43106 -27.88190 0.60 20.65 0.69 0.4868 3.1e-04 0

10367 12.43225 -27.88928 1.01 20.93 0.69 0.6637 3.1e-04 0

10407 12.43264 -27.84271 1.92 20.32 0.77 0.5370 3.1e-04 0

10381 12.43338 -27.84458 1.82 21.91 0.42 0.4658 1.9e-04 0

10420 12.43341 -27.85411 1.27 20.57 0.65 0.6544 1.9e-04 0

10483 12.43409 -27.79058 5.02 20.42 0.40 0.4933 1.9e-04 0

10585 12.43577 -27.82096 3.23 19.80 0.58 0.4417 2.2e-04 0

10535 12.43613 -27.65582 13.09 21.91 0.68 0.8188 1.9e-04 0

10552 12.43699 -27.88738 1.05 21.75 0.64 0.3658 2.1e-04 0

10691 12.43833 -27.78212 5.55 20.15 0.83 0.5669 3.1e-04 0

10731 12.43875 -27.79214 4.96 20.34 0.94 0.5452 3.1e-04 0
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Lens ID RA Dec b I R-I z ∆z Flag

10974 12.43917 -27.97851 6.33 18.34 0.78 0.4482 2.2e-04 0

10711 12.43922 -27.90101 1.81 20.19 1.24 0.8521 3.1e-04 0

10789 12.44109 -27.83917 2.26 21.16 0.74 0.5367 2.1e-04 0

10878 12.44110 -27.93995 4.06 19.11 0.61 -0.0042 2.2e-04 0

10793 12.44137 -27.92563 3.23 20.30 0.74 0.5326 2.2e-04 0

10896 12.44227 -27.99160 7.13 19.29 0.75 0.3932 3.1e-04 0

10821 12.44273 -27.83615 2.46 21.54 0.44 0.4929 2.1e-04 0

11060 12.44452 -27.92032 2.99 19.11 0.81 0.3752 1.6e-04 0

11028 12.44518 -27.87496 1.10 19.50 0.60 0.1947 2.2e-04 0

10966 12.44593 -27.85008 1.82 21.84 0.30 0.0009 3.1e-04 0

11122 12.44675 -27.64084 14.03 20.56 0.78 0.4678 1.9e-04 0

11160 12.44702 -27.64532 13.76 19.72 0.47 0.2102 1.9e-04 0

11051 12.44760 -27.85812 1.54 21.97 0.40 0.4863 2.1e-04 0

11085 12.44775 -27.94622 4.52 20.36 0.77 0.7124 2.1e-04 0

11179 12.45037 -27.86672 1.44 21.82 0.80 0.7378 2.1e-04 0

11211 12.45091 -27.86211 1.57 21.40 0.37 0.4857 1.9e-04 0

11251 12.45172 -27.84330 2.33 20.89 0.56 0.6113 1.9e-04 0

11320 12.45334 -27.92658 3.52 20.87 0.99 0.5748 3.1e-04 0

11398 12.45447 -27.83591 2.77 20.24 0.91 0.6571 3.1e-04 0

11444 12.45531 -27.94430 4.53 20.14 0.86 0.7091 3.1e-04 0

11580 12.45628 -27.80953 4.21 19.32 0.99 0.5459 3.1e-04 0

11525 12.45711 -27.79146 5.24 20.07 0.37 0.1980 1.3e-04 0

11551 12.45716 -27.87392 1.73 19.09 0.45 0.3521 1.9e-04 0

11517 12.45811 -27.88943 2.01 21.03 0.59 0.1948 2.2e-04 0

11522 12.45846 -27.87548 1.80 21.76 0.46 0.5469 2.1e-04 0
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Lens ID RA Dec b I R-I z ∆z Flag

11576 12.45989 -27.83361 3.06 21.31 0.62 0.5365 3.1e-04 0

11631 12.46025 -27.92280 3.50 19.99 1.10 0.5968 3.1e-04 0

11646 12.46034 -27.84852 2.43 19.53 0.61 0.1938 1.6e-04 0

11591 12.46057 -27.84141 2.73 21.86 0.61 0.6114 2.1e-04 0

11682 12.46086 -27.82635 3.44 19.46 0.58 0.1938 1.6e-04 0

11677 12.46223 -27.83313 3.16 21.74 0.62 0.6623 2.1e-04 0

11739 12.46241 -27.64000 14.17 20.66 0.68 0.6209 3.1e-04 0

11912 12.46325 -27.80845 4.43 19.72 0.46 0.2390 1.9e-04 0

11732 12.46362 -27.88112 2.12 21.22 0.94 0.6526 3.1e-04 0

11833 12.46372 -27.84188 2.83 19.82 0.50 0.2545 1.9e-04 0

11784 12.46443 -27.80382 4.70 20.49 0.55 0.4287 2.1e-04 0

11915 12.46657 -27.88479 2.33 19.71 0.44 0.1949 1.3e-04 0

11993 12.46883 -27.81758 4.11 21.31 0.66 0.7453 1.9e-04 0

12126 12.47158 -27.91178 3.38 21.54 0.62 0.6168 2.1e-04 0

12132 12.47192 -27.80694 4.74 21.12 0.74 0.7054 1.9e-04 0

12318 12.47477 -27.79864 5.24 19.28 0.54 0.1963 1.9e-04 0

12307 12.47630 -27.66514 12.82 21.92 0.84 0.7640 2.1e-04 0

12391 12.47708 -27.71222 10.09 20.32 0.44 0.1831 1.9e-04 0

12604 12.48292 -27.91953 4.14 19.86 0.37 0.1447 1.0e-04 0

12660 12.48456 -27.75537 7.79 21.96 0.73 0.6553 1.9e-04 0

12914 12.48849 -27.88781 3.49 19.16 0.66 0.2826 2.2e-04 0

12924 12.48908 -27.87178 3.43 20.20 0.47 0.2925 1.9e-04 0

12962 12.49099 -27.82055 4.76 20.90 0.47 0.5640 1.9e-04 0

12985 12.49178 -27.86716 3.59 21.19 0.67 0.4938 2.1e-04 0

13084 12.49326 -27.92155 4.63 19.98 1.00 0.4281 1.9e-04 0
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

13223 12.49485 -27.94785 5.80 19.70 0.50 0.2551 2.1e-04 0

13188 12.49535 -27.71084 10.48 20.33 0.92 0.6574 2.1e-04 0

13171 12.49637 -27.84837 4.11 21.20 0.51 0.4917 3.1e-04 0

13329 12.49740 -27.78777 6.45 19.63 0.67 0.3270 2.1e-04 3

13206 12.49771 -27.87480 3.88 21.90 0.75 0.8269 1.9e-04 0

13350 12.49912 -27.78604 6.59 20.06 0.43 0.3263 1.9e-04 0

13591 12.50013 -27.82742 4.88 18.22 0.62 0.1915 1.9e-04 0

13445 12.50057 -27.89994 4.33 19.69 0.99 0.7142 3.1e-04 0

13664 12.50341 -27.74803 8.63 19.26 0.69 0.4333 2.2e-04 0

13546 12.50394 -27.82010 5.31 19.68 0.60 0.1911 1.9e-04 0

13723 12.50802 -27.87382 4.43 20.71 0.45 0.4288 1.9e-04 0

13842 12.51050 -27.83001 5.26 20.57 0.61 0.1967 2.1e-04 0

13877 12.51130 -27.78889 6.87 20.85 0.76 0.7462 1.9e-04 0

13884 12.51278 -27.95857 6.91 21.12 0.93 0.8325 1.9e-04 0

13961 12.51284 -27.82227 5.61 19.32 0.53 0.3642 1.3e-04 0

13980 12.51350 -27.86092 4.78 19.79 0.49 0.4907 2.1e-04 0

14245 12.51422 -27.86873 4.77 17.40 0.63 0.1940 1.6e-04 0

14000 12.51481 -27.83677 5.28 20.46 0.46 0.1839 2.1e-04 0

14057 12.51522 -27.88490 4.86 19.17 0.59 0.1965 2.2e-04 0

14060 12.51659 -27.88813 4.96 20.41 0.54 0.1964 2.2e-04 0

14128 12.51796 -27.80841 6.32 20.78 0.69 0.6573 1.9e-04 0

14186 12.51871 -27.74855 9.03 20.11 0.43 0.1828 1.9e-04 0

14698 12.52732 -27.89445 5.59 18.16 0.51 0.1834 1.1e-04 0

14682 12.52808 -27.68174 12.77 19.90 0.46 0.1183 1.3e-04 0

14882 12.52925 -27.84369 5.84 18.14 0.67 0.1973 1.6e-04 3
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Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

14712 12.53031 -27.85688 5.70 19.91 0.59 0.1978 2.2e-04 0

14746 12.53121 -27.65087 14.53 21.56 0.73 0.6795 2.1e-04 0

14869 12.53175 -27.81449 6.71 20.25 0.61 0.5458 2.1e-04 0

14801 12.53275 -27.78620 7.79 21.08 1.13 0.6623 3.1e-04 0

14880 12.53398 -27.79244 7.59 20.25 0.47 0.1825 1.9e-04 0

15127 12.53856 -27.72920 10.58 20.39 0.88 0.6507 3.1e-04 0

15114 12.53888 -27.83538 6.49 20.51 0.36 0.1712 1.9e-04 0

15135 12.53888 -27.82490 6.74 19.44 0.56 0.2801 1.9e-04 0

15112 12.53928 -27.83892 6.44 21.86 0.63 0.2210 2.1e-04 0

15203 12.53968 -27.67132 13.60 20.19 0.81 0.4799 3.1e-04 0

15345 12.54202 -27.67062 13.70 19.79 0.69 0.5315 2.1e-04 0

15422 12.54418 -27.67051 13.76 19.90 0.85 0.5530 1.9e-04 0

15492 12.54653 -27.88252 6.49 20.83 0.39 0.1224 1.9e-04 0

15498 12.54821 -27.86563 6.58 21.66 0.62 0.9222 3.1e-04 3

15585 12.54924 -27.85636 6.70 20.39 0.58 0.3239 2.1e-04 0

15628 12.55019 -27.80403 7.87 20.08 0.70 0.4560 2.1e-04 0

15706 12.55233 -27.79783 8.17 20.86 0.55 0.4894 2.1e-04 0

15771 12.55238 -27.93911 7.83 18.55 0.60 0.1968 2.2e-04 0

15866 12.55422 -27.79519 8.34 20.07 0.90 0.4908 3.1e-04 0

15941 12.55676 -27.79328 8.52 19.43 0.91 0.4908 2.1e-04 0

15909 12.55684 -27.75779 9.89 20.61 0.52 0.5927 1.9e-04 0

15883 12.55699 -27.81785 7.79 20.66 0.45 0.1911 1.9e-04 0

15940 12.55809 -27.83231 7.51 20.72 0.40 0.3260 1.3e-04 0

16118 12.56216 -27.74564 10.61 21.44 0.68 0.6561 1.9e-04 0

16152 12.56221 -27.79243 8.79 19.03 0.71 0.3259 1.6e-04 0



129

Table 3.5—Continued

Lens ID RA Dec b I R-I z ∆z Flag

16321 12.56317 -28.03472 12.13 17.72 0.61 0.1982 2.2e-04 0

16156 12.56358 -27.82120 8.03 20.90 0.44 0.5449 1.9e-04 0

16269 12.56586 -27.86822 7.50 20.55 0.87 0.4914 2.1e-04 0

16544 12.57113 -27.92638 8.39 19.30 0.76 0.3767 1.6e-04 0

16649 12.57464 -27.84398 8.16 20.61 0.73 0.4970 1.9e-04 0

16787 12.57724 -27.69586 13.41 21.21 0.45 0.4364 1.9e-04 0

16901 12.57929 -27.96442 9.84 19.23 0.85 0.4888 2.2e-04 0

17009 12.58134 -27.91252 8.63 19.74 0.56 0.1935 1.9e-04 0

17772 12.58405 -27.79331 9.75 16.57 0.41 0.0402 2.1e-04 0

17433 12.59081 -27.88066 8.83 20.57 0.33 0.4213 1.9e-04 0

17481 12.59309 -27.87708 8.94 20.36 0.40 0.0835 2.1e-04 0

17552 12.59549 -27.87350 9.07 21.70 0.82 0.8925 2.1e-04 0

17748 12.59845 -27.82591 9.66 21.08 0.51 0.3642 2.1e-04 0

18069 12.60364 -27.93072 10.09 19.12 0.59 0.3764 2.2e-04 0

18219 12.60789 -27.97964 11.61 19.43 0.77 0.4403 2.2e-04 0

18244 12.60946 -27.84274 9.99 20.90 0.89 0.5948 2.1e-04 0

18524 12.61687 -27.86658 10.21 21.74 0.75 0.8969 3.1e-04 3

18571 12.61700 -27.92806 10.71 20.45 0.86 0.6602 3.1e-04 0

18837 12.61952 -27.98949 12.44 18.03 0.69 0.2396 1.6e-04 0

18812 12.62260 -27.90800 10.70 19.71 0.74 0.4282 2.2e-04 0

18898 12.62504 -27.94313 11.41 20.32 0.56 0.4123 1.3e-04 0

19073 12.62781 -27.72800 13.90 20.11 0.83 0.4777 3.1e-04 0

19256 12.63024 -27.97806 12.57 18.92 0.68 0.3613 1.3e-04 0

19261 12.63248 -27.89197 11.08 20.69 0.47 0.4212 2.1e-04 0

19350 12.63482 -27.99644 13.35 20.04 0.73 0.5641 3.1e-04 0
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Lens ID RA Dec b I R-I z ∆z Flag

19517 12.63881 -27.82623 11.72 20.53 0.68 0.5913 2.1e-04 0

19837 12.64113 -27.97492 12.98 16.96 0.68 0.2399 1.1e-04 0

19741 12.64387 -27.85464 11.69 20.47 0.47 0.3051 1.9e-04 0

19724 12.64393 -28.01362 14.33 20.32 0.91 0.6181 2.1e-04 0

19919 12.64403 -27.78508 12.81 18.55 0.59 0.1192 1.9e-04 0

19713 12.64456 -27.95411 12.62 20.90 0.36 0.4290 1.9e-04 0

19847 12.64698 -27.82707 12.13 20.65 0.87 0.4906 3.1e-04 0

20031 12.64930 -27.97100 13.26 17.78 0.79 0.2408 2.1e-04 0

20059 12.65092 -27.79436 12.93 18.79 0.59 0.1164 2.1e-04 0

20327 12.65118 -27.77308 13.46 17.93 0.73 0.3458 2.2e-04 0

20332 12.65596 -27.81540 12.77 18.22 0.43 0.0593 2.1e-04 0

21098 12.67174 -27.76816 14.57 18.71 0.93 -0.0042 2.1e-04 0

21093 12.67754 -27.92503 13.76 20.09 0.52 0.2338 1.9e-04 0

Note. — This table will be published in its entirety in Momcheva et al. (2009). A por-

tion, containing the full catalog in the Q0047 field, is shown here for guidance regarding

its form and content.

Two of the fields in our sample — B1608 and PMN2004 — have only limited

spectroscopic coverage and therefore very low completeness and will not be in-

cluded in the further analysis. Therefore the sample we use to create the group

catalog only contains 26 fields. In the spectroscopic catalog we include 106 new

redshift in the field of B1608. Redshifts in the field of PMN2004 have already been

presented in Chapter 2, but we still include them in this spectroscopic catalog to

reflect the zeropoint corrections as well as the improved photometry.
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3.4.1 Redshift Errors

The errors listed in Table 3.5 deserve separate attention. We find that the errors

output by our cross-correlation routine, which rely only on the goodness of fit, are

too small and underestimate the true errors in the redshift measurements. Thus

we use the scatter in ∆z = z1−z2 for objects with repeated redshift measurements

to determine the true redshift errors, assuming that the scatter in ∆z is indeed due

to the imprecision in our redshift measurements. We find that the redshift errors

are correlated with the average S/N in the spectrum such that high S/N spectra

yield more precise redshift measurements and with the emission line properties

of the galaxy such that objects with strong emission lines exhibit lower ∆z scatter.

We examine the IMACS-IMACS sample in Figure 3.3.7.2 in more detail to deter-

mine the magnitude of the errors because it has a statistically significant size. We

fit the fluxed spectra with stellar population models, subtract the continuum fit

and measure the equivalent widths (EW) of five prominent emission lines — OII

[3727], Hβ, OIII 4959, OIII 5007 and Hα (this process will be discussed in more de-

tail in a follow-up paper). We split the sample in three sub-samples — (1) galaxies

which exhibit at least two of these lines at S/N> 3 and with EW> 10 Å, (2) galax-

ies which exhibit only one of these lines at S/N> 3 and with EW> 10 Å, and (3)

galaxies which do not exhibit any of these lines under the imposed requirements.

We further exclude stars, for which we have not attempted to determine precise

velocities. We split each sub-sample in three bins of mean S/N and determine

the scatter in ∆z in each of the resulting nine bins. The errors we determine are

listed in Table 3.6. The overall scatter in Table 3.4 for the other comparisons be-

sides IMACS-IMACS is very similar and thus we feel justified to apply the errors

derived in this was to spectra obtained with Hectospec and LDSS3.

The errors for redshifts obtained with with LDSS2 come from the the IRAF
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Table 3.6. Redshift Errors

Emission/Non-emission S/N< 10 10<S/N<20 S/N> 20

Full Sample 2.588e-4 2.086-4 1.64e-4

Non-emission 3.06e-4 1.87e-4 1.64e-4

1 line, >10A 2.10e-4 2.64e-4 1.60e-4

2 lines, >10A 1.85e-4 1.31e-4 1.03e-4

rvsao package and seem representative of the true errors. Finally, for the redshifts

added from NED we use their published errors. NED redshifts without errors

(∼ 10) are excluded.

3.4.2 Completeness

The full spectroscopic catalog includes redshifts for 10583 different objects (in-

cluding NED additions) of which 9798 are redshift measurements based on this

work. The median redshift is zmed = 0.3471 and 79.89% of objects (or 8358 objects)

are between z = 0.1 and z = 0.7. There are 842 redshifts (8.05%) above z = 0.7 and

175 (1.6% of the catalog) of them are high redshift galaxies and QSOs at z > 1.0.

643 objects (6.14%) are serendipitously observed stars, i.e. z < 0.001. The distri-

butions of the galaxies in the master spectroscopic (solid line), the photometric

(dashed line) and the target (dotted line) catalogs as a function of redshift (left

column), magnitude (middle column) and color (right column) are shown in Fig-

ure 3.4.2. The top row shows the fields with R-I color and the bottom row shows

the fields with V-I color. The redshift distributions are very similar with medi-

ans z = 0.350 (R-I) and z = 0.346 (V-I). The magnitude distribution of the spec-

troscopic catalog mirrors the distribution of the photometric catalog well up to
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I = 20.0. The color distributions of the galaxies in the three catalogs are also very

similar though discrepancies appear at the blue and the red end for galaxies. The

color distribution is a proxy for the redshift distribution and very red and very

blue galaxies were targeted at lower priority because they were likely to be too

high or too low redshift. The median colors of the galaxies in the spectroscopic

catalog are R − I = 0.731 and V − I = 1.467. Therefore the spectroscopic catalog

as a whole does not seem to be significantly biased in any un-premeditated way.

We now look at the spectroscopic catalog on a field by field basis in more

detail. For each of the 26 fields figures 3.5 and 3.4.2 present the completeness

of the spectroscopic (open histogram) and targeted (shaded histogram) catalogs.

We define the spectroscopic completeness as the fraction of galaxies from the full

photometric catalog which we have measured redshifts for and the targeted com-

pleteness as the fraction of galaxies from the full photometric catalog which we

have placed slits/fibers on. It should be noted that these plots do not include all

objects, but only the ones that ended up as part of our final photometric galaxy

catalogs. Some targeted galaxies with measured redshifts are expelled from Fig-

ures 3.5 and 3.4.2 because of poor photometry, usually due to plate defects or

bleed trails from nearby stars. In addition, objects with redshifts that are classi-

fied as “unresolved” (i.e. stars) in the final photometric catalogs are excluded.

Figures 3.5 and 3.4.2 also do not include the objects we have added from NED.

The general level of completeness varies from field to field as a result of our vari-

able sampling. Obviously, fields that have been observed several times and for

which we have obtained high quality data are better sampled. Here we explore

whether any biases have been introduced in our sample as a result of the varying

completeness.

The first column of Figures 3.5 and 3.4.2 shows the targeted and the spec-
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Figure 3.4 Distribution of the galaxies in the master spectroscopic (solid line), the photometric

(dashed line) and the target (dotted line) catalogs as a function of redshift (left column), magni-

tude (middle column) and color (right column). The top row shows the fields with R-I color and

the bottom row shows the fields with V-I color. The redshift distributions are very similar with

medians z = 0.350 (R-I) and z = 0.346 (V-I). The magnitude distribution of the spectroscopic cata-

log mirrors the distribution of the photometric catalog well up to I = 20.0. The color distributions

of the galaxies in the three catalogs are also very similar thought discrepancies appear at the blue

and the red end for galaxies. The color distribution is a proxy for the redshift distribution and

very red and very blue galaxies were targeted at lower priority because they were likely to be too

high or too low redshift.
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Figure 3.5 Top row. Fraction of objects from the photometric catalog that we have targeted (open

histogram) and obtained redshifts for (shaded histogram) as a function of magnitude (within 5′,

left), color (within 5′ and brighter that i = 20.5, center) and distance from the lens (brighter that

I = 20.5, right).
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Figure 3.6 Continued from Figure 3.5.
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troscopic completeness as a function of I magnitude within 5′ of the lens. Our

initial target selection chose objects down to I = 21.5, however the drop off in

completeness beyond I = 20.5 is quite obvious, as our exposure times were too

short to acquire enough signal for many of these objects. Thus, in later runs we

restricted our targets to I ≤ 20.5. We reach a constant 40% completeness down to

I = 20.5 in Q0047, HE0435, MG0751, FBQ0951, BRI0952, PG1115, RXJ1131, B1152,

B1422, MG1654 and B2114. In the following fields however there are some is-

sues: Q0158 and HE2149 have variable completeness as a function of magnitude,

B0712, Q1017, B1608 and PMN2004 have low overall completeness, and HE1104,

MG1131, H12531, LBQ1333, Q1355, HST14113, H1413, SBS1520, MG1549, B1600

and WFI2033 have low completeness (≤ 40%) at the faint end.

The middle columns of Figures 3.5 and 3.4.2 show the completeness as a func-

tion of color for objects within 5′ of the lens galaxy and with I ≤ 20.5. While we

did apply a color-based priority when designing the multi-object configurations,

this selection was very broad and not strict (galaxies outside the prioritized color

region were not completely discarded as targets but just given lower priority).

Thus we do not expect to have strong color biases. Indeed in most fields the color

distribution of galaxies with measured redshifts closely mirrors the color distri-

bution in the full photometric distribution. Therefore we think that no color bi-

ases have been created with the prioritization scheme. Biases however may arise

also from our differing ability to obtain redshifts for different types of galaxies.

We may be more successful at obtaining redshifts for blue galaxies, which exhibit

easily-identifiable emission lines, than for red galaxies. There is a slight discrep-

ancy at the red end between the targeted and the spectroscopic samples in the

fields of FBQ0951, RXJ1131, HST14113, SBS1520 and B2114, which may be also

due to excess of high-redshift galaxies, however in the majority of fields we do
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not see such bias. In the B0712 field, the colors used in selecting targets were

incorrect, and while we expected the color to be random and unbiased, the re-

sulting color distribution is peaked and skewed to the blue.

The last columns in Figures 3.5 and 3.4.2 present the completeness as a func-

tion of distance from the lens for objects with I < 20.5. Here we see the strongest

bias inherent from our target selection — the completeness is highest in the vicin-

ity of the lens galaxy. This effect is less noticeable for fields that have been tar-

geted using fewer masks and/or during a single observing run, such as B0712,

MG1131, H1413, SBS1520, MG1549 and B1600 (single run Hectospec observa-

tions), Q1017, HE1104, Q1355 (single run IMACS observations). The effect is

most pronounced for fields targeted with LDSS2 and LDSS3, which allowed us

to concentrate on the area around the lens and achieve higher completeness there.

In conclusion, a number of effects have led to non-uniformities in the sample.

However, there are no obvious biases as a result of that. We explore our ability to

draw an unbiased sample of groups based on these catalogs below.

3.5 Finding Groups

Finding groups in redshift catalogs is a notoriously difficult task and several tech-

niques have been developed to find groups in spectroscopic samples. The first

and still most widely used technique is the friends-of-friends (FOF) or percola-

tion algorithm presented by Huchra & Geller (1982) and applied to their Cen-

ter for Astrophysics redshift survey. The technique in its simplest form defines

a linking length b and identifies all galaxies (friends) within a distance b of a

given galaxy, and then proceedes to identify all galaxies within a distance b of the

friends and so on until no more friends can be added. The complexes of galax-

ies linked together are identified as bound structures. The percolation algorithm,
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also used by Eke et al. (2004) in 2dF and Carlberg et al. (2001) in CNOC2, is a nat-

ural method for identifying groups and clusters because identifies regions above

a given over-density δ ≥ (4πb3/3)−1 relative to the background density. However,

redshift distortions are problematic for the FOF algorithm because they can lead

to false links along the line of sight which lead to over-merging (Nolthenius &

White, 1987; Frederic, 1995).

An alternative method, developed by Marinoni et al. (2002) and used by the

Gerke et al. (2005) in DEEP2, is the Voronoi-Delauney Method (VDM) which

makes use of the Voronoi partition and the Delauney triangulation to identify

high-density regions. The VDM method groups all galaxies connected by the De-

launey mesh to a given galaxy (seed) within a given cylindric volume, where the

dimensions of the cylinder are optimized depending on goal of the application.

Finally, some recently developed group- and cluster-finding algorithms de-

pend on additional information besides the galaxy redshifts and coordinates.

One of the most notable algorithms in this class is the C4 algorithm (Nichol, 2004)

used by the SDSS team which searches for structures in a seven-dimensional

space — the three redshift-space dimensions and four photometric colors. Kep-

ner et al. (1999) introduce a three-dimentional “adaptive matched filter” which

adds halos to a synthesized background mass density and computes the maximum-

likelihood mass density, which was found extremely successful at finding clusters

in spectroscopic redshift surveys (White & Kochanek, 2002). Finally, Yang et al.

(2005) introduced an algorithm which combines elements of the matched filter

and percolation algorithms.

We define a group as a collection of at least three galaxies that meet certain

positional requirements designed to minimize chance associations. We do not

impose color and luminosity criteria a priori, because we do not want to bias the
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group sample towards groups dominated by massive, red galaxies, but instead

plan to consider these properties in our future analysis of group galaxies. We

find groups in our redshift catalog using a variation of the method employed by

Wilman et al. (2005). The method relies on the “Finger of God” redshift distor-

tion effect — the lengthening of structures along the line of sight as a result of

the peculiar motions of galaxies within a gravitational potential. From the virial

theorem we can assume that the ration between the line of sight and projected

spatial dimensions is constant. A simple back-of-the-envelope calculation (Eke

et al., 2004) can be done to estimate the stretch based on the ratio between the

velocity dispersion σ and the radius r of a virialized halo with mass M . If the

circular velocity is v2 = GM/r, the line-of-sight velocity dispersion can be writ-

ten as σ2 ≈ v2/2 and the total mass is M = 4/3πr3∆cρc, where ρc is the critical

density and ∆c is the mean density within the halo relative to the critical. Then

for ∆c = 100 (for Ω0 = 0.3 and Λ0 = 0.7, Eke et al. (1996)) we find:

σ

r
≈
√

2πG∆cρ

3
≈ 500km s−1/(h−1 Mpc) (3.1)

Thus, the ratio of the parallel to the perpendicular size is independent of r. For an

object with a virial radius r, the velocities produce a 1σ stretch along the line of

sight of ∼ 5r whcih means that a ratio of ∼ 10 should enclose 2σ of the galaxies

along the line of sight. Eke et al. (2004) show that an aspect ratio of b ∼ 11

reproduces the linking volume of the friends-of friends algorithm, while Wilman

et al. (2005) choose b = 3.5 to maximize the membership in order to study the

radial trends in the properties of the group galaxies. Based on tests using mock

spectroscopic catalogs we choose b = 6.0 which allows us to achieve a balance

between minimizing the interloper fraction and the fraction of spurious groups

while still recovering the majority of structures. A more detailed discussion of

the mock catalog tests is presented in the following section.
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Briefly, we identify groups in the following way. First we identify the local

density peaks in the distribution of galaxies in the spectroscopic catalog. To do

this, we calculate the distance to the third nearest neighbor for every galaxy,

restricted within a redshift interval of c∆z = ±500 km s−1 to eliminate back-

ground/foreground contamination. We use the redshift distribution of galaxies

that have a third nearest neighbor within 1 Mpc to identify peaks that contain at

least three galaxies in a single or adjacent bins. These peaks are our candidate

groups and we use the galaxies in the peaks to calculate initial guesses for the

mean redshift and centroid of the group. For each group candidate we also ex-

amine the initial distribution of galaxies on the sky and if two or more distinct

clumps of galaxies are present in a given redshift peak, we calculate separate

centroids and mean redshifts for them. Once we have obtained initial guesses

for the mean redshift and centroid we use the procedure outlined in Wilman et

al. (2005) to determine group membership. First, we chose an initial guess for

the rest-frame velocity dispersion σin = 350 km s−1 and limit the line of sight

membership to twice the velocity dispersion:

δ(z)max =
2vg(1 + zg)

c
(3.2)

Next, we convert this to projected distance on the sky:

δ(θ)max[”] =
δ(r)max

Dθ(zg)
= 206265”

[

cδ(z)max

b(1 + z)H(z)Dθ(zg)

]

(3.3)

where H(zg) is the value of the Hubble parameter at the redshift of the group,

Dθ(zg) is the angular diameter distance to redshift z and b = 6.0 is the assumed

aspect ratio of the structure due to the peculiar motions of the galaxies which

stretch it along the line of sight. We limit the membership to within δ(θ)max of the

centroid. Finally, we use the galaxies that satisfy the redshift and positional limits

to recalculate the mean redshift, centroid and velocity dispersion of the group,



142

substitute these for the initial guesses and repeat the process. Stable membership

is usually reached within three iterations, but we follow the system through 10

iterations to ensure convergence (i.e. no change in number of members in at least

two subsequent iterations). A detailed account of the methods used to calculate

velocity dispersions, redshifts and centroids is included in Appendix C.

3.6 Testing Our Catalogs

We create mock spectroscopic catalogs using the Millennium simulation (Springel

et al., 2005) with several goals in mind: (1) to tune the group finding algorithm; (2)

to assess the success of the group finding algorithm in recovering real structures

and estimate the interloper fraction; (3) to assess our ability to recover group

properties such as velocity dispersion, redshift and centroid; and (4) to check

whether the group catalog is an unbiased representation of the underlying group

population.

The Millennium Run is one of the largest numerical simulations of the growth

of dark matter structure in ΛCDM Universe. It uses the cosmological parameters

determined from WMAP2 (Spergel et al., 2007). To create realistic mock catalogs

we use the light-cones constructed by D. Croton (Croton et al., 2008) by taking

lines of sight through the Millennium simulation halo and galaxy catalog. The

semi-analytic galaxy catalog uses the prescription of Croton et al. (2006). The

light cones created for the DEEP2 survey are most compatible with our needs.

They include galaxies down to R < 24.1 magnitudes and their redshift range is

0.1 < z < 1.5. The mock catalogs include synthesized magnitudes, halo masses,

actual and observed redshifts for ∼ 30, 000 galaxies per cone. To create mock

photometric catalogs we cut each 2 × 0.5 degrees cone into four 0.5× 0.5 degrees

fields and impose an apparent magnitude limit I = 21.5. We use 14 of these
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mock photometric catalogs to design multi-object masks resembling the actual

observations in 14 of the fields in the sample. Light cones are assigned to fields

in our spectroscopy without regard of the structure contained in them — in this

way, as with our actual spectroscopy, we are initially unaware of the underlying

galaxy distribution we are trying to recover. We assign priorities to the objects in

the same manner as we have done in our spectroscopy. No priority based on a

red sequence is included in making the mock spectroscopic catalogs — this type

of prioritization was applied to very few objects (five to ten) and did not have a

significant effect on the global group membership. In designing the masks we try

to mimic as closely as possible the actual observations by imitating the sequence

of runs, number of masks, instrument setups, approximate mask positions and

mask rotation angles as were used during the actual observations. The objects

which are assigned to slits represent the mock observed catalogs. Finally we

randomly choose a fraction of mock observed objects equal to the success rate

of the particular observing run in that field. The resulting samples of galaxies

represent the mock spectroscopic redshift catalogs.

3.6.1 Tuning the Algorithm

The group finding algorithm needs to be tuned to reproduce a group catalog

tailored to the scientific problems we plan to address with it. Let us first define

the terminology we will use in this section. We define galaxy groups in terms of

virialized dark matter halos found in the Millennium simulation. A real group

is defined as a set of at least two (or three) daughter galaxies which belong to a

single parent halo. Field galaxies are the single daughters of their parent halos

down to the magnitude limit of the catalog R = 24.1. A reconstructed group is a

set of galaxies identified as a group by the group-finding algorithm.

As a consequence of both the observational limitations and the cosmological



144

effects discussed above it is practically impossible to create a perfect group cat-

alog, i.e. one in which all and only real group galaxies are assigned to groups

and all and only real halos are identified as groups which contain all and only

their daughter galaxies. It is thus important to clearly define what constitutes

success and to optimize the group finding algorithm in view of this definition.

Success can be defined in terms of the recovery of real group members and in

terms of the recovery of real group halos. If we choose to maximize the fraction

of real group galaxies assigned to reconstructed groups, we are likely to produce

a group galaxy sample which contains a large fraction of interlopers. Conversely,

a sample with a low interloper fraction is likely to be highly incomplete. Simi-

larly, maximizing the fraction of real groups which are being recovered is likely

to introduce a large number of spurious groups, while minimizing the fraction

of spurious groups will lead to a highly incomplete group catalog which only

contains the most massive structures.

We define several parameters to quantify our success in a manner similar to

Gerke et al. (2005). When discussing the success rate of recovering halos we will

measure it in terms of the purity P — the fraction of recovered groups which cor-

respond to real groups, and the completeness C — the fraction of real groups which

are being recovered. Additionally, the galaxy success rate S of the reconstructed

catalog is the fraction of real group galaxies which are identified as members of

reconstructed groups, while the interloper fraction F is the fraction of field galax-

ies identified as reconstructed group members. We need to note that these quan-

tities are calculated strictly within the limits of the mock spectroscopic catalogs.

If the spectroscopic catalog contains only one daughter galaxy of a given halo we

would be unable to distinguish it from a field galaxy and its halo does not qualify

as a “real group”. To determine the success of recovering a given real group we
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use the concept of the largest group fraction Λ (Gerke et al., 2005) which allows us

to define a one-to-one correspondence between real and recovered groups. For

each real group G we find the recovered group G’ which contains the highest

fraction of the daughter galaxies of G. Then the largest group fraction of G, ΛG is

the ratio between the number of members in common between G and G’ and the

number of members in G. Respectively, we also define ΛG′ as the ratio between

the number of members in common between G and G’ and the number of mem-

bers in G’ where G contains the highest fraction of G’ galaxies. A group can be

considered successfully recovered if ΛG and/or ΛG′ are above a given fraction f

which would constitute a one-way success. For the definition to be unique we

need at least f > 0.5 or even f ≥ 0.5. We find that fragmentation due to split-

ting one real structure in two equal halves is not an issue and therefore we adopt

the more lenient value of f ≥ 0.5. A more stringent criterion for a successful re-

covery would be to require that both ΛG and ΛG′ are ≥ 0.5, which we consider a

two-way success. The purity P and the completeness C can be defined for both

the one-way and the two-way matches.

The goal of our work is twofold. On one hand we want to determine the

contribution of structures associated with the lensing galaxy and along its line

of sight to the gravitational potential. On the other hand we will further use the

group sample to study the properties of galaxies in groups. Neither of our sci-

entific goals will benefit from large contamination by interlopers and spurious

groups as they will lead to overestimates of the contribution to the lensing po-

tential and introduce scatter in studies of group galaxy properties. However a

highly pure catalog would not be of much use either because it will only include

the most massive structures leading us to miss smaller groups close to the lens

which may still have a large effect and narrowing the range of group properties
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we probe. Furthermore, by sampling only a small fraction of the real group galax-

ies we will recover incorrect group properties as well. Thus our goal is to strike a

balance between minimizing the fraction of interlopers while maximizing the re-

covery rate of real groups. More specifically we consider that it is most important

to create a catalog of groups which are true representations of their underlying

dark matter halos, and thus we will try to maximize the two way purity P2 of

the catalog while making sure we still recover a reasonable fraction of the un-

derlying halos. Maximizing the two-way purity will also allow us to determine

reliable group properties such as velocity dispersions, centroids and redshifts.

Our ability to recover a halo and the degree to which we can infer its proper-

ties strongly depend on the spectroscopic sampling. To get a sense of the groups

we are trying to recover we first look at the real groups contained within the mock

catalogs. The magnitude limited mock photometric catalogs (I ≤ 21.5) contain

at least two galaxies from 4436 halos (18561 galaxies total), at least three galaxies

from 1594 halos (11697 galaxies) and 621 halos sampled with at least 5 galaxies

(8462 galaxies total). With the definitions above, we need to have measured at

least two, three or five redshifts in a given real halo in order to be able to success-

fully recover it as a three, five or ten member group respectively. As a result of

the sparse sampling, especially outside of 5’ from the center of the field, the 14

mock redshift catalogs contain 246 real halos with at least two galaxies with red-

shifts, 94 halos sampled with at least 3 galaxies and 36 halos sampled with at least

5 galaxies. They contain 842, 538 and 340 galaxies respectively. A fundamental

limitation we face is that the majority of groups we recover have 3 -5 members

and the group properties determined from so few galaxies may be highly biased.

To address this issue in the subsequent work we consider both the full recovered

catalog and a subset from it with ≥ 5 recovered members and also discuss it in
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more detail in Section 6.2.

We analyze the mock spectroscopic catalogs in the same fashion as the real

spectroscopic redshift catalogs and the initial centroid and redshift positions are

determined as described in Section 5. We identify 257 candidate groups in the

14 mock fields. The main parameter we vary in order to tune the algorithm is

the aspect ratio b between the line-of-sight and projected spatial extent of the

group. We run the group finding algorithm with values of the aspect ratio b =

3.5, 5.5, 6, 6.5, 7.5, 9.5. To point out the extremes, using b = 3.5 the recovered

catalog contains 145 groups with at least three members while using b = 9.5 the

recovered catalog contains 88 such groups. For each run we determine the com-

pleteness and purity of the group catalog and the success rate and the interloper

fraction of the group galaxies catalog. We find that a small aspect ratio allows

us to recover a larger fraction of the real group halos and thus results in a high

completeness — at b = 3.5 the one-way completeness is C1 = 37% and 40% of all

real group members are assigned to groups. However, the interloper fraction is

high and the purity low — P1 = P2 = 38% and F = 60%. At the other end of

the spectrum, at b = 9.5 the interloper fraction is decreased to F = 41% and the

purity of the catalog is high — P = 48%. However such catalog only recovers 20

% of the real halos and 30.5% of the real group galaxies. Furthermore, the diver-

gence between the one way purity P1 = 60% and the two way purity P2 = 48%

signifies the onset of fragmentation.

Between the two extremes we find that b = 6.0 produces a catalog which most

closely satisfies our criteria. In total this catalog contains 118 recovered groups of

which 63 have at least five members. Over the whole catalog P1 = 59% ∼ P2 =

52% and C1 = 35% ∼ C2 = 39%, F = 49% interloper fraction and S = 51% of real

group galaxies recovered. 73.3 % of the recovered groups contain some real group
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galaxies while 26.7% are completely spurious. However we find that 83% of the

completely spurious groups have 3 and 4 recovered members (this statement is

true for all values of b). If we only consider recovered groups with at least 5 mem-

bers we find that the two-way purity is maximized at P2 = 57.9%. Increasing the

value of the aspect ratio above b = 6.0 actually decreases the two-way purity in

the > 5 members groups because of the onset of fragmentation such that the re-

covered groups no longer contain at least half of the real group galaxies and no

longer satisfy the largest group fraction criterion. For this catalog we find that

only 10.5% of groups are completely spurious (i.e. contain no real group galax-

ies) and they contain 9.8% of all interlopers, while 39% of all recovered group

galaxies are interlopers. The interloper fraction does not decrease further at high

aspect ratios. Therefore by choosing b = 6.0 we have in effect both maximized

the purity and minimized the interloper fraction of the > 5 members group cata-

log. We calculate the completeness of this sub-catalog by comparing the two-way

matches to the halos which have been sampled with at least 3 galaxies — 35.1%

of these halos are recovered.

While the overall group recovery is successful, we find that the algorithm has

difficulty recovering some of the most massive structures even when they are

well sampled. Instead, it converges on the densest part of the structure or on a

dense clump within the structure. Increasing the initial velocity dispersion and

increasing/decreasing the aspect ration does not change the outcome, however

increasing the length of the search cylinder to 2.5×σ does yield successful results.

We only apply this modification to four structures in the mock catalogs which

were chosen by visually inspecting the algorithm output for the largest peaks in

the redshift distribution. (In the real data this correction was applied to three

structures: B0712 group 2, MG0751 group 4 and FBQ0951 group 8 in Table 3.7
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below.)

Figure 3.7 presents the properties of the recovered groups. The first panel

shows a broad correlation between group velocity dispersion and number of

members such that richer groups have higher velocity dispersion. In the second

panels we plot the distribution of groups as a function of redshift and velocity

dispersion. The recovered groups span the full range of velocity dispersions up

to z = 0.7. The third and fourth panels show the distribution of group velocity

dispersions as a function of redshift and the distribution of group velocity dis-

persions. Generally, we do not find a difference in the distributions of matched

and non-matched groups. Non-matched groups show the same range and spread

of properties as the matched ones. An exception to that statement are the three

structures with velocity dispersions above 800 km s−1 . A closer look at them

shows that they contain more than one real halo and while still composed largely

of real group galaxies they are not a one-way or a two-way match to any one

real halo. These structures are groups or clusters which are so close that they are

merged together in redshift space and the galaxies which belong to any one given

halo cannot be distinguished. We conclude that we cannot distinguish the falsely

identified groups from the real ones based on their properties.

Figure 3.7 also shows the distributions of properties of groups found in our

actual observations in the 14 fields we have tried to recreate with the mocks.

We compare the plots as a test to whether our mock catalogs are fair represen-

tations of the real spectroscopic catalogs and whether the mock groups we are

recovering resemble the observed group distributions. The redshift and velocity

distributions are qualitatively similar. To quantify the similarity, we compare the

redshift and σ distributions of the recovered mock and observed groups using a

Kolmogorov-Smirnov test. Both the overall redshift and σ distributions and the
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Figure 3.7 Top: Properties of the groups recovered in our mock spectroscopic catalog for both

matched groups (sold symbols) and unmatched groups (open symbols). The symbols denote

groups with at least five members (triangles) and groups with less than five members (circles). We

show the number of group members as a function of the group velocity dispersion (first panel),

the distribution of group velocity dispersions as a function of redshift (second panel), the distribu-

tion of group redshifts (third panel) for all groups (open histogram), groups with more than five

members (broadly hashed histogram) and groups with more than ten members (finely hashed

histogram) and the distribution of velocity dispersions (fourth panel, hashing same as in previ-

ous panel). This figure is compared with Figure 3.37 which shows the same properties for the

real group galaxies. We find that the distributions of the recovered mock group properties are

very similar to the groups recovered from the real spectroscopic catalog. Bottom: The same for the

actual observed groups in the 14 matched fields.
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≥ 5 member groups subsample distributions can not be distinguished by the KS

test. We do not expect that the distributions will be identical due to cosmic vari-

ance. We conclude that the recovered group catalog recreates the observations

sufficiently well and therefore our conclusions from studying the properties of

mock groups will be applicable to the observed groups.

Only 16.2% of the galaxies in the mock spectroscopic catalogs are assigned to

groups. Locally the fraction of galaxies in groups is ∼ 50% (Eke et al., 2004) and

while this fraction would be lower when integrated from z = 0.1 to z = 0.7, the

difference is still significant. The main reasons for this discrepancy can be found

in the incompleteness of the spectroscopic catalog. Theoretically if only one or

two galaxies in a given group have made it into the spectroscopic catalog we

have no way of inferring their environments. In reality, the sampling threshold is

even higher — halos sampled with at least five galaxies are much more likely to

be identified as groups than halos sampled with three galaxies. This incomplete-

ness is further intensified by the apparent magnitude limit for the spectroscopic

follow-up. As groups have a small number of bright galaxies, many halos will

not be represented with at least three galaxies after the apparent magnitude cut.

The galaxies not assigned to groups will be our “field sample”. Above we

considered the field contamination of the group catalog, but it is equally impor-

tant to understand the group contamination of the so called field sample. Here

we need to make use of the complete mock catalogs. As noted above, these span

from z = 0.1 to z = 1.5 and include all galaxies with apparent AB magnitudes

R ≥ 24.0. For each field galaxy we find the number of galaxies in the halo and the

halo mass in the complete mock catalogs and compute the redshift and velocity

dispersion for the galaxies in the halo as we have done for the groups above. We

only consider field galaxies with z ≤ 0.7 because our group catalog only spans
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up to that redshift (the results are the same for z ≤ 0.6). Edge effects are not

considered because we are only interested in an order of magnitude estimate. We

find that 42% of the galaxies not assigned to groups do belong to halos with at

least three members down to the apparent magnitude limit of the catalog how-

ever only 25% are in halos with at least 5 galaxies. If we only consider galaxies

within 5’ of the center of the field, the results are very similar — 47% of galaxies

are in halos with at least three members but only 28% of them are in halos with

at least 5 members. The similarity between the full field sample and the inned

5’ sub-sample indicate that edge effects are minor. Therefore we conclude that

the majority of the field galaxies do indeed sample a different environment than

what we have defined as group galaxies.

So far we have shown that the majority of groups in the recovered group cat-

alog do correspond to real structures. In the following two sections we examine

our ability to correctly recover the group properties and the overall distribution

of groups.

3.6.2 Testing the Recovered Group Properties

For the group catalog to be useful for future scientific applications we must make

sure that we can successfully recover not only the membership but also the rele-

vant group properties. Namely, we are interested in recovering the group velocity

dispersions, redshifts and cetroids. There are two main hindrances to the correct

recovery of the group properties — the presence of interlopers and the sparse

sampling of the real group galaxies. The presence of interlopers in the recov-

ered groups will tend to introduce scatter in the recovered redshifts, increase the

velocity dispersions and increase the offset between the real and recovered cen-

troids. As shown above, we have taken care to minimize the interloper fraction

and reduce the influence of this factor. The sparse sampling of the spectroscopy
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means we only use a fraction of the galaxies contained in a given halo to infer its

properties. This will lead us mainly to systematically underestimate of the veloc-

ity dispersion. Ideally we would hope that the observed galaxies are a fair and

unbiased sample of the halo members and the recovered centroids and redshifts

should not be biased. In reality the stochasticity of the sampling (especially at

low memberships) may be the ultimate limitation.

The comparison between the real and recovered group properties, which can

only be done for the one-way (LG′ ≥ 0.5) and two-way matched groups (LG, LG′ ≥

0.5), is presented in Figures 3.8 and 3.9. The mean redshifts, velocity dispersions

and centroids are calculated via the methods described in Appendix C. To calcu-

late the properties of the recovered groups — σr and zr — we use all recovered

group galaxies including interlopers. To calculate the properties of the corre-

sponding real groups we use the daughter galaxies included in the magnitude

limited mock photometric catalogs which were used for the target selection and

denote them as σphot and zphot. Additionally, in Figure 3.9 we calculate the cen-

troids from the halo daughter galaxies in the spectroscopic catalog. The analy-

sis presented here is limited to comparing observable quantities; comparison be-

tween observable quantities (such as velocity dispersions) and quantities derived

from the simulations (such as halo mass) is beyond the scope of this work.

The left panel in Figure 3.8 shows the recovered vs. the real velocity dis-

persion for one-way (open symbols) and two-way matched halos (solid sym-

bols) with at least three (circles), five (triangles) and ten members (squares). We

find that the velocity dispersion is underestimated more frequently (70%) than

overestimated. The mean difference between the recovered and the real veloc-

ity dispersion is -63 km s−1 (±143 km s−1 ). The scatter is largest for three- and

four-member groups, and decreases for the subsamples with at least five and ten
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Figure 3.8 Left: Recovered vs. real velocity dispersions for the one-way (open symbols) and

two-way (solid symbols) matched groups with at least three (circles), five (squares) and ten (tri-

angles) members. The recovered group properties are calculated using all the galaxies assigned to

the group by our algorithm, including interlopers. The “real” group properties are calculated us-

ing all the daughter galaxies of the matched halo which enter the magnitude limited photometric

catalog. We find that we more often underestimate the velocity dispersion (57%) than overesti-

mate it. However, the broad correlation which is quite good for groups with at least five members

suggests that dividing the groups in broad bins of velocity dispersion is valid. Right: Fractional

difference of the recovered redshift vs. the real redshift. Symbols and definitions are the same as

in the left panel. In all cases the redshifts are recovered very well.
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Figure 3.9 Offsets between the recovered, the “spectroscopic”and the “real” centroids for all

groups (panels one and two) and for groups within 5’ of the center of the field (panels three and

four). Solid line histograms include only groups with at least five members while dotted line

histograms show the distributions for all galaxies with one- or two-way matches. The recov-

ered centroids are determined from all members of the recovered group (including intelopers),

the spectroscopic centroids are determined from all members of the matched halo which enter

the spectroscopic catalog and the photometric centroids are determined from all members of the

mstched halo which enter the magnitude limited target catalog. The larger offsets between the

spectroscopic and photometric centroids show that the main the spectroscopic sparse sampling

is the main limitation to determining the centroids. Within 5’ of the center of the field, where we

have higher spectroscopic completeness, the centroids for all groups are much better recovered.
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members. Groups which show significantly overestimated velocity dispersions

typically have four members of which two are interlopers. Despite the large scat-

ter, we find that an overall correlation between the recovered and the “real” ve-

locity dispersion does exist. Thus, if we were to divide the group sample in broad

bins by velocity dispersion (σ < 200 km s−1 , 200 < σ < 400 km s−1 and σ > 400

km s−1 ) as we will in our future work, we will indeed be sampling groups which

on average have different properties.

The right panel in Figure 3.8 shows the ratio of the recovered to the real group

redshift as a function of the real redshift. Even for three-member groups the

redshifts are recovered successfully.

Finally, we test our ability to recover the group centroids. Both the stochas-

tic sampling and the imperfect group recovery can offset the recovered centroid.

We explore these effects in Figure 3.9 for all groups (dashed histograms) and for

groups with at least five members (solid histograms). Here we try to separate

the two effects. In the first panel of Figure 3.9 we show the distribution of the

distances between the recovered centroids and the centroid determined from all

the matched halo daughter galaxies in the spectroscopic catalog. In effect we are

comparing the recovered centroid to the centroid we could have obtained if we

had recovered the group perfectly and assigned only and all real group galax-

ies to the recovered group. We find that the distributions are peaked around

zero and most offsets are within the typical jackknifed centroid errors. Therefore

we conclude that the presence of interlopers and the imperfect group recovery

does not cause significant errors in the centroid determination. The stochastic

sampling of the halos however seems to have a more pronounced effect as the

spectroscopic catalog typically only contains 20% of the halo galaxies down to

the magnitude limit. In the second panel of Figure 3.9 we show that the distri-
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bution of the distances between the recovered centroid and real centroid. The

distribution is broader and the offsets are frequently larger than the centroid er-

rors even for groups with more than five members. The only relevance we will

lend to the centroids however will be when we consider the effects of the group

halos on the lensing potential in which case the most significant effect will come

from halos which are close to the lens’ line of sights. Thus the centroid recovery is

most important for groups within 5’ of the center of the field (coincident with the

lens) where the spectroscopic completeness is the highest. Indeed we find that for

groups within 5’ of the field center the centroid is recovered much more precisely

with the majority of offsets within 1’ (which is our typical centroid error) when

compared with both the ideal spectroscopic centroid (third panel) and the “real”

centroid (fourth panel).

3.6.3 Testing for Completeness and Bias

For our findings to be representative for the population of groups we are study-

ing, the group catalog we compile needs to be a fair sample of the underlying

population of groups as a function of redshift and velocity dispersion. The first

question we need to address is which underlying population we need to compare

the group catalog with. On one hand we want to compare the properties of the

group catalog with the properties of the dark matter halos in the mock catalog

which will tell us whether the groups we have recovered are a fair sample of all

the groups in the volume we are studying. On the other hand however in defin-

ing the group catalog we are only working with a limited amount of information

because only a small fraction of relatively bright galaxies in the survey volume

are included in the spectroscopic catalogs. Thus we also want to compare the re-

covered group catalog to the groups in the photometric magnitude limited target

catalog as well as the real groups in the spectroscopic catalog.
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The top row of Figure 3.10 presents the velocity dispersion and redshift dis-

tributions of the recovered group catalog (shaded histogram) and the “groups”

in the full mock catalog (open histograms) — up to z = 1.5 (dotted line) and up

to z = 0.7 (solid line) — with at least five members. As mentioned above we

define groups in the mocks as galaxies which belong to the same halo and cal-

culate their redshifts and velocity dispersions from the “observed” redshifts of

the mock galaxies using the bi-weight estimators of location and scale as we do

with the actual observed galaxies. While the halo mass and the calculated ve-

locity dispersion are correlated, we choose to use the velocity dispersion in these

comparisons because it is an observable quantity.

We test the similarity of the distributions using a two-sided Kolmogorov-

Smirnov test (KS-test). The probability that the two velocity dispersion catalogs

are drawn from the same underlying distribution is is p = 1.2 × 10−4 for z < 0.6

and 1.3 × 10−7 for z < 0.7. The main discrepancy between the two distributions

is the scarcity of groups at low σ in the recovered group catalog. However, if we

limit both catalogs to σ > 300km s−1 the probability that both samples are drawn

from the same distribution is p ∼ 0.8 (for both redshift cuts).

The redshift samples are also very different due to the scarcity of groups at

high redshifts — the recovered catalog exhibits a downturn at z > 0.5 and indeed

if we include the groups above z = 0.4 we find that the two redshift samples

could not have been drawn from the same distribution (p < 0.001).

To compare the recovered group catalog with the groups contained in the pho-

tometric and spectroscopic catalogs in the bottom row of Figure 3.10 we show the

distributions of groups in the photometric (solid line), spectroscopic (dotted line)

and recovered (> 5members, dashed line) catalogs as a function of velocity dis-

persion (left) and redshift (right). We require that at least three daughter galaxies
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Figure 3.10 Top row: Velocity dispersion (left) and redshift (right) distributions of the recovered

groups with at least five members (shaded histogram) and the groups in the full mock catalog

(open histograms) — up to z = 1.5 (dotted line) and up to z = 0.7 (solid line) — with at least five

members. We define groups in the mocks as galaxies which belong to the same halo and calculate

their redshifts and velocity dispersions from the “observed” redshifts of the mock galaxies using

the bi-weight estimators of location and scale as we do with the actual observed galaxies. Bottom

row: Velocity dispersion (left) and redshift (right) distributions for the recovered groups with at

least five member (shaded histogram), the groups in the spectroscopic catalog with at least three

member (solid line open histogram) and the groups in the photometric catalog with at least three

members (dotted line open histogram).
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of a given halo enter the catalog (spectroscopic or photometric) to calculate the

group properties as these are the groups which can be recovered with five mem-

bers (two real group galaxies and two interlopers) and still be a two-way match

(the results are very similar if we impose a five-member requirement on all three

catalogs). In effect here we are comparing the actual recovered group sample

with the samples we were trying to recover.

As a result of the spectroscopic sampling, a large fraction of preferentially low

σ, 3-member groups do not enter the spectroscopic catalog. We find that relative

to both the groups which enter the photometric and the spectroscopic catalogs,

the recovered groups have a larger mean velocity dispersion. This may be par-

tially due to the ≥ 5 member requirement. However above σ > 200km s−1 the

distributions seem well matched. Comparing the velocity dispersion of the three

catalogs for σ > 200km s−1 via a KS test, we find that spectroscopic (solid line

open histogram) and the recovered (solid line shaded histogram) have p = 0.81.

In comparison with the photometric (dotted line open histogram) both the spec-

troscopic and the recovered group samples are very incomplete at low velocity

dispersions — only at σ > 250 do we obtain p > 0.1 and though the probability

that the samples are drawn from the same distribution increases with increasing

the σ cut the KS-test is never conclusive that any of these samples are actually

drawn from the same distribution.

The redshift distributions of all three catalogs also seem very similar over

most of the redshift up to the z = 0.7 limits of the spectroscopic and recovered

catalogs (Figure 3.10, bottom right panel). The three samples are similar but the

KS-test is inconclusive (p > 0.1).

To summarize, we find that the distributions of the group properties (redshift

and velocity dispersion) in the recovered catalog are not consistent with the dis-
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tributions of group properties in the parent mock catalogs. The recovered group

catalog suffers greater incompleteness at high redshift (z > 0.4) and low velocity

dispersion (σ < 300km s−1 ), although even at z < 0.4 and σ > 300km s−1 the

samples are still not consistent with having been drawn from the same distribu-

tion. Therefore we cannot claim that the relative number density of groups as a

function of redshift and σ are representative of the actual group population.

The recovered group sample is similar to the group sample contained in the

spectroscopic catalog above σ = 200km s−1 but again the probabilities that the

catalogs are drawn from the same distribution are not sufficiently high to claim

that they are indistinguishable. It seems like our group finding algorithm does

a decent job of recovering the group population and its properties. However

these two samples are largely inconsistent with the properties of the groups in

the magnitude limited photometric catalog, suggesting that the sparsity and the

depth of the spectroscopic survey are responsible for the these discrepancies.

3.6.4 Conclusions Based on Tests

We have tested our group finding algorithm on mock catalogs from the Millen-

nium Simulation. The mock catalogs are designed to resemble as closely as pos-

sible the spectroscopic catalogs of our survey. We vary the structure aspect ratio

parameter b to minimize the interloper fraction and maximize the recovered frac-

tion of group galaxies and find that b = 6.0 yields a group catalog in which 89.5%

of all recovered groups with at least five members contain some real group galax-

ies and 61% of the galaxies assigned to these groups do belong to virialized halos

in the Simulation. Groups with less than five members have a larger fraction

of spurious detection and a large interloper fraction. We compare the recovered

group properties to the “real” group properties and we find that the recovered

velocity dispersions, centroids and redshifts are consistent with the “real” ones
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although a large fraction of the scatter is due to groups with less than five mem-

bers. Based on this analysis we conclude that the recovery of groups with less

than five members is unreliable and will not include such groups in our group

catalog. The properties of the mock recovered groups resemble closely the prop-

erties of the actual recovered groups and we believe the mock results are applica-

ble there as well. Finally, we compare the properties of the recovered group cata-

log to the properties of the underlying group (i.e. halo) distribution and find that

they are inconsistent. The group catalog in its present form therefore cannot be

used to address questions relating to the number densities of groups and group

galaxies as a function of redshift and velocity dispersion because groups with in-

termediate to high velocity dispersions σ > 300 and at low redshifts z < 0.4 are

disproportionately better represented in it.

3.7 Group Catalog

We find 301 groups. Of them, 163 have at least five members. Table 3.7 presents

the group catalog for the groups with at least 5 members. For each group we

list the group name, the centroid coordinates and the centroid error, the group

redshift and its error, the group velocity dispersion and its errors, the number

of members, the final δz and δθ values when selecting the groups. A detailed

description of how all pertinent quantities and errors were calculated is included

in Appendix C. Groups marked with a star include a lens galaxy.
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Table 3.7. Group Catalog

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

1 q0047 12.62371 -27.76947 ±4.1e-02 0.1180±5.1e-04 244+203
−113 5 0.0019 8.8

3 q0047 12.28410 -27.91650 ±3.0e-02 0.1947±5.6e-04 252+144
−93 5 0.0020 5.7

4 q0047 12.49368 -27.85943 ±1.6e-02 0.1957±3.7e-04 363+50
−44 17 0.0029 8.1

7 q0047 12.20546 -27.85177 ±1.5e-02 0.2393±6.4e-04 358+108
−84 7 0.0030 6.7

8 q0047 12.35431 -27.92647 ±1.4e-02 0.3078±5.4e-04 361+98
−77 10 0.0032 5.4

9 q0047 12.53321 -27.81098 ±2.0e-02 0.3259±5.7e-04 236+326
−137 5 0.0021 3.4

12 q0047 12.42632 -27.87065 ±8.5e-03 0.4862±6.4e-04 324+106
−81 8 0.0032 3.3

4 q0158 29.66493 -43.38409 ±1.1e-02 0.6783±1.0e-03 378+116
−89 6 0.0042 2.9

1 he0435 69.60957 -12.26569 ±2.8e-02 0.1849±6.4e-04 294+75
−61 5 0.0023 6.9

2 he0435 69.63148 -12.32694 ±3.0e-02 0.3193±8.0e-04 333+172
−114 5 0.0029 4.8

3 he0435 69.55148 -12.29692 ±1.5e-02 0.3755±6.9e-04 274+66
−55 5 0.0025 3.5

4 he0435 69.56234 -12.28944 ±1.3e-02 0.4552±7.8e-04 495+97
−82 11 0.0048 5.3

5 he0435 69.58269 -12.23092 ±1.3e-02 0.5048±7.0e-04 430+70
−61 11 0.0043 4.2

2 b0712 108.99487 47.14861 ±1.8e-02 0.2942±3.3e-04 1161+47
−46 231 0.0125 22.6

3 b0712 109.02786 47.02799 ±2.1e-02 0.4933±1.0e-03 370+552
−222 5 0.0037 3.7

1 mg0751 117.91707 27.37833 ±6.6e-02 0.0268±3.5e-04 180+233
−104 5 0.0013 27.1
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

3 mg0751 117.86685 27.31439 ±1.6e-02 0.2487±5.1e-04 357+81
−66 10 0.0030 6.4

4 mg0751 117.90907 27.28811 ±1.4e-02 0.3506±4.1e-04 488+74
−64 30 0.0055 8.2

6 mg0751 117.92521 27.28187 ±1.2e-02 0.5591±5.2e-04 245+72
−57 8 0.0026 2.2

1 fbq0951 147.75160 26.54550 ±8.5e-02 0.0836±6.0e-04 453+129
−101 9 0.0033 21.8

2 fbq0951 147.99135 26.49021 ±2.3e-02 0.1026±1.7e-04 71+32
−26 5 0.0006 3.2

3 fbq0951 147.84457 26.60145 ±1.9e-02 0.1314±2.9e-04 184+44
−37 8 0.0014 6.0

5 fbq0951 147.71929 26.75724 ±2.3e-02 0.2127±3.9e-04 242+88
−65 8 0.0020 5.1

7 fbq0951 147.87489 26.59033 ±3.3e-02 0.2511±1.7e-04 68+29
−23 6 0.0006 1.4

8 fbq0951 147.73878 26.51017 ±1.9e-02 0.2511±3.7e-04 373+93
−75 20 0.0039 8.4

10 fbq0951 147.69135 26.66179 ±2.0e-02 0.3066±5.4e-04 336+101
−78 9 0.0029 5.1

11 fbq0951 147.97736 26.50811 ±1.7e-02 0.3123±2.9e-04 332+51
−45 27 0.0029 5.0

15 fbq0951 147.98979 26.52492 ±2.0e-02 0.3543±8.3e-04 335+159
−109 5 0.0031 4.5

17 fbq0951 147.83882 26.58068 ±8.2e-03 0.3897±3.5e-04 234+48
−40 12 0.0022 2.9

24 fbq0951 147.69060 26.57775 ±2.7e-02 0.5556±9.1e-04 445+120
−95 8 0.0046 4.1

25 fbq0951 147.89882 26.64153 ±2.4e-02 0.6424±8.8e-04 335+153
−106 6 0.0037 2.7

27 fbq0951 147.82632 26.66519 ±3.0e-02 0.6628±1.2e-03 382+207
−135 5 0.0042 3.0
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

3 bri0952 148.66189 -1.47783 ±5.3e-02 0.1376±5.6e-04 371+158
−112 8 0.0028 11.4

6 bri0952 148.74651 -1.50229 ±3.0e-02 0.4210±5.0e-04 285+93
−71 9 0.0027 3.3

7 bri0952 148.80405 -1.49962 ±2.0e-02 0.4732±8.0e-04 408+109
−87 8 0.0040 4.3

9 bri0952 148.73185 -1.51600 ±8.9e-03 0.6403±1.1e-03 378+365
−186 5 0.0041 3.1

1 q1017 154.41470 -20.97162 ±4.1e-02 0.2238±7.3e-04 327+195
−123 5 0.0027 6.5

3 q1017 154.43778 -20.94104 ±1.6e-02 0.2580±3.2e-04 363+46
−41 25 0.0031 6.3

4 q1017 154.36357 -20.77246 ±2.3e-02 0.2843±4.2e-04 263+40
−36 9 0.0023 4.2

5 q1017 154.22716 -20.93301 ±3.0e-02 0.2946±3.8e-04 197+68
−52 7 0.0017 3.1

6 q1017 154.50492 -20.77020 ±3.1e-02 0.2954±6.8e-04 289+116
−84 5 0.0025 4.5

7 q1017 154.53722 -20.73922 ±2.3e-02 0.3043±7.9e-04 424+170
−122 7 0.0037 6.4

10 q1017 154.27340 -20.76974 ±2.3e-02 0.4580±6.8e-04 323+108
−82 7 0.0032 3.5

11 q1017 154.51567 -20.92865 ±2.3e-02 0.4582±8.2e-04 355+117
−88 6 0.0035 3.8

1 he1104 166.68647 -18.32718 ±5.2e-02 0.1325±1.1e-03 834+197
−160 9 0.0063 26.7

2 he1104 166.65263 -18.47675 ±4.1e-02 0.1525±4.0e-04 300+89
−69 10 0.0023 8.4

4 he1104 166.48899 -18.28263 ±2.4e-02 0.3488±4.3e-04 195+93
−64 6 0.0018 2.7

5 he1104 166.48899 -18.28263 ±2.4e-02 0.3488±4.3e-04 195+93
−64 6 0.0018 2.7
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

6 he1104 166.50708 -18.31037 ±1.1e-02 0.4823±6.6e-04 245+62
−50 5 0.0024 2.5

7 he1104 166.48581 -18.50341 ±3.4e-02 0.4908±7.0e-04 293+80
−64 6 0.0029 3.0

8 he1104 166.72128 -18.29024 ±8.9e-03 0.4906±9.8e-04 501+77
−67 8 0.0050 5.1

9 he1104 166.80713 -18.26811 ±8.6e-03 0.5200±8.9e-04 321+73
−60 5 0.0033 3.1

10 he1104 166.59348 -18.32841 ±6.4e-03 0.5174±6.1e-04 252+156
−97 6 0.0026 2.4

11 he1104 166.55394 -18.45736 ±9.9e-03 0.5152±8.7e-04 312+235
−135 5 0.0032 3.0

14 he1104 166.68475 -18.51876 ±1.6e-02 0.5398±1.1e-03 392+545
−229 5 0.0040 3.7

15 he1104 166.57503 -18.34083 ±2.2e-02 0.5351±1.1e-03 524+98
−83 7 0.0054 4.9

1 pg1115 169.65773 7.65533 ±1.2e-01 0.0373±5.3e-04 278+492
−179 5 0.0019 29.9

2 pg1115 169.52437 7.71909 ±3.5e-02 0.0417±1.6e-04 66+32
−28 6 0.0006 7.9

4 pg1115 169.69810 7.83516 ±3.8e-02 0.1515±8.0e-04 382+233
−146 5 0.0030 10.8

5 pg1115 169.38033 7.75922 ±1.1e-02 0.1593±5.7e-04 377+115
−88 8 0.0029 10.1

6 pg1115 169.56190 7.73083 ±8.1e-03 0.2246±2.9e-04 134+1628
−127 7 0.0012 2.9

8 pg1115 169.56215 7.76403 ±2.9e-02 0.3096±4.9e-04 374+73
−62 13 0.0033 5.6

9 pg1115 169.35958 7.73365 ±1.1e-02 0.4824±5.0e-04 397+55
−48 17 0.0039 4.0

10 pg1115 169.58953 7.78782 ±2.3e-02 0.4857±5.1e-04 186+63
−52 6 0.0020 2.0



167

Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

11 pg1115 169.51504 7.73242 ±2.8e-02 0.4993±7.3e-04 264+498
−173 5 0.0027 2.6

2 mg1131 172.82736 4.92269 ±6.1e-02 0.0862±5.5e-04 354+86
−70 7 0.0026 16.7

5 mg1131 173.18688 4.83355 ±2.1e-02 0.3172±7.0e-04 369+96
−77 7 0.0033 5.4

7 mg1131 172.96780 4.92448 ±1.4e-02 0.3413±6.4e-04 678+72
−65 24 0.0061 9.3

8 mg1131 172.81225 4.71559 ±2.8e-02 0.3442±4.0e-04 151+50
−40 5 0.0014 2.1

1 rxj1131 172.91191 -12.47015 ±4.6e-02 0.0531±3.1e-04 145+47
−40 5 0.0011 11.5

2 rxj1131 172.91783 -12.50060 ±8.7e-02 0.0791±6.5e-04 328+89
−72 5 0.0024 17.0

3 rxj1131 172.82944 -12.52931 ±3.2e-02 0.0964±2.3e-04 105+34
−29 5 0.0008 4.8

4 rxj1131 172.97777 -12.54967 ±1.0e-02 0.1026±2.5e-04 469+37
−35 53 0.0035 19.0

7 rxj1131 172.90289 -12.57259 ±1.7e-02 0.2935±3.7e-04 315+71
−60 18 0.0028 5.1

8 rxj1131 172.96361 -12.62090 ±1.6e-02 0.3148±3.6e-04 286+48
−42 14 0.0025 4.2

12 rxj1131 172.90126 -12.66203 ±3.0e-02 0.6466±8.7e-04 292+78
−62 5 0.0032 2.4

2 b1152 178.84232 19.70203 ±5.9e-02 0.0514±5.5e-04 458+114
−92 10 0.0032 35.5

3 b1152 178.82259 19.73072 ±2.0e-02 0.1314±2.4e-04 106+48
−36 5 0.0009 3.6

4 b1152 179.04532 19.63598 ±4.5e-02 0.1318±5.4e-04 366+136
−100 8 0.0028 11.7

5 b1152 178.81706 19.79276 ±4.5e-02 0.1494±8.2e-04 394+2316
−337 5 0.0030 11.2
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

6 b1152 178.74499 19.49794 ±2.3e-02 0.1608±6.8e-04 600+5896
−545 13 0.0047 16.0

7 b1152 178.74558 19.59935 ±4.2e-02 0.1599±6.7e-04 727+61
−56 19 0.0056 19.5

9 b1152 179.03419 19.80489 ±2.4e-02 0.1983±4.1e-04 209+45
−39 6 0.0017 4.7

10 b1152 178.96380 19.75553 ±1.4e-02 0.2393±6.6e-04 334+10346
−324 6 0.0028 6.3

11 b1152 178.70815 19.75943 ±2.2e-02 0.2396±4.0e-04 242+73
−57 8 0.0020 4.5

12 b1152 178.87458 19.69176 ±2.8e-02 0.3220±3.0e-04 145+44
−36 7 0.0013 2.2

13 b1152 178.77985 19.79439 ±1.0e-02 0.3307±6.0e-04 365+75
−63 9 0.0033 5.2

14 b1152 178.92103 19.78650 ±9.6e-03 0.3662±7.0e-04 355+44
−40 7 0.0033 4.6

16 b1152 178.92444 19.53172 ±6.9e-03 0.4515±5.6e-04 560+68
−61 25 0.0054 6.1

18 b1152 178.96363 19.72734 ±3.2e-02 0.4490±1.4e-03 546+363
−219 5 0.0053 6.0

20 b1152 178.88249 19.64984 ±1.3e-02 0.5584±1.0e-03 353+3814
−324 5 0.0037 3.2

1 h12531 193.47951 -29.16583 ±3.7e-02 0.0543±2.9e-04 426+47
−42 29 0.0030 31.6

3 h12531 193.40466 -29.39620 ±8.6e-02 0.0820±7.2e-04 291+470
−197 5 0.0024 16.7

4 h12531 193.48391 -29.34234 ±1.5e-02 0.0950±2.0e-04 87+356
−72 5 0.0007 4.1

12 h12531 193.38192 -29.28548 ±3.0e-02 0.4511±8.7e-04 328+458
−192 5 0.0032 3.6

13 h12531 193.23469 -29.44994 ±5.8e-03 0.6713±7.2e-04 348+106
−82 9 0.0039 2.7
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

14 h12531 193.22736 -29.44287 ±4.7e-03 0.7343±3.5e-04 170+33
−28 10 0.0020 1.2

16 h12531 193.19832 -29.46031 ±2.9e-02 0.8447±9.7e-04 290+115
−83 5 0.0036 1.9

1 lbq1333 203.73012 1.34039 ±3.9e-02 0.0789±2.4e-04 188+34
−30 10 0.0014 9.8

2 lbq1333 203.81799 1.35560 ±1.3e-02 0.1251±2.4e-04 106+40
−32 5 0.0008 3.7

5 lbq1333 203.71691 1.21323 ±3.2e-02 0.2409±7.3e-04 322+336
−165 5 0.0027 6.0

6 lbq1333 203.94546 1.30541 ±2.4e-02 0.2409±4.8e-04 335+96
−75 10 0.0028 6.2

7 lbq1333 203.76603 1.31565 ±5.3e-02 0.3267±7.6e-04 293+523
−192 5 0.0027 4.3

4 q1355 208.87583 -22.96373 ±2.3e-02 0.1715±3.6e-04 318+88
−69 14 0.0025 8.0

6 q1355 209.03197 -22.85864 ±3.0e-02 0.2187±5.4e-04 242+100
−72 5 0.0020 4.9

14 q1355 208.81966 -22.83426 ±2.4e-02 0.5580±5.1e-04 202+75
−56 6 0.0021 1.9

15 q1355 208.85945 -22.99513 ±8.6e-03 0.5557±8.2e-04 290+75
−60 5 0.0030 2.6

1 hst14113 212.64774 52.40448 ±3.5e-02 0.0805±4.2e-04 373+66
−57 12 0.0027 18.9

2 hst14113 212.64603 52.40108 ±1.1e-02 0.1595±3.0e-04 152+52
−41 6 0.0012 4.2

3 hst14113 212.87009 52.30538 ±9.6e-03 0.2356±5.3e-04 299+108
−80 7 0.0025 5.7

5 hst14113 212.94803 52.25200 ±4.2e-02 0.2700±6.3e-04 476+82
−72 13 0.0041 8.1

8 hst14113 213.01521 52.17104 ±3.6e-02 0.3215±9.0e-04 375+385
−191 5 0.0033 5.4
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

11† hst14113 212.82938 52.20253 ±3.1e-02 0.4504±4.3e-03 306+2996
−2996 12 0.0030 3.3

12 hst14113 212.96250 52.07611 ±2.0e-02 0.4583±3.3e-04 220+40
−35 13 0.0022 2.4

13† hst14113 212.82271 52.20220 ±1.3e-02 0.4615±1.3e-03 627+275
−274 44 0.0061 6.6

15† hst14113 212.86186 52.22239 ±2.3e-02 0.4818±9.4e-03 350+9686
−9686 9 0.0036 3.7

16† hst14113 212.82886 52.17481 ±3.0e-02 0.5519±8.3e-03 255+6659
−6657 5 0.0026 2.3

17 hst14113 212.87974 52.19385 ±0.0e+00 0.5711±5.3e-04 188+60
−49 6 0.0021 1.8

3 h1413 213.72733 11.38250 ±3.4e-02 0.2539±6.9e-04 446+83
−71 9 0.0038 7.9

4 h1413 213.93203 11.55417 ±9.5e-03 0.2545±6.1e-04 367+66
−57 8 0.0031 6.5

3 b1422 216.21635 22.99145 ±7.3e-02 0.0721±5.3e-04 370+125
−94 8 0.0027 20.9

4 b1422 216.20072 22.84213 ±3.3e-02 0.1448±4.7e-04 327+121
−89 9 0.0025 9.7

5 b1422 216.17145 22.90525 ±2.4e-02 0.2841±3.5e-04 194+75
−56 8 0.0017 3.2

6 b1422 216.17486 22.93096 ±1.7e-02 0.3393±4.8e-04 396+63
−55 16 0.0036 5.5

7 b1422 216.16292 22.94655 ±1.0e-02 0.3486±5.9e-04 269+82
−64 6 0.0024 3.6

8 b1422 216.13815 22.87838 ±2.4e-02 0.3641±8.2e-04 494+91
−77 9 0.0045 6.4

1 sbs1520 230.57064 53.01881 ±3.0e-02 0.0854±2.8e-04 174+30
−26 7 0.0013 8.5

3 sbs1520 230.37132 52.81739 ±4.2e-02 0.1551±5.2e-04 391+79
−66 10 0.0030 10.7
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N ID RA Dec Err. zg ± δz σg Nmem δz δθ

4 sbs1520 230.57843 52.88242 ±5.0e-02 0.2029±7.1e-04 487+107
−88 9 0.0039 10.4

1 mg1549 237.20760 30.51021 ±3.4e-02 0.0709±1.2e-04 46+29
−24 6 0.0004 3.5

2 mg1549 237.18091 30.93205 ±8.6e-03 0.2145±4.1e-04 180+114
−72 5 0.0015 3.8

5 mg1549 237.30380 30.66690 ±3.2e-02 0.2868±7.3e-04 396+1405
−309 7 0.0034 6.3

8 mg1549 237.13756 30.75458 ±4.1e-02 0.3488±5.3e-04 205+94
−67 5 0.0019 2.8

9 mg1549 237.27579 30.73119 ±4.0e-02 0.3586±7.1e-04 287+183
−112 5 0.0026 3.8

1 b1600 240.72631 43.28723 ±2.9e-02 0.1314±3.4e-04 223+63
−50 8 0.0017 7.2

3 b1600 240.65949 43.12510 ±2.9e-02 0.2486±7.7e-04 467+144
−110 8 0.0039 8.4

8 b1600 240.33870 43.20338 ±9.9e-03 0.2729±7.0e-04 300+68
−56 5 0.0026 5.0

10 b1600 240.47544 43.33035 ±1.5e-02 0.2891±5.4e-04 364+101
−80 10 0.0032 5.8

2 mg1654 253.70224 13.71958 ±2.7e-02 0.1237±3.8e-04 467+48
−44 23 0.0035 15.9

4 mg1654 253.66797 13.78327 ±3.9e-02 0.2523±2.8e-04 117+51
−42 7 0.0011 2.4

5 mg1654 253.65798 13.73494 ±2.0e-02 0.2782±8.7e-04 430+3184
−379 6 0.0037 7.0

6 mg1654 253.79499 13.64095 ±3.4e-02 0.3271±6.4e-04 390+122
−93 9 0.0035 5.5

7 mg1654 253.75104 13.75785 ±3.3e-02 0.3667±7.7e-04 354+1928
−299 6 0.0032 4.6

8 mg1654 253.53109 13.72748 ±3.6e-02 0.3779±8.6e-04 391+124
−95 6 0.0036 4.9
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

10 mg1654 253.62100 13.76692 ±8.2e-03 0.4252±5.0e-04 188+117
−73 5 0.0018 2.2

12 mg1654 253.57180 13.84067 ±4.0e-02 0.5718±7.0e-04 243+120
−81 5 0.0026 2.2

1 wfi2033 308.33542 -47.48137 ±4.7e-02 0.1373±4.6e-04 251+1329
−212 6 0.0019 7.8

2 wfi2033 308.29129 -47.26071 ±4.0e-02 0.2629±5.1e-04 214+66
−53 5 0.0018 3.8

5 wfi2033 308.45612 -47.36434 ±5.6e-02 0.4953±7.0e-04 251+81
−63 5 0.0025 2.5

7 wfi2033 308.44364 -47.36975 ±2.9e-02 0.6600±6.9e-04 420+64
−56 13 0.0047 3.3

1 b2114 319.16128 2.52521 ±5.2e-02 0.0483±2.6e-04 243+53
−46 15 0.0018 21.1

3 b2114 319.28467 2.43387 ±4.9e-02 0.2032±8.4e-04 441+139
−107 6 0.0036 9.5

4 b2114 319.25046 2.45068 ±3.9e-02 0.2247±4.7e-04 349+74
−62 11 0.0029 6.9

5 b2114 319.16357 2.46538 ±2.1e-02 0.2927±1.3e-03 555+131
−107 5 0.0048 8.7

7 b2114 319.18222 2.66470 ±4.2e-02 0.2998±6.2e-04 259+93
−70 5 0.0023 4.0

8 b2114 319.17903 2.40328 ±2.7e-02 0.3063±2.9e-04 230+47
−39 14 0.0020 3.5

9 b2114 319.21488 2.41623 ±3.4e-02 0.3143±1.8e-04 80+27
−24 8 0.0008 1.4

10 b2114 318.94906 2.46526 ±5.8e-02 0.3137±5.6e-04 228+233
−117 5 0.0020 3.4

2 he2149 328.01289 -27.52691 ±3.1e-02 0.2751±3.4e-04 227+60
−50 12 0.0020 4.0

3 he2149 328.06381 -27.54527 ±4.0e-02 0.4612±9.9e-04 468+135
−106 7 0.0046 5.0
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Figure 3.11 Galaxy redshift distribution in the field of Q0047. The top two panels show the red-

shift distributions of group galaxies (filled triangles) and non-group galaxies (points) projected in

RA (top) and Dec. (middle) in units of proper Mpc from the center of the field. The bottom panel

shows the distribution in the form of a histograms with a binsize of δz = 0.001. The open his-

togram includes all galaxies with spectroscopic redshifts while the filled histogram only includes

group galaxies. The vertical dashed lines denote the redshift of the lens galaxy.

Figures 3.11 to 3.36 present the distribution of galaxies in each of the 26 fields.

The top two panels in each figure show the projection of this distribution in Right

Ascension and Declination as a function of redshift. The opening angle of the

beams is greatly exaggerated to show the structure (in reality each beam is 0.5

degrees wide), which causes structures to be stretched perpendicular to the red-

shift direction. The bottom panels show the redshift histograms. The vertical

dashed lines show the redshift of the lens galaxy in each fields. The solid tri-

angles and shaded histogram show galaxies assigned to groups while dots and

open histograms show all galaxies in the field.
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Table 3.7—Continued

N ID RA Dec Err. zg ± δz σg Nmem δz δθ

4 he2149 328.01074 -27.52701 ±4.9e-03 0.6028±7.6e-04 260+330
−146 5 0.0028 2.2
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Figure 3.12 Same as 3.11 but for the field of Q0158.
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Figure 3.13 Same as 3.11 but for the field of HE0435.
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Figure 3.14 Same as 3.11 but for the field of B0721.
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Figure 3.15 Same as 3.11 but for the field of MG0751.
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Figure 3.16 Same as 3.11 but for the field of FBQ0951.
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Figure 3.17 Same as 3.11 but for the field of BRI0952.
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Figure 3.18 Same as 3.11 but for the field of Q1017.
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Figure 3.19 Same as 3.11 but for the field of HE1104.
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Figure 3.20 Same as 3.11 but for the field of PG1115.
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Figure 3.21 Same as 3.11 but for the field of MG1131.
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Figure 3.22 Same as 3.11 but for the field of RXJ1131.
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Figure 3.23 Same as 3.11 but for the field of B1152.
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Figure 3.24 Same as 3.11 but for the field of H12531.
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Figure 3.25 Same as 3.11 but for the field of LBQ1333.
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Figure 3.26 Same as 3.11 but for the field of Q1355.
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Figure 3.27 Same as 3.11 but for the field of HST14113.
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Figure 3.28 Same as 3.11 but for the field of H1413.
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Figure 3.29 Same as 3.11 but for the field of B1422.
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Figure 3.30 Same as 3.11 but for the field of SBS1520.
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Figure 3.31 Same as 3.11 but for the field of MG1549.
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Figure 3.32 Same as 3.11 but for the field of B1600.
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Figure 3.33 Same as 3.11 but for the field of B1608.
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Figure 3.34 Same as 3.11 but for the field of WFI2033.

Figure 3.37 presents the properties of the recovered groups. The open his-

tograms include all groups, the broadly shaded histograms only include groups

with at least five members, and the closely shaded histograms only include groups

with at least 10 members. The first column shows a broad correlation between

group velocity dispersion and number of members such that richer groups have

higher velocity dispersion. The second panel shows the distribution of group

velocity dispersions as a function of redshift. The range of group velocity disper-

sions we measure does not significantly change with redshift up to z = 0.7. We

therefore do not see a bias such that only the most massive groups are found at

higher redshift. In the third panel we plot the distribution of groups as a func-

tion of redshift. And finally, the rightmost panel shows the distribution of group

velocity dispersions — the groups in the sample span the full range of velocity

dispersions we expect for such systems. We conclude that the group catalog we

have compiled is generally consistent with the expected physical properties of

groups and that it samples well the range of group properties.

Examples of 12 recovered groups are shown in Figures 3.38, 3.39 and 3.40 in
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Figure 3.35 Same as 3.11 but for the field of B2114.
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Figure 3.36 Same as 3.11 but for the field of HE2149.
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Figure 3.37 Properties of the groups found in our spectroscopic redshift catalog. In panels one

and two we plot groups with at least five members (solid symbols) and groups with less than

five members (open symbols). In panels three and four the open histograms include all groups,

the broadly shaded histograms only include groups with at least five members, and the closely

shaded histograms only include groups with at least 10 members. The first panel shows a broad

correlation between group velocity dispersion and number of members such that richer groups

have higher velocity dispersion. The second panel shows the distribution of group velocity dis-

persions as a function of redshift. The range of group velocity dispersions we measure does not

significantly change with redshift up to z = 0.7. We therefore do not see a bias such that only the

most massive groups are found at higher redshift. In the third panel we plot the distribution of

groups as a function of redshift. The high-redshift fall-off of the distribution is broadly consistent

with simple predictions for the number of groups to which we should be sensitive. And finally,

the rightmost panel shows the distribution of group velocity dispersions — the groups in the

sample span the full range of velocity dispersions we expect for such systems. We conclude that

the group catalog we have compiled is generally consistent with the expected physical properties

of groups and that it samples well the range group properties.
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three bins of velocity dispersion. For each groups we show the position of its

members on the sky (top row), the distribution of galaxies in redshift (middle

row) and the position of the members on the color-madnitude diagram for that

field (bottom row). We notice that the angular size of the groups on the sky nat-

urally increases with velocity dispersion and number of members. We find that

the majority of the groups exhibit a well defined red sequence.

3.8 Results and Discussion

3.8.1 Lens Environments

Due to their proximity to the lens, the galaxies in its immediate vicinity and any

structures (groups and clusters) that the lens is associated with have the most

significant effect on the lensing potential. Thus we first examine the environ-

ment in which the lens galaxy is situated. We make no distinction between the

lens galaxies and all other galaxies in the spectroscopic catalogs, thus the groups

that contain lenses should be unbiased. We will discuss whether the properties

of these groups are indistinguishable from the properties of groups that do not

contain lenses elsewhere (Momcheva et al., 2009).

We find that the following ten lens galaxies lie in groups: Q0047 (8 mem-

bers, 326 km s−1 ), HE0435 (11 members, 496 km s−1 ), MG0751 (30 members, 490

km s−1 ), PG1115 (13 members, 377 km s−1 ), RXJ1131 (18 members, 328 km s−1 ),

HST14113 (44 members, 627 km s−1 ), B1422 (16 members, 401 km s−1 ), MG1654

(7 members, 136 km s−1 ), WFI2033 (13 members, 422 km s−1 ), B2114 (8 members,

92 km s−1 , foreground lens). Of these ten ’lens groups’, the ones associated with

Q0047, HE0435, RXJ1131 and WFI2033 are newly discovered. The rest were pre-

viously known, but we have increased the membership and therefore improved

on their group properties. We have added 17 new members to the MG0751 group,
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Figure 3.38 Examples of four groups with velocity dispersions σ < 200km s−1 . For each group

we show the distributions of the group galaxies (diamond symbols, solid histograms) on the sky

(top row), in redshift space (middle row), and in color-magnitude space (bottom row). The group

members which are a part of the virialized core (crosses, long-dashed line) are also plotted as

are field galaxies (dots, short-dashed line). In the top and middle panels, we show only field

galaxies within δz = 0.0125 of the group, while in the bottom panels we include all objects with

spectroscopic redshifts in the given field.
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Figure 3.39 Same as Figure 3.38 but for groups withe velocity dispersions 200km s−1 < σ <

400km s−1 .
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Figure 3.40 Same as Figure 3.38 but for groups withe velocity dispersions σ > 400km s−1 .
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three new members to the B1422 group, one new member to the MG1654 group

and two new members to the B2114 group. Some of these groups have interest-

ing morphologies — HE0435 looks filamentary and WFI2033 is bimodal. Close

neighbours, but no converging groups are found in the vicinity of B0712 and

FBQ0951. Fassnacht et al. (2006) claim a group associated with B1600, but while

the galaxy is in an over-density we do not claim that it belongs to a virialized

group.

We find distant neighbors but no coherent structures in the vicinity of three

of the lens galaxies — BRI0952 (z=0.406), SBS1520 (z=0.71) and HE2149 (z=0.495).

We cannot be conclusive as to whether these are real structures that we have

under-sampled or the lenses are truly isolated.

The following six lens galaxies are isolated in the sense that there are no galax-

ies in our spectroscopic catalogs that are within 5’ of the lens and have redshifts

within zl ± 0.005: HE1104, MG1131, B1152, LBQ1333, Q1355 and MG1549. Of

these, HE1104, MG1131, and Q1355 are at redshifts greater than 0.7 where the

completeness of our spectroscopy is precipitously falling and we cannot be con-

clusive about the environments of the lens galaxies — the lack of detection may

be due to our high incompleteness.

We find no structures in the immediate vicinity of the lens galaxies with pho-

tometric redshifts — Q1017 (zphot = 0.78), HST12531 (zphot = 0.69) and H1413

(zphot = 0.9). Also, Q1017 and H1413 are at high redshifts, where our spectroscopy

is highly incomplete. However the uncertainties of the photometric redshifts are

fairly large and we will discuss the possible association of these lenses (or at least

of HST12531) with ’line-of-sight’ structures elsewhere. And, finally Q0158 does

not have a measured redshift and we cannot determine its environment.

To summarize, of the 26 lens galaxies in our sample ten are in groups, of which
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four are newly found. Another three to six lenses may be in undersampled, un-

bound or low−σ groups. Four of the lenses in the sample seem isolated. Finally,

one of the lenses has no redshift measurements and five of the lenses are in a

redshift range where our completeness is low and we are unable to conclusively

determine their environments. Based on this sample we estimate that between 10

and 16 of the 21 of the lens galaxies with measured redshifts are in groups, that

is 48 to 76% of lens galaxies are in groups. In order to do a fair comparison with

the Keeton et al. (2000) prediction that at least 25% of lens galaxies lie in groups

with σ > 200km s−1, we limit the lens groups to σ > 200km s−1. This leaves us

with eight groups. If we assume that all the other 18 lenses are either isolated or

in groups with σ < 200 km s−1 we find that at least 31 % of lens galaxies lie in

groups with σ > 200km s−1.

3.8.2 Line of Sight Groups

With the exception of the ten groups which contain lens galaxies, all other groups

are line-of-sight groups. Detailed discussion of the effects of these line-of-sight

structures on the lensing potential will be included elsewhere. Here we want

to include some brief remarks regarding some of the more interesting structures

found in the survey. We refer to Table 3.7 and Figures 3.11 to 3.36 for the proper-

ties of these structures and their graphical representations.

The strong lens B0712 has been a classic example of a system with a line-of-

sight structure. The z = 0.2909 foreground group found by Fassnacht & Lubin

(2002a) is spatially coincident with the lens but its effect is expected to be small

due to its low velocity dispersion σ = 306+110
−58 km s−1. With the increased num-

ber of redshifts in the field we find that the structure at z ∼ 0.29 is in fact much

more massive — σ = 1161+47
−46km s−1 containing 231 members. The redshift dis-

tribution is double-peaked. However the galaxies in the two peaks are spatially
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coincident. The galaxy distribution on the sky looks clumpy though the clumps

are not kinematically distinct. The structure spans our whole field of view and

thus we cannot be sure of its full extent or its centroid. This structure may be the

merger site of several groups and a cluster in formation. Further X-ray observa-

tions may be helpful in disentangling the exact nature of the structure.

A known cluster and suspected host of one of the cluster lenses in the survey,

CL 140933+5226 (a.k.a. 3C 295) at z = 0.46 in the field of HST14113. (Dressler

& Gunn, 1992) claim a velocity dispersion of 1300 km s−1 based on 21 members.

This redshift catalog adds 49 more redshifts between z=0.4 and z=0.5. Figure 3.41

shows the distribution of galaxies on the sky and in redshift in the slice 0.455 <

z < 0.475. The cluster seems to have three distinct components — two clumps in

the plane of the sky (squares and circles) and an infalling clump along the line of

sight (triangles). Our group finding algorithm converges on two separate groups

— the main body of the cluster and part of the infalling clump at z = 0.4615

with 44 members and σ = 627km s−1 (also shown in Figure 3.40, it includes the

lens galaxy) and the southern clump at z = 0.4583 with 13 members and σ =

220km s−1 .

A new cluster of galaxies is found in the field of B1152 at z = 0.4515. Despite

our sparse sampling of the region identify 2 galaxies in a clump north-east of the

lens. The offset on the sky is too large for the cluster to have much effect on the

lens potential. We determine its velocity dispersion σ = 560+68
−61km s−1 .

On the opposite end of the mass spectrum we find several structures with

very low velocity dispersion. The ocurrence of such structures is low — there

are ten in the group catalog (8%). They have between five and eight members

and their velocity dispersions are consistent with being < 100km s−1 . Three

examples are shown in Figure 3.38. Most notable is the group associated with
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Figure 3.41 Distribution of galaxies with measured redshifts on the sky (left) and in redshift

(right) in the CL 140933+5226 (a.k.a. 3C 295) cluster at z = 0.46 in the HST14113 field. The cluster

exhibits three different components — two clumps in the plane of the sky (blue and red) and a

clump along the line of sight (green).

the lens B2114 which consists of eight members and has σ = 80+27
−24 . We com-

pare these to the groups found in the mock catalog. We do not find any groups

with σ < 100km s−1 but we do find two groups with σ = 122+96
−54km s−1 and

σ = 110+747
−95 km s−1 as well as five groups with σ < 200km s−1 . These seven

groups have between five and seven members and six of the seven are two-way

matches to real halos. We find that the galaxies assigned to these groups belong

to halos with masses between M = 6 × 1012M⊙ and 3 ×13 M⊙ and velocity dis-

persions between σ = 145km s−1 and 240km s−1 . We conclude that while their

velocity dispersions seem to be indeed underestimated (as expected) these low

velocity dispersion groups usually do correspond to real structures.
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3.9 Summary

We have presented a detailed description of the data acquisition and reduction as

well as a redshift catalog for a spectroscopic survey of the environments and lines

of sight of 28 strong galaxy-mass gravitational lenses. We describe our group

finding algorithm and test it in mock catalogs designed to resemble our obser-

vations. We find that 58% of the galaxies we assign to five and more member

groups are bona-fide members of virialized halos and only 11% of all the groups

we recover are completely spurious. Therefore we expect that the majority of

the groups and group galaxies we recover are real. The recovered centroids for

groups within 5’ of the center of the field are also acceptable. Finally, we find that

the recovered group catalog is not a fair sample of the population of groups as a

function of redshift or velocity dispersion.

In Section 7 we present the group catalogs of 163 groups with at least five

members which contains a total of 1659 galaxies. We find that ten (38%) of the

lens galaxies are assigned to groups of which four are newly found and at least

eight (31%) are in groups with σ > 200 km s−1 , consistent with arguments made

by Keeton et al. (2000). We discuss in detail three cluster-like structures found

in our data. Further analysis of the properties of these structures and especially

the supercluster in the B0712 field, while intriguing, is beyond the scope of this

work. Finally we note that the extremely low velocity dispersion groups found

in our catalog seem to correspond to real structures.
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CHAPTER 4

IMPLICATIONS FOR LENSING

We use data from our spectroscopic survey of strong gravitational lens fields to

quantify the effects of large-scale structure on the lensing potential. Between 38–

67% of lenses are in groups, and in 8–31% of the lenses the group makes a sig-

nificant contribution to the lens potential. Line-of-sight structures are present in

virtually every lens field, and in 19% of lenses the structures appear to be a sig-

nificant perturbation to the lens potential. We show for the first time the distribu-

tions of the integrated line-of-sight convergence and shear and find their mean

values over the sample: κlos ∼ 0.06 and γlos ∼ 0.03. We consider the effect of

the environment on H0 derived from gravitational lenses. We find that, when the

environment is ignored, lenses in groups predict a systematically higher value of

H0, inconsistent at the 1σ level with H0 derived from isolated lenses. Correcting

for the environment and line of sight structures brings the two values into agree-

ment and lowers the combined value (H = 66+3.4
−3.2). Without correction for the en-

vironment, the H0 values from strong lenses should be considered a strict upper

limit. We explore the correlation between the observed lens properties and ex-

ternal perturbations from the observational perspective. We find that four-image

lenses are statistically more likely to be in groups than two-image lenses. Further-

more, the distributions of convergences are statistically different for quads and

doubles. This finding strongly supports the idea that the high quad-to-double

ratios are at least partially due to the effect of the environment. We also examine

the connections between flux anomalies and environment and the correlations

between image separations and convergence. We find no significant links due to

the limitations of our sample.
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4.1 Introduction

Strong gravitational lenses have always had the potential to be important cosmo-

logical probes. With current samples of lenses large enough for statistical stud-

ies and future surveys expected to increase these samples by several orders of

magnitude, it is becoming increasingly important to understand and resolve the

issues that have undermined their use. Two of the main hindrances to accurate

lensing studies have been the poor knowledge of the environments in which the

lens galaxies reside and the almost complete ignorance of their lines of sight.

Theoretical predictions suggest that at least 25% of lenses are in groups with

velocity dispersions σ > 200 km s−1 (Keeton et al., 2000), but simulations dis-

agree on the magnitude of the environmental perturbations of the lens poten-

tial (Holder & Schechter, 2003; Dalal & Watson, 2004). There have been only

a few observational studies, typically limited to the immediate vicinity (< 1′ )

of the lens galaxy: clusters associated with the lens galaxy have been relatively

easy to identify (RXJ0911+551, Q0957+561, HST14113+5221, MG2016+112, and

SDSS1004 Kneib et al., 2000; Young et al., 1981b; Fischer et al., 1998; Soucail et al.,

2001; Oguri et al., 2004) but more frequently lens galaxies lie in sparsely popu-

lated groups that are most securely identified spectroscopically (MG0751+2716,

PG1115+080, B1422+231, B1608+656, MG154 and B2114, SBS 1520+530, B2319+051

and B1600+434, and B1608+656; Kundić et al., 1997a,b; Tonry, 1998; Tonry &

Kochanek, 1999; Fassnacht et al., 2005; Momcheva et al., 2006; Auger et al., 2008;

Fassnacht et al., 2006). Numerous suggestions of complex lens environments

have been made on the basis of photometry especially in the cases of newly

discovered wide-image separation lenses, but these results are less reliable than

spectroscopic studies. For many four-image lenses indirect evidence for a group

environment comes from the large external shears required to explain the im-
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age configurations (Keeton et al., 1997; Witt & Mao, 1997). However no uniform

survey exists. Keeton & Zabludoff (2004) show that if not handled properly, en-

vironments can cause biases and uncertainties in the quantities derived from lens

models: if the environment is neglected, then the Hubble parameter, the lens

mass, the image magnifications, small-scale structure constraints, and the ΩΛ con-

straints derived from lensing are all affected.

Lensing is sensitive to all mass located between the source and the observer.

Thus while many theoretical and observational studies have been geared towards

the immediate environments of the lens galaxies, line of sight (LOS) structures

can also contribute to the lensing potential. Seljak (1994) point out that large

scale structure can cause fluctuations in the light path between the lensed source

and the observer and find that, while the effect is small, it is larger than the obser-

vational errors. The magnitude of the effect of LOS structures has been estimated

to be on the order of 1% to 6% (Bar-Kana, 1996; Keeton et al., 1997). Observa-

tionally, very little is known about the lines of sight to most lenses (Momcheva et

al., 2006, and references therein). We find that in many cases even very massive

structures have been underestimated or completely missed (Chapter 3). Line-of-

sight structures should be ubiquitous because lenses are imbedded in the large

scale structure of the universe but the magnitude of their effect is unclear. The

small sample in Chapter 2 shows that while groups exist along the lines of sight

to most lenses very few of them contribute significantly to the lensing potential.

A systematic survey of a statistically significant sample of the environments

and line of sight to strong gravitational lens galaxies is clearly needed to ade-

quately address these issues. Here we present such a survey.

Theoretical studies also suggest that the environment affects not only the quan-

tities derived from lens models but also the observed lens properties. The pres-
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ence of environment changes the lensing cross-section (Keeton & Zabludoff, 2004),

which in turn can increase the relative number of four to two image lenses ac-

counting for the observed excess of quads in some lens samples. The image sep-

arations can also be boosted by the presence of the environment (Oguri et al.,

2005a). Finally, dark matter substructure from the group halo can cause the flux

anomalies normally attributed to substructure in the halo of the lens galaxy itself

(Oguri, 2005). As a result the properties of galaxy halos — masses, mass pro-

files, substructure — that we infer from such lensing studies will be undermined.

Observational confirmation of these theoretical models is still lacking. We use

our sample to explore the correlation between the observed four fundamental

observed lens properties — image configuration, image separation, flux anomaly

and time delay — with environment for the first time.

In addition to the observed lens properties, we address the long standing

issue of the Hubble parameter derived from gravitational lensing. Determin-

ing H0 from gravitational lens time delays is independent of the local distance

ladder, however the results have been notoriously discrepant with H0 derived

from other methods. The values of H0 derived from single lenses are know to

vary widely, but ensemble averaged values are generally consistent with local

estimates (Oguri, 2007b). The presence of environment which has not been ac-

counted for affects the time delays and leads to an overestimate of the Hubble

parameter. Having measured the properties of the environments and lines of

sight of ten time delay lenses, we explore these effects on the value of H0 derived

from a large sample of lenses.

This Chapter is organized as follows. In Section 2 we present the sample of

gravitational lenses we have studied. In Sections 3 and 4 we briefly summarize

the survey we have carried out, the data employed and the basic analysis meth-
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ods. In Section 5 we present the observational results from the survey, namely the

properties of the environments and line of sight of strong lens galaxies and their

effects on the lensing potential. We also discuss isolated lenses. In Section 6 we

discuss the observed distributions of shears and convergences, compare the ob-

servations with theoretical models and consider the source of the model-required

shears and the mass partition. In Section 7 we explore the effects of the envi-

ronment and LOS structures on the observed properties of the lenses — image

separation, image configuration, time delay and flux anomalies. We also esti-

mate the effect of the environment on the value of the Hubble parameter. Finally,

in Section 8, we summarize our conclusions. Throughout this Chapter we use

Ωm = 0.3, ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1 (except for Section 7.1 where H0 is

a free parameter). All distances are angular diameter distances unless specified

otherwise.

4.2 The Sample

Our sample consists of 26 strong gravitational lenses, all of galaxy mass and from

the CASTLES sample. Table 4.1 summarizes the properties of the lenses in the

sample. The redshifts of the lens galaxies range from 0.1 to 0.9. We include the

eight systems presented in Chapter 2. Of the 26 lenses, 12 are two-image sys-

tems, ten are four-image, three have Einstein rings and one system possibly has

two pairs of images of two different sources (B2114). One of the lens galaxies

is a spiral (B1600), while the rest have early type morphologies. Time delays

have been measured for ten of the lenses: HE0435, FBQ0951, HE1104, PG1115,

RXJ1131, B1422, SBS1520, B1600, WFI2033 and HE2149 (Kochanek et al., 2006;

Jakobsson et al., 2005; Ofek & Maoz, 2003; Poindexter et al., 2007; Bar-Kana, 1997;

Morgan et al., 2006; Patnaik & Narasimha, 2001; Burud et al., 2002a; Koopmans
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et al., 2000; Vuissoz et al., 2008; Burud et al., 2002b).
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Table 4.1. Gravitational Lens Galaxies

Lens RAb Decb zl Ib zs
b ∆t Imagesb,d kTX σr

(J2000) (J2000) [mag] [days] [KeV] [km s−1 ]

Q 0047−2808 00:49:41.89 −27:52:25.7 0.485 20.5 3.595 - 4ER

Q J0158−4325 01:58:41.44 −43:25:04.20 - 18.91 1.290 - 2

HE 0435−1223 04:38:14.9 −12:17:14.4 0.455 18.05* 1.689 14.4±0.8? 4

B0712+472 07:16:03.58 +47:08:50.0 0.406 19.56 1.34 - 4

MG 0751+2716 07:51:41.46 +27:16:31.35 0.349a 21.26 3.20 - R - -

FBQ 0951+2635 09:51:22.57 +26:35:14.1 0.260 19.67 1.24 - 2 -

BRI 0952−0115 09:55:00.01 −01:30:05.0 0.632c 21.21 4.50 - 2 - -

Q 1017−207 10:17:24.13 −20:47:00.4 (0.78) 21.82 2.545 - 2

HE 1104−1805 11:06:33.45 −18:21:24.2 0.729 20.01 2.319 152.2+2.8
−3.0 2

PG 1115+080 11:18:17.00 +07:45:57.7 0.310 18.92 1.722 25.0±2.0 4 0.8±0.2 270±70

MG 1131+0456 11:31:56.48 +04:55:49.8 0.844 21.21 (2.0) - 2R

RX J1131−1231 11:31:51.6 −12:31:57 0.295 17.88 0.658 87±8? 4

B1152+200 11:55:18.3 +19:39:42.2 0.439 19.26 1.019 - 2

HST12531−2914 12:53:06.70 −29:14:30.0 (0.69) 21.83 - - 4

LBQ 1333+0113 12:53:06.70 −29:14:30.0 0.440 20.05 1.570 - 2
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While this is the first systematic survey of the environments of strong lenses,

there have been several similar studies on smaller scales that have targeted some

of the lenses in our sample one lens at a time. In fact, for 15 of the 26 lenses in the

sample there have been previous suggestions or observations of complex envi-

ronments. A number of these studies have included spectroscopy, which allows

for a secure association between the lens galaxy and the observed structures. In

Chapter 2, where we present early results from this survey, we found that the lens

galaxies of MG1654 and B2114 are group members, and increased the member-

ship of the groups associated with MG0751, PG1115, B1422. Additionally, Mor-

gan et al. (2005) suggest a spiral rich group in the vicinity of HE0435; however the

18 redshifts they measure do not reveal a coherent structure associated with the

zl = 0.4546 lens galaxy. Auger et al. (2006) find that the B1600 edge-on spiral lens

at zl = 0.414 belongs to a group of 6 late-type members with σ = 100± 40km s−1.

Spectroscopy in the vicinity of the SBS1520 lens by Auger et al. (2008) finds a

group at z = 0.758 (13 members, 465 km s−1 ) that may include the lens galaxy;

however, uncertainties in the redshift of the lens preclude a secure association.

The only lens in a cluster in our sample, the z = 0.46 HST14113 lens galaxy, is

a suspected member of the CL 140933+5226 (a.k.a. 3C 295) cluster (σ = 1300

km s−1 , Dressler & Gunn (1992)). Finally, Fassnacht & Lubin (2002a) target the

environment of B0712 and find no group associated with the lens.

A number of photometric studies have also probed the lens environments.

In Williams et al. (2006) we find groups that might be associated with the lens

galaxies of FBQ0951 and RXJ1131. Kneib et al. (1998a) and later Faure et al. (2004)

find that the H1413 zl ∼ 0.9 lens galaxy may be associated with a z = 0.8 ± 0.3

over-density of red galaxies. Faure et al. (2004) also suggest that the z = 0.5± 0.1

overdensity in the field of Q0158 may be associated with the lens galaxy. WFI2033
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Table 4.1—Continued

Lens RAb Decb zl Ib zs
b ∆t Imagesb,d kTX σr

(J2000) (J2000) [mag] [days] [KeV] [km s−1 ]

Q 1355−2257 13:53:06.35 +11:38:04.7 0.702 19.04 1.370 - 2

HST14113+5211 14:11:19.60 +52:11:29.0 0.465 19.99 2.811 - 4

H1413+117 14:15:46.40 11:29:41.4 (0.9) 18.61 2.550 - 4

B1422+231 14:24:38.09 +22:56:00.6 0.338 19.66 3.620 8.2±2.0 4 1.0+inf
−0.3 550±50

SBS1520+530 15:21:44.83 +52:54:48.6 0.710 20.16 1.855 129.0±3.0? 2

MG 1549+3047 15:49:12.37 +30:47:16.6 0.111 16.70 1.170 - R

B1600+434 16:01:40.45 +43:16:47.8 0.414 20.78 1.589 51.0±2.0? 2

MG 1654+1346 16:54:41.83 +13:46:22.0 0.254a 17.9 1.740 - R - -

WFI 2033−4723 16:09:13.96 +65:32:29.0 0.661 19.71* 1.660 62.6+4.1
−2.3 4

B2114+022 21:16:50.75 +02:25:46.9 0.316a 18.63 - - 2+2 - -

0.588 -

HE 2149−2745 21:52:07.44 −27:31:50.2 0.495 19.56 2.033 103.0±12.0 2 - -

aData from this work

bData from the CASTLES website: http://cfa-www.harvard.edu/castles/

cPhotometric redshift

dR means an Einstein ring.
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is another lens where a complicated environment of at least six galaxies within

20” (Morgan et al., 2004) may be responsible for the large shear γ = 0.225 re-

quired by the models. Lastly, Kochanek et al. (2000a) suggest that the lens galaxy

MG1131 is the brightest member of a group of at least seven galaxies with similar

R-I and H-I colors where two of these galaxies are close to the lens galaxy and

may be responsible for the ring perturbations.

The environments of the following eight lenses have not been examined prior

to this work: Q0047, Q1017, B1152, HE1104, HST12531, LBQ1333, Q1355 and

MG1549. The large shears required by models may also be indicative of environ-

mental issues in Q1017, HE1104 and HST12531.

In addition to structures associated with the lens galaxies, line-of-sight struc-

tures have also been observed in a number of fields. In Chapter 2 we list notable

structures in the fields of MG0751 (z = 0.56, 550 km s−1 ), PG1115 (z = 0.49, 300

km s−1 ), B1422 (z = 0.28, 400 km s−1 ) and HE2149 (z = 0.27, 0.45 , 0.60 with

velocity dispersions of 400 km s−1 , 180 km s−1 , and 150 km s−1 , respectively).

In MG1131 Tonry & Kochanek (2000) measure redshifts for 3 galaxies in the field

and find evidence for a foreground group at z = 0.343 with σ = 232km s−1.

Besides the group associated with the lens galaxy, Auger et al. (2006) also find

three groups (z = 0.265, 0.426 and 0.52) along the line of sight to B1600. Tar-

geting the environment of the lens B0712, Fassnacht & Lubin (2002a) found a

foreground group of 10 members at z = 0.2909 and measured its velocity dis-

persion σ = 306+110
−58 km s−1. Our photometric survey (Williams et al., 2006) finds

line-of-sight red sequences in the fields of FBQ0951 (z = 0.16, 0.27, 0.43), PG1115

(z = 0.26), and RXJ1131 (z = 0.19). The photometric survey conducted by Faure

et al. (2004) finds over-densities in the fields of HE1104 (1.95 ≤ z ≤ 2.1, possibly

associated with the z = 2.33 source quasar), and HE2149 (z = 0.7 ± 0.1).
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4.3 The Data

Our data are presented in Chapter 3. Here we summarize some relevant de-

tails. Between May 2002 and January 2006 we obtained imaging in two bands

— Cousins I and either Cousins R or Johnson V — of all fields, using the 36’x36’

MOSAIC imagers on the CTIO Blanco and the KPNO Mayal 4-m telescopes. The

imaging was reduced using standard IRAF1 and SExtractor routines (Bertin &

Arnouts, 1996), and colors and magnitudes were derived. For a more detailed

description of the photometric reduction and analysis see Williams et al. (2006,

2009).

We obtain follow-up spectroscopy for color-magnitude selected objects. We

used the algorithm described in Williams et al. (2006) to identify red sequences in

a cone of radius ∼ 0.5 Mpc around the lens in each field. The red sequence galax-

ies were given highest priority for follow-up. We constructed color-magnitude

diagrams of all objects within 5’ of the lens and further prioritized objects based

on color and distance from the lens. Objects with colors between the color of a

red L∗ galaxy plus 3σ at the redshift of the furthest red sequence and the color

of a starburst galaxy at our limiting magnitude at the redshift of the closest red

sequence were given highest priority. Objects with colors outside this specified

range but within 5’ of the lens were given lower priority. Objects outside 5’ were

given even lower priority based on their color and distance from the lens. The

limiting magnitude for spectroscopic follow-up was I = 21.5 in all observing

runs prior to Spring 2006 and I = 20.5 for the subsequent runs. We assigned

slits/fibers to the targets in the prioritized catalogues using the instrument spe-

cific software packages.

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities or Research in Astronomy, Inc., under cooperative agreement
with the National Science Foundation.
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The follow-up spectroscopy was obtained in the course of 15 observing runs

between Spring 2003 and Spring 2006. The southern targets were observed with

the 6.5-m Magellan I and II telescopes using the LDSS2, LDSS3 and IMACS multi-

object spectrographs. The northern targets were observed with the 6.5-m MMT

telescope and the Hectospec multi-fiber spectrograph. We used standard routines

(COSMOS, written by D. Kelson and HSRED, written by R. Cool) to carry out the

data reduction. The redshifts are determined using a cross-correlation technique.

Each spectrum has been visually examined to verify the redshift measurement.

Redshifts measured from repeat observations of objects have been used to make

sure no biases are present in the data-sets obtained with different instruments.

Herein we use the redshifts for 9651 objects measured in these 26 fields. We

also add 785 redshifts in these 26 fields found in NED. The full spectroscopic sam-

ple employed here consists of 10,436 different objects. As described in Chapter 3

we find 151 groups with at least five members in the spectroscopic catalog. When

discussing the structures in the 26 fields we refer to these groups. We also use the

group properties — redshifts, centroids, velocity dispersions and memberships

— as determined in Chapter 3.

4.4 The Methods

In order to estimate the effects of the environments, we take two different ap-

proaches - qualitative and quantitative.

In the qualitative approach we simply consider whether the lens galaxy is in

a group or not. We then compare the properties of lenses in groups and lenses

not in groups. This qualitative approach is motivated by the uncertainty in esti-

mating the lens environment properties. Spectroscopic incompleteness may af-

fect our ability to quantify significant contributions to the lens potential. Sparse
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sampling of groups for example leads to underestimating the velocity dispersion

(Zabludoff & Mulchaey, 1998a), errors in the centroid position and omission of

group members close to the lens. However, the presence of a group in the first

place is unequivocal, although its properties are affected by incompleteness.

For the quantitative approach we use the methods employed previously in

Chapter 2. The effect of the environment can be divided into two components:

convergence and shear. The convergence, κ = Σ/Σcrit is a measure of the uniform

surface mass density contributed by the environment relative to the critical sur-

face mass density for lensing Σcrit (for strong lensing to occur, κ > 1 is required).

The shear γ is equivalent to a tidal distortion caused by the non-uniformity of

the mass distribution of the environment. The shear and convergence due to a

perturbing potential φpert can be expressed in terms of the potential derivatives:

κ =
1

2

(

∂2φpert

∂x2
+

∂2φpert

δy2

)

, (4.1)

γc =
1

2

(

∂2φpert

∂x2
− ∂2φpert

∂y2

)

, (4.2)

γs =
∂2φpert

∂x ∂y
(4.3)

γ =
√

γ2
c + γ2

s (4.4)

θγ =
1

2
tan−1γs

γc
(4.5)

Here γ is the shear strength, and θγ is the shear direction measured North through

East.

We use two different models for the group mass distribution to calculate the

convergence and shear due to the envirionment. In the ”halo model” we assume

the total mass of the group is in a common group halo. We model the halo as a

singular isothermal sphere (SIS) for which it is straightforward to relate measur-

able quantities — the velocity dispersion σ of the group and its impact parameter
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b — to κ and γ:

κ = γ = 1.44 × 10−5

(

1”

b

)(

σ

km/s

)2
D(zl, zs)

D(0, zs)
(4.6)

This model resembles the mass distribution expected of a dynamically evolved

group where the member galaxies have been stripped of their dark matter halos.

The errors on κ and γ in this model are calculated via error propagation, using

the estimated errors on the group velocity dispersion and centroid.

At the opposite end of the mass partition range, in the ”galaxies model”, we

assume that all the mass is in the member galaxies and there is no group halo.

This model approximates the mass partition expected of a dynamically young

group. Here each galaxy is approximated with a power law density profile cali-

brated by weak lensing. We use the power law profiles derived from the analysis

of galaxy-galaxy weak lensing in the Sloan Digital Sky Survey done by Sheldon

et al. (2005), who find that the shear profile is consistent with a power simple

power law:

γ(R) =
A

Σcrit

R−α. (4.7)

Sheldon et al. (2005) tabulate the values of α and A for three different luminosity

bins. However, 95% of all galaxies in our survey fall into their middle luminosity

bin, and we use the parameters for the middle bin for all of our galaxies. The

convergence in this model can be calculated from the shear:

κ(R) =
2 − α

α
γ(R) (4.8)

The convergences and shears of the individual galaxies are then coadded to com-

pute the net group effect:

κtot =
∑

i

κi (4.9)

γc,tot =
∑

i

γicos2θi, γs,tot =
∑

i

γisin2θi (4.10)
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γ =
√

γ2
s,tot + γ2

c,tot, θ =
1

2
tan−1

(

γs,tot

γc,tot

)

(4.11)

The errors on κ and γ in this model are calculated using the jackknife method.

The two extrema of the mass partition do not necessarily bracket the possi-

ble values of the convergence and shear. The shear in particular may be a non-

monotonic function of the mass partition. In the models considered here we do

not require that the total mass of the group in the halo limit is equal to the sum

of the masses of the member galaxies because this partition may be strongly in-

fluenced by the completeness of the spectroscopic catalog. The issues of the mass

partition will be considered elsewhere (Wong et al., in prep.).

Line-of-sight (LOS) structures are ubiquitous as pointed out in Chapter 2,

however, their effects depend strongly on their redshift and angular offset from

the lens galaxy. Therefore, we only consider the quantitative limit for them. Kee-

ton (2003) show that the effects of an LOS structure at z = zpert can be reduced to

effective convergence κeff and effective shear γeff in the lens plane which for small

values of κ and γ can be written as:

κeff

κ
≈ γeff

γ
≈ (1 − β) (4.12)

β =
D(z1, z2)

D(0, z2)

D(0, z2)

D(z1, z2)
(4.13)

where z1 = min(zl, zpert), z2 = max(zl, zpert) (4.14)

Ultimately, light makes no distinction between mass at the redshift of the lens

galaxy and mass along the line of sight. In fact, it is frequently the integrated ef-

fect that matters. The net effects of multiple LOS structures can then be calculated

in the manner shown in Eqs. 9-11 above. Similarly to the lens groups, we use the

halo and galaxies models for LOS structures.

So far we have only considered the galaxies assigned to groups. However,

only a small fraction of the galaxies in the spectroscopic catalog are assigned to
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groups (∼ 10%). Furthermore, isolated galaxies can also contribute significant

convergences and shears if they are positioned close to the lens galaxy in redshift

and impact parameter. Therefore, we also calculate the convergence and shear

due to all galaxies in the spectroscopic catalog using the galaxies model described

above.

Models of four-image lenses lead to the rule of thumb that a shear of γ ∼ 0.1

is common for groups, and γ ∼ 0.3 for clusters. It has been previously pointed

out that κ ≥ γ because of the way convergence and shear add when there is more

than one perturber: κ is a scalar, so multiple convergences simply add; while γ

is a tensor, so multiple shears may add or cancel (Momcheva et al., 2006, Section

6.2 below).

Strictly speaking the shear can be greater that the convergence (Dalal & Wat-

son (2004), their Figure 3). In the case of a tidally truncated halo that does not

overlap the line of sight to the lens, its convergence will be zero but its shear will

be nonzero. Also, in the outskirts of NFW halos, γ > κ (Oguri et al., 2005a). We

have previously shown that including halo truncation does not alter our results

(Chapter 2), thus we postpone these consideration for future work (Wong et al.,

in prep.).

Many lensing conclusions scale as (1−κ) to some power (Keeton & Zabludoff,

2004; Momcheva et al., 2006), which can help us estimate the biases. For example,

if a lens has convergence κ ∼ 0.1, then lens models that omit the convergence will

overestimate H0 by ∼10%. Hence, we consider convergences and shears larger

than ∼0.1 to be significant, and values down to ∼0.05 to be notable.
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4.5 The Results

The environments and lines of sight of many of the strong lenses in our survey

have not been characterized previously. Thus we first explore the immediate en-

vironment of the lenses and identify whether they are in groups or clusters. The

improved spectroscopic sampling over Chapter 2 would allow us to determine

improved group properties for the groups associated with the group galaxies.

We further calculate the convergences and shears due to the environments and

point out the lenses where the environmental perturbation is significant. We also

examine the lines of sight of the lenses and identify significant LOS structures.

The size of the sample allows us to determine the fractions of lenses in groups

and lenses where the environment and LOS structures cause significant pertur-

bations to the lens potential.

4.5.1 Lens Environments

We find that at least ten of the lenses in our sample are in groups. Table 4.2 lists

the properties of the groups that include the lens galaxies. The majority of group

properties listed in Table 4.2 are from Chapter 3. We also list the properties from

Auger et al. (2008) and Auger et al. (2006) for the groups associated with the B1600

and SBS1520 lens galaxies respectively, which brings the number of lenses in pos-

sible groups up to twelve. In the case of SBS1520 we do not detect the group. We

suspect this is due to the high incompleteness of our spectroscopy; the lack of

published coordinates and redshifts in Auger et al. (2006) preclude further test-

ing of this hypothesis. In the case of B1600 our group finding algorithm does not

converge on a group associated with the lens galaxy. The low number of mem-

bers and the low velocity dispersion suggest that the group found by Auger et

al. (2006) may not be bound. For now we use their determined group properties.
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Table 4.2. The environments of lens galaxies

Lens Ngrp αC δC ∆C b [”] zg zg,err σg Refs.

Q0047 9 12.426 -27.864 ±1.1e-02 36 0.4861 4.3e-04 343+104
−81 1

HE0435 11 69.562 -12.289 ±1.3e-02 7 0.4552 5.7e-04 519+107
−89 1

MG0751 30 117.909 27.288 ±1.1e-02 63 0.3503 3.2e-04 504+97
−82 1

PG1115 13 169.562 7.764 ±0.8e-02 31 0.3096 4.0e-04 393+80
−67 1

RXJ1131 27 172.898 -12.5687 ±0.7e-02 266 0.2936 2.9e-04 416+92
−76 1

HST14113 44 212.823 52.202 ±0.7e-02 43.0 0.4615 1.2e-03 650+500
−500 1

B1422 19 216.179 22.934 ±1.0e-02 43 0.3388 3.8e-04 465+79
−68 1

SBS1520 13 230.409 52.923 - 70 0.756 - 465±86 2

B1600 6 240.417 43.296 - 57 0.415 - 100 ± 40 3

MG1654 8 253.664 13.788 ±0.6e-02 66 0.2522 2.3e-04 125+45
−41 1

WFI2033 14 308.448 -47.367 ±0.6e-02 116 0.6598 4.4e-04 455+74
−65 1

B2114 8 319.215 2.416 ±0.3e-02 49 0.3143 1.6e-04 77+30
−28 1

Note. — References: Chapter 3 (1); Auger et al. (2008) (2); Auger et al. (2006) (3)

We discuss this issue in more detail below. The projected spatial distributions of

the galaxies in the vicinities of the lens galaxies are shown in Figures 4.1 and 4.2.

The range of lens environments spans the full range of properties of the groups

in our sample. The velocity dispersions range from 77 km s−1 to 650 km s−1 and

the number of members ranges from 6 to 44. The additional spectroscopy in

the fields from Chapter 2 has increased the membership of the groups identified

there, most dramatically in the case of MG0751 where we have identified 17 new

group members. Both from the offset of the lens from the group centroid b in

Table 4.2 and from Figures 4.1 and 4.2 we notice that the lens galaxies are usu-
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Figure 4.1 Spatial distributions of the galaxies in the groups (black squares) associated with the

lenses (crosses) Q0047, HE0435, MG0751, PG1115, RXJ1131 and HST14113. All other galaxies in

groups are marked by dots. The plots are centered on the group centroid.
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Figure 4.2 Same as Figure 4.1 for the fields of B1422, SBS1520, B1600, MG1654, WFI2033 and

B2114. Note that for SBS1520 and B1600 we do not find groups associated with the lens in our

data. Instead we center the plots on the lens galaxy and plot all galaxies within z ± 0.003 of the

lens with black squares.
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ally not in the center of the group, and in some cases are actually in the group

outskirts.

In Table 4.3 we show the convergences and shears from the groups associ-

ated with the lens galaxy (marked with †). In the halo model we find that the

groups associated with HE0435 and HST14113 definitely exceed the κ = γ > 0.05.

Additionally, another four lens groups exceed the limit within their 1σ errors:

Q0047, MG0751, PG1115, and B1422. In the galaxies model the shears are typi-

cally smaller that the convergences as a result of adding up several different con-

tributions that may partially cancel each other. The convergences are κ > 0.05 in

six lenses: MG0751, PG1115, RXJ1131, HST14113, B1422 and B2114, four of which

were already singled out by the halo model. These results are consistent with the

findings of Chapter 2, where MG0751, PG1115 and B1422 were already singled

out as lenses whose potentials are significantly perturbed by the environment.
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Table 4.3. Table of groups and γ, κ and total γ, κ per field.

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

Q0047

1 0.118 5 736 273 2.89E-04+5.12E−04
−2.81E−04 59± 7 1.57E-03± 7.48E-05 6. 95E-04± 9.16E-05 59± 3

3 0.195 6 522 253 5.66E-04+6.16E−04
−4.11E−04 -112± 5 4.22E-03± 1.88E-04 2. 02E-03± 2.52E-04 70± 1

4 0.196 17 226 377 2.92E-03+1.01E−03
−9.34E−04 76± 7 2.17E-02± 6.23E-04 5. 27E-03± 8.20E-04 83± 0

7 0.239 7 701 391 1.22E-03+7.36E−04
−5.85E−04 -83± 5 4.56E-03± 1.84E-04 2. 59E-03± 3.37E-04 -82± 0

8 0.308 11 313 365 3.00E-03+1.81E−03
−1.45E−03 -125± 6 1.71E-02± 5.73E-04 8. 53E-03± 5.73E-04 53± 0

11† 0.484 9 36 343 3.38E-02+4.12E−02
−3.91E−02 7± 36 4.16E-02± 1.66E-03 7. 41E-03± 1.96E-03 6± 0

13 0.538 6 91 177 3.07E-03+2.28E−03
−1.78E−03 -82± 4 1.97E-02± 8.64E-04 3. 03E-03± 6.91E-04 75± 1

Total 0.045+0.041
−0.039/ 0.027+0.039

−0.011 13+21
−20 0.110± 0.002 0.016± 0.003 59± 5

Q0158

4 0.678 6 122 421 1.77E-03+1.42E−03
−1.11E−03 -9± 12 2.09E-03± 9.11E-05 1. 04E-03± 1.77E-04 -6± 0
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

Total 0.002+0.001
−0.001/ 0.002+0.001

−0.000 -9+10
−7 0.002± 0.000 0.001± 0.000 -7± 3

HE0435

1 0.186 7 190 427 3.49E-03+2.51E−03
−2.36E−03 49± 21 7.41E-03± 3.35E-04 2. 20E-03± 4.27E-04 68± 5

2 0.319 5 282 376 3.00E-03+3.24E−03
−2.21E−03 -239± 9 6.14E-03± 3.07E-04 1. 52E-03± 5.15E-04 -62± 14

3 0.376 6 52 342 1.57E-02+5.94E−02
−3.13E−02 -75± 46 2.20E-02± 1.01E-03 7. 81E-03± 1.04E-03 46± 1

4† 0.455 11 7 518 2.95E-01+1.78E+00
−1.78E+00 -189± 76 4.57E-02± 2.29E-03 1. 77E-02± 1.62E-03 -24± 0

5 0.506 14 242 504 6.74E-03+2.13E−03
−1.93E−03 15± 5 1.81E-02± 5.37E-04 4. 61E-03± 9.36E-04 6± 2

Total 0.324+1.784
−1.782/ 0.286+1.681

−0.599 -10+82
−81 0.099± 0.003 0.014± 0.004 -9± 8

B0712

2 0.294 231 49 1176 2.06E-01+1.69E−01
−1.69E−01 -84± 24 2.65E-01± 3.33E-03 2.58E-02 ± 3.33E-03 61± 0

3 0.494 5 430 396 1.75E-03+5.41E−03
−2.14E−03 -184± 2 3.46E-03± 1.68E-04 2.01E-03 ± 3.54E-04 -2± 0
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

Total 0.207+0.169
−0.169/ 0.204+0.166

−0.029 -84+5
−5 0.268± 0.003 0.025± 0.004 59± 4

MG0751

3 0.249 10 227 381 5.28E-03+4.39E−03
−3.25E−03 -52± 8 2.32E-02± 9.04E-04 7.48E-03 ± 9.15E-04 -53± 0

4† 0.350 30 63 503 4.51E-02+3.30E−02
−3.16E−02 -44± 23 1.74E-01± 5.66E-03 4.48E-02 ± 7.73E-03 80± 0

6 0.559 8 23 260 1.58E-02+1.18E−02
−1.03E−02 17± 16 3.79E-02± 2.14E-03 1.10E-02 ± 2.04E-03 -76± 0

Total 0.066+0.035
−0.033/ 0.043+0.009

−0.032 -36+9
−8 0.235± 0.006 0.054± 0.006 89± 3

FBQ0951

1 0.084 10 203 470 3.70E-03+3.66E−03
−3.49E−03 -128± 30 3.34E-03± 1.14E-04 5. 67E-04± 1.29E-04 -42± 6

2 0.103 5 588 88 5.41E-05+4.22E−05
−3.04E−05 -233± 1 2.77E-03± 1.32E-04 1. 58E-03± 8.99E-05 -54± 0

3 0.131 8 51 200 4.10E-03+5.55E−03
−5.50E−03 1± 42 1.77E-02± 7.11E-04 2. 22E-03± 7.73E-04 4± 2

5 0.213 8 732 263 7.81E-04+5.64E−04
−4.15E−04 -33± 1 7.57E-03± 2.86E-04 4. 15E-03± 2.56E-04 -34± 0
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

7 0.260 6 99 82 6.75E-04+1.59E−03
−7.36E−04 83± 5 2.87E-02± 1.27E-03 1. 21E-02± 1.58E-03 76± 0

8 0.260 15 484 300 1.84E-03+1.47E−03
−1.07E−03 -129± 5 2.20E-02± 6.13E-04 9. 94E-03± 6.71E-04 50± 0

9 0.306 10 569 374 1.79E-03+9.81E−04
−7.77E−04 -64± 3 9.42E-03± 3.19E-04 4. 79E-03± 3.97E-04 -62± 0

10 0.312 35 490 418 2.51E-03+6.91E−04
−6.11E−04 -238± 1 3.89E-02± 7.36E-04 2. 01E-02± 7.55E-04 -58± 0

14 0.354 5 519 393 1.61E-03+1.49E−03
−1.03E−03 -244± 3 3.64E-03± 1.73E-04 2. 12E-03± 2.22E-04 -64± 0

16 0.390 13 24 241 1.04E-02+1.24E−02
−1.21E−02 -173± 37 3.79E-02± 1.46E-03 5. 77E-03± 1.62E-03 37± 0

23 0.555 9 503 465 6.73E-04+5.01E−04
−3.67E−04 -97± 2 1.60E-03± 5.69E-05 8. 09E-04± 1.10E-04 85± 2

24 0.642 6 263 368 4.45E-04+4.16E−04
−2.89E−04 42± 5 7.00E-04± 3.10E-05 3. 68E-04± 3.50E-05 36± 4

Total 0.029+0.014
−0.014/ 0.009+0.013

−0.005 9+20
−19 0.174± 0.002 0.023± 0.003 -80± 4

BRI0952

3 0.138 8 329 405 1.30E-03+1.74E−03
−1.11E−03 -74± 12 3.27E-03± 1.31E-04 6. 57E-04± 1.79E-04 -39± 0

6 0.421 9 13 307 5.25E-02+8.12E−02
−7.72E−02 -97± 42 3.09E-02± 1.13E-03 5. 98E-03± 1.56E-03 -49± 0

7 0.473 8 193 432 7.88E-03+3.94E−03
−3.29E−03 87± 6 1.61E-02± 6.20E-04 7. 03E-03± 1.04E-03 85± 0
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

9 0.632 8 123 564 2.68E-02+2.06E−02
−1.65E−02 -132± 13 2.42E-02± 1.03E-03 4. 17E-03± 1.27E-03 -26± 0

Total 0.088+0.084
−0.079/ 0.074+0.078

−0.028 73+18
−17 0.075± 0.002 0.010± 0.002 -60± 6

Q1017

1 0.224 5 713 370 4.48E-04+5.50E−04
−3.46E−04 -197± 3 1.34E-03± 6.43E-05 7. 18E-04± 9.92E-05 -16± 3

3 0.258 29 640 403 6.77E-04+1.86E−04
−1.65E−04 -205± 1 9.53E-03± 1.91E-04 4. 91E-03± 2.41E-04 -26± 0

4 0.284 9 59 277 3.81E-03+1.72E−03
−1.63E−03 51± 12 9.31E-03± 3.52E-04 4. 33E-03± 3.96E-04 52± 0

5 0.295 8 704 215 1.98E-04+9.62E−05
−8.13E−05 -142± 1 2.74E-03± 1.04E-04 1. 57E-03± 6.64E-05 38± 0

6 0.295 5 524 340 6.68E-04+5.27E−04
−3.92E−04 85± 6 2.12E-03± 1.02E-04 1. 14E-03± 1.80E-04 84± 2

7 0.305 8 635 577 1.64E-03+2.36E−03
−1.39E−03 78± 4 3.00E-03± 1.14E-04 1. 60E-03± 1.94E-04 78± 1

10 0.458 7 261 358 2.21E-03+1.56E−03
−1.23E−03 -79± 9 7.34E-03± 3.40E-04 3. 48E-03± 5.86E-04 -86± 0

11 0.458 7 761 377 8.36E-04+5.02E−04
−3.92E−04 -229± 2 2.90E-03± 1.17E-04 1. 62E-03± 8.30E-05 -48± 0

Total 0.010+0.003
−0.003/ 0.005+0.003

−0.002 76+13
−10 0.038± 0.001 0.003± 0.001 88± 6
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

HE1104

1 0.133 9 194 896 6.71E-03+7.64E−03
−7.18E−03 56± 31 1.99E-03± 7.29E-05 5.17 E-04± 8.45E-05 76± 4

2 0.152 10 434 324 4.09E-04+3.27E−04
−2.41E−04 -186± 6 2.57E-03± 8.96E-05 1.93 E-04± 9.50E-05 -3± 37

3 0.349 6 577 212 2.86E-04+2.90E−04
−1.97E−04 -62± 1 2.75E-03± 1.20E-04 1.58 E-03± 1.47E-04 -62± 0

4 0.349 6 577 212 2.86E-04+2.90E−04
−1.97E−04 -62± 1 2.75E-03± 1.20E-04 1.58 E-03± 1.47E-04 -62± 0

5 0.482 5 480 320 1.04E-03+3.69E−03
−1.34E−03 -69± 2 3.18E-03± 1.52E-04 1.81 E-03± 2.64E-04 -71± 1

6 0.491 8 727 311 6.64E-04+3.47E−04
−2.81E−04 -133± 1 3.73E-03± 1.41E-04 2.12 E-03± 8.02E-05 45± 0

7 0.493 11 289 572 5.67E-03+5.08E−03
−3.61E−03 51± 6 1.23E-02± 4.82E-04 4.17 E-03± 6.85E-04 56± 0

8 0.521 5 657 462 1.70E-03+2.37E−03
−1.41E−03 60± 2 2.56E-03± 1.22E-04 1.47 E-03± 1.50E-04 60± 1

9 0.517 7 167 304 2.88E-03+1.81E−03
−1.45E−03 -62± 7 9.44E-03± 3.83E-04 3.35 E-03± 4.21E-04 -64± 0

10 0.515 5 464 362 1.46E-03+2.10E−03
−1.24E−03 -141± 3 3.33E-03± 1.59E-04 1.93 E-03± 7.99E-05 39± 0

13 0.534 8 217 670 1.12E-02+4.65E−03
−4.11E−03 -72± 7 9.59E-03± 3.69E-04 4.13 E-03± 5.92E-04 -77± 0

Total 0.032+0.012
−0.009/ 0.017+0.006

−0.010 81+16
−13 0.054± 0.001 0.012± 0.001 87± 3
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

PG1115

2 0.042 7 289 95 4.56E-05+3.83E−05
−3.34E−05 -126± 14 2.25E-03± 1.03E-04 2.41 E-04± 8.99E-05 -10± 0

4 0.151 5 517 442 1.94E-03+2.42E−03
−1.56E−03 61± 10 3.37E-03± 1.61E-04 6.73 E-04± 2.48E-04 67± 0

5 0.160 9 681 473 1.78E-03+7.56E−04
−6.45E−04 -91± 5 5.99E-03± 2.13E-04 3.19 E-03± 3.59E-04 87± 0

7† 0.310 13 31 392 4.95E-02+5.07E−02
−4.96E−02 -105± 33 6.34E-02± 3.16E-03 2.76 E-02± 3.73E-03 65± 0

8 0.482 17 761 415 9.55E-04+2.73E−04
−2.40E−04 -98± 0 6.50E-02± 3.16E-03 2.88 E-02± 3.73E-03 65± 0

9 0.486 13 32 300 1.15E-02+7.20E−03
−6.73E−03 8± 17 1.39E-02± 4.69E-04 5.03 E-03± 6.50E-04 61± 0

10 0.486 13 32 300 1.15E-02+7.20E−03
−6.73E−03 8± 17 1.06E-02± 4.54E-04 3.76 E-03± 6.00E-04 52± 0

Total 0.077+0.052
−0.051/ 0.042+0.044

−0.025 62+27
−26 0.165± 0.005 0.067± 0.005 65± 2

MG1131

2 0.086 6 649 410 1.66E-04+1.39E−04
−1.07E−04 -95± 12 4.13E-04± 1.85E-05 1.12 E-04± 2.28E-05 73± 0

4 0.317 7 802 417 4.79E-04+2.54E−04
−2.02E−04 -244± 2 1.05E-03± 5.05E-05 3.14 E-04± 7.13E-05 -59± 0



227

Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

6 0.341 24 65 693 1.94E-02+1.49E−02
−1.49E−02 -107± 25 1.27E-02± 4.43E-04 1.84 E-03± 4.40E-04 -47± 0

7 0.344 6 1000 266 1.68E-04+2.41E−04
−1.41E−04 -138± 2 1.27E-02± 4.42E-04 1.54 E-03± 4.30E-04 -53± 0

8 0.344 6 1000 266 1.68E-04+2.41E−04
−1.41E−04 -138± 2 5.94E-04± 3.65E-05 3.41 E-04± 1.90E-05 41± 0

Total 0.020+0.015
−0.015/ 0.020+0.012

−0.009 72+14
−14 0.027± 0.001 0.003± 0.001 -52± 7

RXJ1131

1 0.053 5 292 164 1.34E-04+1.37E−04
−1.29E−04 -39± 29 1.57E-03± 7.94E-05 5.03 E-04± 7.80E-05 -73± 4

2 0.079 5 201 407 1.79E-03+3.28E−03
−3.24E−03 -54± 50 1.51E-03± 7.33E-05 3.57 E-04± 9.41E-05 -65± 10

3 0.097 8 471 148 1.22E-04+1.29E−04
−8.87E−05 -101± 6 3.53E-03± 1.43E-04 1.60 E-03± 1.58E-04 75± 0

4 0.103 54 74 495 9.68E-03+7.11E−03
−7.08E−03 -217± 25 4.70E-02± 8.94E-04 5.18 E-03± 8.54E-04 -88± 0

6† 0.295 27 266 416 4.93E-03+2.24E−03
−1.89E−03 -119± 4 6.50E-02± 1.91E-03 1.02 E-02± 1.98E-03 73± 0

7 0.315 14 316 299 1.80E-03+6.35E−04
−5.56E−04 -179± 3 1.89E-02± 5.68E-04 8.55 E-03± 8.65E-04 -4± 0

11 0.646 5 515 403 1.26E-05+8.61E−06
−6.51E−06 -154± 2 2.06E-05± 9.88E-07 1.18 E-05± 1.46E-06 25± 150

Total 0.018+0.008
−0.008/ 0.007+0.002

−0.008 -40+11
−11 0.137± 0.002 0.008± 0.003 75± 9
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

B1152

2 0.051 10 154 480 1.28E-03+1.63E−03
−1.62E−03 20± 40 1.18E-03± 4.32E-05 2.81 E-04± 4.92E-05 58± 0

3 0.131 5 248 127 1.34E-04+1.16E−04
−8.90E−05 -2± 5 3.10E-03± 1.63E-04 1.14 E-03± 1.25E-04 -26± 0

6 0.166 42 128 1557 7.18E-02+5.76E−02
−5.73E−02 -242± 20 1.62E-02± 3.92E-04 4.22 E-03± 3.48E-04 35± 0

8 0.198 6 872 228 1.84E-04+1.52E−04
−1.11E−04 53± 2 1.88E-03± 8.20E-05 1.07 E-03± 5.68E-05 52± 0

9 0.239 6 575 373 8.88E-04+5.76E−02
−1.73E−03 54± 4 2.96E-03± 1.30E-04 1.58 E-03± 1.20E-04 53± 0

10 0.239 9 535 349 8.36E-04+6.73E−04
−4.86E−04 -52± 3 4.85E-03± 1.76E-04 2.45 E-03± 1.68E-04 -51± 0

11 0.322 8 208 160 5.95E-04+3.08E−04
−2.68E−04 52± 3 1.03E-02± 3.92E-04 4.73 E-03± 4.43E-04 55± 0

12 0.331 10 514 440 1.87E-03+9.49E−04
−7.73E−04 -18± 3 6.86E-03± 2.34E-04 3.51 E-03± 3.54E-04 -18± 0

13 0.366 7 551 478 2.25E-03+5.21E−04
−4.94E−04 35± 4 4.93E-03± 1.99E-04 2.81 E-03± 1.57E-04 35± 0

15 0.452 25 574 589 3.52E-03+1.09E−03
−9.52E−04 -215± 1 1.66E-02± 3.54E-04 8.64 E-03± 3.93E-04 -35± 0

16 0.455 9 139 673 1.85E-02+8.37E−03
−7.41E−03 -113± 9 1.73E-02± 6.69E-04 5.48 E-03± 8.65E-04 76± 0

17 0.449 6 500 568 3.82E-03+3.69E−03
−2.58E−03 70± 7 4.58E-03± 2.03E-04 2.10 E-03± 2.68E-04 68± 0
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

Total 0.106+0.082
−0.058/ 0.069+0.037

−0.064 -70+25
−17 0.091± 0.001 0.004± 0.001 51± 8

HST12531

1 0.054 16 585 389 1.55E-04+5.12E−05
−4.81E−05 54± 8 1.05E-03± 3.04E-05 1.42 E-04± 3.52E-05 59± 7

7 0.261 5 705 300 3.51E-04+1.94E−04
−1.55E−04 -241± 4 1.58E-03± 7.60E-05 8.25 E-04± 1.06E-04 -64± 0

11 0.671 9 761 367 1.12E-03+7.17E−04
−5.51E−04 -169± 1 3.17E-03± 1.39E-04 7.87 E-04± 2.81E-04 3± 1

12 0.734 10 741 174 2.22E-04+8.85E−05
−7.78E−05 -167± 0 4.19E-03± 1.45E-04 2.45 E-03± 3.26E-04 11± 0

14 0.845 5 825 341 4.79E-04+3.63E−04
−2.67E−04 -162± 1 1.29E-03± 6.74E-05 7.17 E-04± 1.61E-04 6± 1

Total 0.002+0.001
−0.001/ 0.002+0.001

−0.000 11+8
−6 0.011± 0.000 0.003± 0.000 6± 4

LBQ1333

1 0.079 10 609 196 1.01E-04+3.99E−05
−3.51E−05 -76± 5 2.53E-03± 1.05E-04 1.26 E-03± 9.03E-05 -67± 2

2 0.125 5 338 120 1.07E-04+7.03E−05
−5.94E−05 -54± 5 2.56E-03± 1.23E-04 1.33 E-03± 1.15E-04 -56± 2
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

4 0.242 28 364 554 3.98E-03+8.80E−04
−8.16E−04 -245± 3 3.16E-02± 8.33E-04 7.49 E-03± 9.90E-04 -82± 0

5 0.241 5 715 361 8.50E-04+1.85E−03
−8.92E−04 -116± 2 2.68E-03± 1.27E-04 1.49 E-03± 1.65E-04 64± 2

6 0.241 13 225 369 2.83E-03+1.52E−03
−1.28E−03 -267± 8 2.03E-02± 7.56E-04 6.43 E-03± 9.63E-04 81± 0

8 0.476 5 541 179 3.99E-04+4.81E−04
−3.12E−04 -52± 1 3.93E-03± 1.87E-04 2.25 E-03± 1.49E-04 -53± 1

11 0.571 6 645 324 6.76E-04+1.00E−03
−5.82E−04 75± 1 2.36E-03± 1.03E-04 1.33 E-03± 2.04E-04 76± 4

Total 0.009+0.003
−0.002/ 0.007+0.002

−0.002 -78+7
−4 0.066± 0.001 0.018± 0.001 -86± 2

Q1355

2 0.118 5 197 340 4.87E-04+6.64E−04
−6.32E−04 -208± 39 9.57E-04± 5.20E-05 2.40 E-04± 4.95E-05 -56± 0

4 0.171 14 184 330 7.08E-04+5.40E−04
−4.32E−04 -98± 12 4.55E-03± 1.51E-04 3.23 E-04± 1.84E-04 49± 0

6 0.219 5 486 267 2.19E-04+1.92E−04
−1.37E−04 43± 4 1.15E-03± 5.53E-05 6.46 E-04± 3.07E-05 44± 0

13 0.558 6 573 239 3.47E-04+2.45E−03
−5.44E−04 -39± 2 2.19E-03± 9.52E-05 1.28 E-03± 4.47E-05 -40± 0

14 0.556 5 274 324 1.33E-03+7.23E−04
−6.09E−04 -120± 8 3.09E-03± 1.48E-04 1.42 E-03± 1.96E-04 58± 0

Total 0.003+0.003
−0.001/ 0.001+0.001

−0.002 69+45
−18 0.012± 0.000 0.001± 0.000 63± 10
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

HST14113

1 0.080 13 803 444 4.68E-04+2.11E−04
−1.83E−04 -30± 7 2.62E-03± 7.95E-05 1.04 E-03± 8.73E-05 -25± 2

2 0.159 6 858 167 1.20E-04+7.95E−05
−6.42E−05 -28± 2 2.32E-03± 1.01E-04 1.34 E-03± 9.94E-05 -29± 1

3 0.236 7 418 332 1.42E-03+9.41E−04
−7.20E−04 11± 2 6.70E-03± 2.75E-04 3.78 E-03± 4.75E-04 8± 0

5 0.270 13 335 494 4.45E-03+2.03E−03
−1.89E−03 49± 10 1.64E-02± 5.41E-04 3.45 E-03± 6.17E-04 43± 1

8 0.321 6 469 513 4.03E-03+9.46E−03
−4.60E−03 -260± 14 6.41E-03± 2.83E-04 3.09 E-03± 4.29E-04 -77± 1

11 0.450 12 39 321 2.53E-02+9.36E−01
−9.36E−01 -8± 19 8.83E-02± 3.10E-03 9.33 E-03± 4.19E-03 -25± 1

12 0.464 15 505 266 1.39E-03+5.36E−04
−4.61E−04 -214± 1 1.85E-02± 5.10E-04 1.03 E-02± 5.03E-04 -34± 0

13† 0.464 44 43 649 9.70E-02+1.62E−01
−1.62E−01 -28± 24 1.73E-01± 3.44E-03 2.21 E-02± 4.64E-03 -12± 0

15 0.482 9 128 381 1.05E-02+1.11E+00
−1.11E+00 30± 13 2.80E-02± 1.08E-03 4.88 E-03± 1.72E-03 -21± 2

16 0.552 5 60 299 1.09E-02+9.94E−01
−9.94E−01 -173± 26 1.64E-02± 8.17E-04 7.91 E-03± 1.28E-03 10± 0

17 0.571 6 105 202 2.70E-03+2.42E−03
−1.91E−03 85± 6 1.53E-02± 6.91E-04 5.03 E-03± 7.23E-04 64± 0

Total 0.158+1.764
−1.764/ 0.115+1.424

−1.042 -20+302
−302 0.374± 0.005 0.045± 0.006 -14± 4
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

H1413

2 0.254 9 861 472 5.33E-04+2.06E−04
−1.76E−04 -118± 1 1.86E-03± 6.67E-05 1.02 E-03± 8.80E-05 63± 0

Total 0.001+0.000
−0.000/ 0.001+0.000

−0.000 61+7
−6 0.002± 0.000 0.001± 0.000 64± 3

B1422

3 0.072 8 282 397 1.50E-03+1.88E−03
−1.39E−03 42± 21 2.76E-03± 1.08E-04 7.54 E-04± 1.22E-04 18± 0

4 0.284 8 110 210 4.00E-03+5.29E−03
−3.40E−03 -202± 10 3.67E-02± 1.43E-03 1.86 E-02± 1.43E-03 -28± 0

5† 0.338 19 67 464 3.70E-02+2.30E−02
−2.22E−02 89± 20 1.47E-01± 5.71E-03 1.89 E-02± 4.70E-03 -50± 0

6 0.349 6 48 292 1.95E-02+1.96E−02
−1.78E−02 16± 27 2.47E-02± 1.09E-03 3.43 E-03± 1.57E-03 -37± 0

7 0.364 9 209 527 1.39E-02+5.77E−03
−5.10E−03 -161± 7 2.43E-02± 9.17E-04 3.07 E-03± 1.45E-03 18± 0

Total 0.076+0.031
−0.029/ 0.020+0.027

−0.011 54+39
−36 0.235± 0.006 0.037± 0.006 -37± 4
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

SBS1520

1 0.085 8 437 193 7.12E-05+1.33E−04
−7.11E−05 29± 9 1.10E-03± 4.47E-05 3.08E-04 ± 3.55E-05 23± 3

3 0.155 10 375 416 6.90E-04+3.14E−04
−2.67E−04 -157± 6 2.89E-03± 1.10E-04 6.03E-04 ± 1.33E-04 14± 3

4 0.202 12 392 647 2.07E-03+8.04E−04
−7.53E−04 -249± 10 4.31E-03± 1.46E-04 4.62E-04 ± 1.85E-04 -56± 7

–† 0.71 13 70 465 1.52E-02 -71.9

Total 0.018+0.001
−0.001/ 0.017+0.001

−0.001 -72+13
−12 0.008± 0.000 0.001± 0.000 5± 11

MG1549

1 0.071 6 1041 56 2.40E-05+3.57E−05
−2.53E−05 -163± 1 4.12E-03± 1.79E-04 2.39E-03 ± 2.63E-04 15± 3

2 0.215 5 638 205 3.16E-04+4.13E−04
−2.57E−04 -35± 2 3.06E-03± 1.46E-04 1.74E-03 ± 1.10E-04 -35± 2

6 0.349 5 520 225 1.87E-04+1.83E−04
−1.31E−04 -103± 5 9.14E-04± 4.94E-05 2.17E-04 ± 8.73E-05 66± 127

7 0.359 6 268 331 7.32E-04+5.06E−04
−4.13E−04 -156± 11 1.92E-03± 9.23E-05 6.91E-04 ± 1.36E-04 35± 19

8 0.359 5 219 326 8.75E-04+1.12E−03
−6.96E−04 -158± 3 1.16E-03± 7.95E-05 6.50E-04 ± 1.14E-04 20± 18
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

Total 0.002+0.001
−0.001/ 0.001+0.001

−0.001 20+18
−12 0.011± 0.000 0.003± 0.000 7± 3

B1600

1 0.131 8 802 236 2.00E-04+9.75E−05
−8.21E−05 87± 3 2.53E-03± 9.64E-05 1.38 E-03± 1.62E-04 86± 3

3 0.249 8 836 498 1.57E-03+1.01E−03
−7.79E−04 -228± 3 4.24E-03± 1.60E-04 2.20 E-03± 1.47E-04 -47± 1

8 0.273 5 346 363 2.21E-03+1.01E−03
−9.27E−04 -141± 10 5.75E-03± 2.81E-04 2.81 E-03± 3.31E-04 31± 1

10 0.289 18 102 477 1.38E-02+8.59E−03
−8.20E−03 -247± 19 2.61E-02± 7.20E-04 4.10 E-03± 1.00E-03 -1± 2

–† 0.414 6 57 100 9.02E-04 16.7

Total 0.019+0.009
−0.008/ 0.012+0.006

−0.006 -67+13
−12 0.039± 0.001 0.004± 0.001 2± 7

MG1654

2 0.124 23 214 489 6.19E-03+2.75E−03
−2.66E−03 -207± 14 2.72E-02± 6.83E-04 1.29 E-03± 7.96E-04 37± 0

4† 0.253 8 66 124 2.54E-03+2.02E−03
−1.87E−03 -31± 13 3.21E-02± 2.06E-03 2.25 E-03± 1.76E-03 -81± 0



235

Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

5 0.327 9 635 412 1.90E-03+1.25E−03
−9.52E−04 -221± 2 3.82E-02± 2.08E-03 5.20 E-03± 1.76E-03 -60± 0

6 0.367 6 273 397 3.33E-03+3.64E−02
−5.67E−03 -258± 2 7.49E-03± 3.28E-04 4.19 E-03± 5.51E-04 -77± 0

7 0.379 8 446 514 3.22E-03+6.34E−03
−3.22E−03 -108± 3 7.01E-03± 2.81E-04 3.35 E-03± 4.40E-04 75± 0

8 0.425 5 187 207 9.88E-04+1.34E−03
−8.48E−04 -96± 9 5.93E-03± 2.91E-04 2.48 E-03± 4.08E-04 -86± 0

10 0.572 5 433 277 3.82E-04+3.47E−04
−2.45E−04 -55± 3 1.39E-03± 6.64E-05 8.08 E-04± 5.21E-05 -54± 0

Total 0.019+0.037
−0.007/ 0.009+0.009

−0.005 -50+108
−19 0.119± 0.003 0.015± 0.004 -80± 8

WFI2033

1 0.137 6 378 267 2.60E-04+3.29E−03
−4.60E−04 -144± 12 1.66E-03± 7.76E-05 6.34 E-04± 7.16E-05 26± 3

2 0.263 5 583 240 2.52E-04+1.44E−04
−1.19E−04 -33± 2 1.68E-03± 8.01E-05 9.67 E-04± 6.36E-05 -34± 1

4 0.495 5 134 283 2.69E-03+1.84E−03
−1.48E−03 34± 8 7.95E-03± 4.01E-04 4.25 E-03± 5.08E-04 29± 0

6† 0.661 14 116 455 1.02E-02+3.81E−03
−3.45E−03 28± 7 2.12E-02± 6.92E-04 1.65 E-03± 1.00E-03 -21± 6

Total 0.013+0.005
−0.004/ 0.013+0.002

−0.004 29+7
−5 0.032± 0.001 0.005± 0.001 14± 7
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

B2114

1 0.048 19 321 342 6.27E-04+3.51E−04
−3.15E−04 -19± 13 4.63E-03± 1.55E-04 4.75 E-04± 8.40E-05 -47± 5

3 0.203 6 263 486 6.25E-03+5.19E−03
−4.32E−03 86± 17 9.23E-03± 4.18E-04 3.70 E-03± 5.47E-04 -80± 0

4 0.225 11 158 369 6.55E-03+3.39E−03
−3.14E−03 61± 13 2.16E-02± 7.33E-04 2.71 E-03± 8.67E-04 39± 1

5 0.293 5 215 630 1.80E-02+1.18E−02
−1.11E−02 -53± 19 1.30E-02± 6.69E-04 3.54 E-03± 9.89E-04 82± 1

6 0.299 6 648 274 1.15E-03+1.83E−03
−1.04E−03 -25± 3 3.52E-03± 2.18E-04 1.68 E-03± 2.52E-04 -30± 1

7 0.300 5 852 307 1.10E-03+7.43E−04
−5.75E−04 -7± 3 4.84E-03± 2.31E-04 2.73 E-03± 4.49E-04 -6± 0

8 0.315 14 151 237 3.88E-03+1.74E−03
−1.50E−03 -129± 6 4.66E-02± 1.36E-03 1.35 E-02± 1.57E-03 35± 0

9† 0.315 8 49 76 1.23E-03+1.00E−03
−9.34E−04 -193± 8 5.58E-02± 2.35E-03 2.93 E-02± 3.08E-03 -16± 0

10 0.315 5 952 254 7.04E-04+1.48E−03
−7.35E−04 -82± 1 4.57E-03± 2.17E-04 2.59 E-03± 4.27E-04 -81± 0

Total 0.039+0.014
−0.012/ 0.016+0.006

−0.012 -71+18
−16 0.164± 0.003 0.024± 0.003 -5± 4

HE2149
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The statistics of this sample can be used to estimate the observational oc-

currence of groups associated with lens galaxies. At least ten (twelve includ-

ing SBS1520 and B1600) of the 26 lenses in the sample are group galaxies. As-

suming the rest are isolated, we find that 38 % (48%) of lenses are in groups.

At least 31% (35%) of the lenses are in groups that have velocity dispersions

σ > 200km s−1 (the limit considered by Keeton et al. (2000)). i.e. eight (nine)

of the lenses. These figures are certainly underestimates because the sample in-

cludes at least eight lens galaxies for which we cannot securely characterize the

environent — three lenses with photometric redshifts, one lens without a redshift

and four lens galaxies at zl > 0.7 (five including SBS1520). We define a ”secure”

subsample of lenses that excludes these eight. This sample will be used again

below. In the secure sample the fraction of galaxies in groups increases to 55%

(67%) and the fraction of lenses in σ > 200km s−1 groups increases to 44% (50%).

In comparison to Chapter 2, the current larger sample contains a lower fraction

of lens galaxies in groups confirming our suspicion that the original sample may

have been biased to lenses in groups.

In two to eight of the lens galaxies the group is a significant perturbation to the

lens potential. These comprise between 8 and 31% of all the lenses and between

11 and 44% of the secure subsample. At the high end of this range, the present

sample resembles the sample considered in Chapter 2 where we found significant

perturbations from the environment in three of eight lenses (38%).

4.5.2 Isolated Lens Galaxies

Close neighbours, but no groups are found in the vicinity of five lenses: B0712

(z=0.41), FBQ0951(z=0.26) , BRI0952 (z=0.406), and HE2149 (z=0.495). We do not

have conclusive evidence as to whether these are real structures that we have

under-sampled or the lenses are truly isolated.
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Table 4.3—Continued

Halo Limit Sheldon

N z Nm b[”] σ κeff = γeff θγ,grp κtot γtot θγ,tot

2 0.275 14 67 294 6.49E-03+5.34E−03
−5.03E−03 -79± 24 4.34E-02± 1.52E-03 5.84 E-03± 1.90E-03 -9± 0

3 0.461 7 117 505 1.74E-02+1.10E−02
−9.27E−03 -242± 11 1.77E-02± 7.55E-04 8.82 E-03± 5.37E-04 -45± 0

4 0.603 5 66 284 6.64E-03+1.77E−02
−8.28E−03 -79± 18 2.10E-02± 1.33E-03 1.11 E-02± 1.96E-03 -76± 0

Total 0.030+0.022
−0.013/ 0.029+0.016

−0.010 -69+14
−9 0.082± 0.002 0.017± 0.003 -53± 5
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Six lens galaxies are isolated in the sense that there are no galaxies in our spec-

troscopic catalogs that are within 0.5 Mpc of the lens and have redshifts within

zl ± 0.005 (HE1104, MG1131, B1152, LBQ1333, Q1355 and MG1549). Of these,

three (HE1104, MG1131, and Q1355) are at redshifts greater than 0.7 where the

completeness of our spectroscopy is falling precipitously and we cannot be con-

clusive about the environments of the lens galaxies — the lack of detection may

be due to our high incompleteness.

We find no structures in the immediate vicinity of the three lens galaxies with

photometric redshifts (Q1017, HST12531 and H1413). Furthermore, Q1017 and

H1413 are at high redshifts, where our spectroscopy is highly incomplete. Lens

models of H12531 however require significant shear which may be indicative of

a missed structure.

4.5.3 Line-of-Sight Structures

Table 4.3 also presents the shears and convergences for all groups in the Chapter

3 group catalog. The galaxies limit in Table 4.3 only includes the galaxies as-

signed to groups. Line of sight structures exist in virtually every field but their

effective convergences and shears decrease as their offsets from the lens increase

in redshift and impact parameter. Only five line-of-sight structures in the catalog

contribute κeff , γeff > 0.05: Group 2 in B0712, Group 6 in BRI0952, Group 8 on

PG1115, Group 6 in B1152 and Group 11 in HST14113.

Group 2 in B0712 at z = 0.294 is the massive structure we find in place of

the group discovered by Fassnacht & Lubin (2002a). Here we consider that this

is a single structure though it may in fact be a merger site of several groups (as

discussed in Chapter 3). Further investigation of this cluster is required to deter-

mine its dynamical state. The centroid of the structure is projected just 49” away

from the line of sight to the lens and its redshift offset is ∆z = 0.116 yielding κeff ,
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γeff = 0.206 in the halo limit. Even though we may not have determined the cen-

troid correctly because the structure spans the full field of view, the contribution

of the galaxies alone is still significant — κeff = 0.159 in the galaxies model. The

shears in the galaxy limit are fairly small (γeff =0.015), because of the fairly sym-

metric projected distribution of the cluster galaxies with respect to the lens which

leads to the canceling of the shears.

Group 6 at z = 0.421 in the field of BRI0952 contributes κeff , γeff = 0.053.

This is the same group that Chapter 2 claimed might be associated with the lens

galaxy. More recently Ofek et al. (2006) have shown that the lens is more likely to

be at zl = 0.632. However the small offset of the group centroid from the line of

sight to the lens — 13” — still means that the group has a significant contribution

to the lens potential in the halo limit. In the galaxies limit its effect is less notable

(κ ∼ 0.02).

Group 8 at z = 0.482 in the field of PG1115 has κeff > 0.05 in the Sheldon

limit. This structure probably corresponds to the S1 component of the cluster

J111725.4+074343 (Carrasco et al., 2007).

Group 6 in the field of B1152 is a 1557 km s−1 structure containing 42 galaxies.

The structure is double peaked and thus possibly an over-merger of two smaller

structures. Therefore, the velocity dispersion and the convergence — κ = 0.072 —

may be overestimated. In the galaxies model its effect is much smaller (κ = 0.016).

In addition to the cluster of galaxies that the lens is associated with, the HST14113

lens potential is also perturbed by a line-of-sight structure — Group 11 contains

12 member galaxies and has velocity dispersion σ = 321km s−1 . The group is not

all that significant in the halo limit, but in the galaxies limit it has κeff = 0.055.

Three more groups have κeff > 0.05 within the 1σ errorbars. Group 3 in

HE0435, and Groups 15 and 16 in HST14113.
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In several of the fields there is no one structure that tips the convergence over

the κeff , γeff > 0.05 limit, but the cumulative effect of all structures superimposed

along the line of sight is greater than that. In the halo limit this is the case in the

field of BRI0952, as well as MG1654, B2114 and HE2149 at the 1σ limit. In the

galaxy approximation this is the case for FBQ0951, BRI0952, LBQ1333, MG1654,

B2114 and HE2149. Once again, we point out that the two methods lead to very

similar results.

4.5.4 All Line-of-Sight Galaxies

Again we use the Sheldon model for the galaxy limit.Table 4.4 lists the shears

and convergences due to all galaxies with measured redshifts. We also calculate

the convergences and shears due to only to the galaxies within 1’ of the lens.

Galaxies will contribute convergence only if their halos intersect the line of sight

to the lens, therefore galaxies outside the 1’ radius cone around the lens will not

contribute convergence. These galaxies do contribute shear however.

As shown in Table 4.4, in both cases the shears are very small. Due to the fairly

symmetric distribution of the galaxies along the lens line of sight, the shears can-

cel each other. The shears calculated using all galaxies is the more realistic value

to consider. The convergences are always larger than the shears (also see below).

When all galaxies are considered the convergences are stunningly large. This is

a clear overestimate because of the lack of truncation radius in our model so that

even galaxies in the outskirts of the field may contribute non-zero convergence.

In reality, if each galaxy was imbedded in its own halo, only the halos of galaxies

within < 1′ would overlap the lens line-of-sight. In that case the convergences

again are generally small. The lenses MG0751, PG1115, HST14113 and B1422

have κ > 0.05. The largest contributions to the convergences in these lenses are

the galaxies in the group associated with the lens and all of them were already
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Table 4.4. Shear and Convergence in the All-galaxies Limit

Lens Ngal < 1′ κeff γeff θγ Ngal, All κeff γeff θγ

Q0047 6 0.012± 0.072 0.002± 0.038 -12± 471 341 0.223± 0.002 0.032± 0.003 56± 2

Q0158 2 0.001± 0.010 0.000± 0.002 -35± 144 102 0.059± 0.001 0.002± 0.001 56± 19

HE0435 9 0.023± 0.107 0.005± 0.038 -60± 210 397 0.241± 0.003 0.029± 0.004 -77± 4

B0712 13 0.043± 0.178 0.006± 0.046 59± 205 593 0.283± 0.003 0.002± 0.004 75± 45

MG0751 14 0.072± 0.320 0.027± 0.073 -86± 77 210 0.230± 0.005 0.029± 0.005 82± 5

FBQ0951 11 0.026± 0.116 0.001± 0.036 -12± 846 836 0.339± 0.003 0.011± 0.003 -61± 8

BRI0952 11 0.025± 0.095 0.002± 0.041 -87± 605 255 0.167± 0.002 0.013± 0.003 -48± 6

Q1017 7 0.011± 0.051 0.000± 0.023 -5± 2822 360 0.113± 0.001 0.013± 0.002 85± 3

HE1104 6 0.009± 0.049 0.001± 0.022 67± 725 421 0.141± 0.001 0.014± 0.002 -86± 3

PG1115 10 0.056± 0.247 0.027± 0.068 65± 73 391 0.219± 0.004 0.033± 0.004 70± 3

MG1131 6 0.005± 0.030 0.001± 0.011 47± 468 325 0.064± 0.001 0.002± 0.001 -62± 17

RXJ1131 13 0.028± 0.106 0.003± 0.039 -70± 356 506 0.161± 0.002 0.008± 0.002 -86± 8

B1152 8 0.012± 0.070 0.002± 0.025 -67± 411 581 0.191± 0.002 0.007± 0.002 -57± 9

H12531 3 0.005± 0.033 0.001± 0.016 49± 515 442 0.119± 0.001 0.014± 0.002 4± 3

LBQ1333 4 0.007± 0.061 0.002± 0.025 32± 427 373 0.137± 0.002 0.014± 0.002 -88± 4

Q1355 7 0.005± 0.032 0.001± 0.013 27± 380 336 0.076± 0.001 0.007± 0.001 75± 4

HST14113 44 0.183± 0.356 0.015± 0.130 0± 249 651 0.558± 0.006 0.033± 0.007 -6± 6

H1413 3 0.002± 0.015 0.001± 0.005 59± 140 237 0.044± 0.001 0.002± 0.001 -50± 11

B1422 14 0.094± 0.379 0.023± 0.076 -27± 95 274 0.297± 0.006 0.036± 0.007 -15± 5

SBS1520 8 0.009± 0.044 0.002± 0.021 57± 315 340 0.104± 0.001 0.006± 0.002 -54± 8

MG1549 3 0.002± 0.023 0.001± 0.000 89± 0 378 0.084± 0.001 0.002± 0.001 78± 14

B1600 7 0.021± 0.128 0.007± 0.040 77± 152 366 0.154± 0.002 0.004± 0.003 51± 18

MG1654 9 0.024± 0.146 0.003± 0.032 53± 274 335 0.192± 0.003 0.020± 0.003 -78± 4

WFI2033 13 0.018± 0.069 0.003± 0.031 25± 324 285 0.115± 0.001 0.010± 0.002 79± 6

B2114 7 0.020± 0.116 0.011± 0.045 -17± 116 340 0.217± 0.003 0.013± 0.003 -10± 6

HE2149 9 0.023± 0.107 0.005± 0.038 -60± 210 132 0.113± 0.002 0.016± 0.003 -70± 4
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isolated as perturbed from the analysis above.

Vary rarely does a single galaxy have a significant contribution. Typical con-

vergences due to a single galaxy are small (κ ≈ 0.001). There are 11 galaxies in our

spectroscopic catalog which contribute convergences κ > 0.01. These are all close

neighbors of the lens galaxy (within 1’ of the lens) and members of the group as-

sociated with the lens. There are two such galaxies in the group associated with

HE0435 (9949 and 9969), one in MG0751 (8626), two in PG1115 (12574, 12393),

one in HST14113 (13189), four in B1422 (24471, 24472, 24473, 24474) and one in

MG1654 (17044). In lens models more realistic than the ones we use here, these

galaxies may need to be included as separate mass contributions in addition to

the group halo.

4.5.5 Conclusion

The various methods all point out that a significant fraction of the lenses are likely

to be affected by structures associated with the lens or along its line of sight. The

different methods generally show consistent results and point out that in some

cases a more intricate treatment of the environment — one which includes both

the galaxies and the group halos — may better depict the contributions to the

convergence.

The inverse question however - which galaxies are not perturbed by envi-

ronment and line of sight structures — is equally interesting. Such isolated, un-

perturbed lenses — aka ”golden lenses” — are ideal for lens studies which may

otherwise be affected by the environment. In our sample we find that FBQ0951,

LBQ1333, MG1549 and HE2149 may be such lenses. Furthermore, SBS1520, B1600,

MG1654 and B2114, despite being in groups, have very small convergences and

shears in our models because in all these cases the groups have very small veloc-

ity dispersion.
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4.6 Comparison Between Observations and Models

4.6.1 Shear and Convergence Distributions

Studies of cosmic shear have estimated that the rms shear at the position of a

random galaxy is of the order of a few percent (Van Waerbeke et al., 2001). How-

ever, lens galaxies are a biased population and these estimates are not directly

applicable to them. Holder & Schechter (2003) study the shear due to structures

associated with the lens and find that the shear distribution for four-image lenses

is lognormal with a mean of 0.11 and rms scatter 0.15 with a 45% probability that

γ > 0.1. In a different approach to the problem, Dalal & Watson (2004) find that

for the overall lens population the mean values of the shear and convergence

from associated structures is small κ̄env ∼ γ̄env ∼ 0.03, where the shear is well

described by a lognormal distribution (rms(logγ)=0.35) but the convergence ex-

hibits long tails (rms(logκ)=0.6). They also find that large values of κ and γ are

rare and therefore the large shears required by models might be due to the lens

galaxy halo itself.

Figure 4.3 presents the distributions of the logarithmic shear and convergence

integrated over the lines of sight. These distributions are not directly comparable

to the works of Holder & Schechter (2003) and Dalal & Watson (2004) because

they include the full lines of sight. Similar theoretical distributions for the con-

vergence and shear due to large scale structure do not exist. The distributions

do look Gaussian. The halo model distributions are bimodal, though this may be

due to the sample size. The shear and convergence distributions are offset from

one another. In the Halo model the median shear is γlos = 0.020 and the median

convergence is κlos = 0.039. In the galaxies model the median shear is γlos = 0.012

and the median convergence is κlos = 0.052. In the all galaxies limit (not plot-

ted) the the median shears are γlos = 0.032/0.059 and the median convergences
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Figure 4.3 Lognormal distributions of the convergence (solid line) and shear (dotted line).

are κlos = 0.032/0.087 for the galaxies within 5′and all galaxies respectively. These

values seem generally consistent with theoretical models (Bar-Kana, 1996; Keeton

et al., 1997) though we would refrain from strong statements due to the possible

effects of the spectroscopic incompleteness.

4.6.2 Shear vs. Convergence

As we have pointed out previously (Keeton & Zabludoff (2004), Chapter 2), when

the effects of multiple perturbers are coadded the shear and convergence no

longer mirror each other — Σκ 6= Σγ — because the convergence is a scalar and

continuously adds up, while the shear adds like a vector and can either increase

or decrease depending on the relative positions of the perturbers. However, as

we discuss below, the only indication of the presence of perturbations to the lens

potential comes from the shear. In Figure 4.4 we show the integrated line-of-

sight convergences vs. the corresponding shears for all lenses in our sample. The

deviations from κeff = γeff are fairly small in the halo approximation where we

sum over fewer contributions to the lens potential. However as the number of
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Figure 4.4 Convergence vs. shear. The dashed line is κeff = γeff line.

contributions increases in the galaxy limit, the shear no longer follows the con-

vergence. The shear is always systematically lower than the convergence. In a

sense the convergence is always at least as large as the shear and may be up to

a factor of a few larger. Therefore the shear itself may be a poor indicator of the

effects of the environment.

4.6.3 Model Shear Comparison

Lens models for four-image lenses do offer some constrains on the environment

of the lens. The most commonly used mass distribution in lens models is a sin-

gular isothermal ellipsoid (SIE) which takes into account the ellipticity of the lens

halo. Two-image lenses provide only seven observable parameters - the image

positions and fluxes, and the time delay, while four-image lenses have 15 observ-

ables - image positions, fluxes and three independent time delays. SIE models

have seven parameters: θE (or the mass scale for the lens galaxy), e the lens ellip-

ticity and its position angle θ0, the position and flux of the source, and the Hubble
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parameter h. As a result SIE models for two-image lenses have Ndof = 0 and it

is always possible to find a model that fits perfectly to the data (χ2 = 0), albeit

with large errors on the recovered parameters. The effect of the environment is

typically included in the form of the external shear to which lens models are sen-

sitive. SIE with external shear models (SIE+γ) for two-image lenses are under-

constrained and therefore two image lenses cannot be used to constrain their en-

vironments. The situation is better with four-image lenses for which both SIE

(seven parameters) and SIE+γ (nine parameters) models are well constrained. In

fact SIE models usually give poor fits to four image lenses, and external shears are

required for many of them. In this section we compare the model required shears

for the four image lenses in our sample and the shears we calculate based on our

observations. Q0047 is not included in this analysis because its four images are

extended and therefore more complicated to model.

In Table 4.5 and Figure 4.5 we show the comparison between the shears de-

rived from observations and the model-required shears. We plot the shears from

the lens models and from three of the calculations described above in a γc vs.

γs plane which allows us to show both the magnitude and the direction of the

shear. The comparison is made with the net shears in the fields and not just the

shears from the environment because in lens models the two distributions cannot

be distinguished.

The goal of this comparison is not to determine the right or wrong model

but to point out the problems with both the model- and observation- derived

shears and to caution against using either as an indicator of the effect of envri-

onment/line of sight. As can be seen in Figure 4.5, there is a wide variety of

behaviors. PG1115, the poster child for lenses in groups, is by far the best be-

haved system — all models have similar magnitudes and angles, consistent with
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Figure 4.5 Comparison between the lens model-derived shears for the 4-image lenses and the

observed shears, calculated using the different models in Table 4.5. We plot the lens model re-

quired shears (diamonds), the halo (triangles) and Sheldon (squares) models for all group galax-

ies as well as all galaxies within 5’ of the lens (pluses) and all galaxies in the spectroscopic catalog

(asterisks). Solid lines connect each point to the origin of the coordinate system. Plotted are

the two components of the shear — γcos(2φ) and γsin(2φ). This allows us to compare both the

magnitude and the angle of the shears.
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Table 4.5. Shear Comparison

Model Halo Sheldon Groups Sheldon Galaxies

Lens γeff θγ γeff θγ γeff θγ γeff θγ

HE0435 0.051 -16.69 0.286 -10.45 0.015 -20.9 0.050 -145.0

B0712 0.078 371.93 0.204 -33.2 0.017 -33.2 0.056 -24.9

PG1115 0.098 49.38 0.042 -27.05 0.067 -24.5 0.045 142.5

RXJ1131 0.118 97.98 0.007 -40.23 0.007 4.1 0.037 -3.6

HST12531 0.288 -0.12 0.069 19.3 0.004 -29.6 0.023 -280.0

HST14113 0.266 1.480 0.115 -20.1 0.040 -7.2 0.125 155.6

H1413 0.247 45.38 0.001 -28.20 0.001 -25.9 0.010 25.5

B1422 0.165 127.40 0.020 -35.40 0.046 -38.4 0.072 46.0

WFI2033 0.241 12.72 0.013 29.51 0.004 6.25 0.024 2.0

the required shear. In several cases the required shears are much lower than the

measured ones — namely, H12531 and H1413 — probably due to significant in-

completenesses in these fields, as noted above. In several lenses, however —

RXJ1131, B1422 and WFI2033 — the lens model and the calculated shears are

woefully discrepant.

There are several causes which can account for the discrepancies. On the side

of of the observation-derived shears, the mass distributions used to calculate the

shears may not encompass the full complexity of the environment. While here

we only consider the extremes — the group mass is either in the group halo or

in the group galaxies — in reality there is probably a continuum of mass parti-

tions. Here we limit the discussion to these two models but the issue of the mass

partition will be explored in more detail in Wong et al. (in prep.). The shear is

more strongly affected by incompleteness than the convergence. Incompleteness
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will cause us to underestimate the convergence, however the shear can be either

overestimated or underestimated, depending on the angular distribution of the

missed galaxies. A careful examination of the effects of the incompleteness on

a lens by lens basis will be presented in future work (Wong et al., in prep.). On

the side of the model-derived shears, comparison between the true and model-

recovered shears for the lenses simulated by Keeton & Zabludoff (2004, private

communications) shows that the errors on the model shears may be severely un-

derestimated. Furthermore, the model-derived shears only account for the first

order expansion of the perturbing potential. (Keeton & Zabludoff, 2004) show

that the higher order moments in the expansion of the group potential also have

a non-negligible effect.

The convergence, being a scalar quantity and the zeroth order in the poten-

tial expansion is much less susceptible to such caveats. In the galaxies model

the incompleteness will cause us to underestimate the convergence. In the halo

model, incompleteness leads most importantly to underestimating the group ve-

locity dispersions which will again cause us to underestimate the convergence.

Therefore κ is at least as large as quoted. From here on all our considerations will

use the convergence as an indicator of the perturbation due to the environment

and line of sight structures.

4.7 Environment and Observed Lens Properties

We have presented a study of the environments and the line-of sight structures in

the 26 fields in our sample. In this section we consider the correlations between

the shear and convergence contributed by such structures and the observed lens

properties. While the environment is indeed only a perturbation in all the lenses

considered here and they can be treated as such in the lens models, several recent
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works have shown that the presence of environment and line of sight structures

can influence the statistics of the observed lens properties. In particular, the pres-

ence of large convergences and to lesser extent shear, can change the relative

numbers of four to two image lenses and the statistics of image separations, and

can contribute to the incidence of flux anomalies. In addition, the undetected con-

vergence in lenses with time delays can cause an offset in the estimated values of

the Hubble constant. In this section we study these relations using the observa-

tional results presented above. We need to underscore that the expected effects

are statistical in the sense that the presence of a large convergence/shear do not

cause any effect by itself but does increase the probability for certain observed

properties. Therefore we do not study the direct correlation between κeff and

γeff and the observed lens properties, but we rather compare ensemble proper-

ties.

4.7.1 Environment and Time Delay

The time delays are some of the most important observational properties of lenses

because of the constraints they offer on H0. This method for determining H0 is

independent of the distance ladder and is thus independent of any local mea-

surements. While it has attracted much interest, its results have been disquieting

because many lenses’ values of H0 are wildly different from other methods. Ex-

tensive monitoring campaigns have only begun recently and the list of measured

time delays is still relatively short (Poindexter et al., 2007; Vuissoz et al., 2008;

Oguri, 2007b, and references therein). Currently, there are 18 lenses with pub-

lished time delays.

The presence of environment and line of sight structures is in no way con-

nected to whether a lens has a measured time delay or not because it does not

influence the probability that the source is variable. The large scale correlated
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variability is caused by the intrinsic variability of the source (a smaller scale vari-

ability, caused by the motion of stars in the lens galaxy — microlensing — is not

correlated between the images). The mass sheet degeneracy changes the mea-

sured time delays and the external convergence by structures therefore has a

direct effect on the determined value of H0 (Gorenstein et al., 1988; Saha, 2000;

Keeton & Zabludoff, 2004). The Hubble constant scales as (1 − κenv) such that:

H0,true = H0,meas(1 − κenv) (4.15)

where H0,true is the true value of the Hubble constant and H0,meas is the value

obtained directly from the observed time delay without taking the environment

into account. The effect is that the measured Hubble constant is an overestimate

of the true value.

While deriving the value of H0 for the subsamples with and without environ-

ment is beyond the goals of this work we can make a rough estimate of the effects

by dividing the Oguri (2007b) sample by the lens environment and calculating H0

separately for the subsamples. Of the 16 lenses in their sample, nine are clearly in

groups or clusters (HE0435, RXJ0911, Q0957, PG1115, RXJ1131, SBS1520, B1600,

and B1608). We exclude B1422 because we believe the time-delay is unreliable.

There is no data on the environments of four of the lenses, mainly where the lens

galaxy is at fairly high redshift - B0218 (zl ∼ 0.9 spiral lens), SBS0909 (z ∼ 0.83),

HE1104 (zl = 0.719) and PKS1830 (zl ∼ 0.89, spiral lens). The remaining three

lenses seem to not belong to groups - FBQ0951, SDSS1650 and HE2149. A graphic

representation of the data is shown in Figure 4.6 where we plot the goodness of

fit parameter ∆χ2 = χ2 − min(χ2) (similar to Figure 8 in Oguri, 2007b) for the

group and isolated subsamples. Oguri (2007b) make a correction for the clus-

ters associated with RXJ0911 and Q0957 which we undo by dividing their H0

values by (1 − κenv) where κenv is 0.3 and 0.26 respectively. We determine the
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median and 1σ ranges for the Hubble parameter from the combined cumulative

probability distribution for each subsample. The median value for the Hubble

constant from all the lenses is h = 0.73(0.692 − 0.774) . The subsample of lenses

in groups has a higher than the average mean h = 0.788(0.730 − 0.837) while

the subsample of lenses which are not in groups has a lower than average mean

h = 0.624(0.559 − 0.693). The two values are more than one sigma different as

shown Figure 4.6.

The effect of the environment can be taken into account quantitatively us-

ing our estimated κenv. To illustrate the effect, we use the convergences due to

the groups associated with the lens galaxies of HE0435, PG1115, SBS1520, and

B1600 listed in Table 4.3 in the Group Halo model. For RXJ0911 and Q0957 we

use the value suggested by Oguri (2007b) (0.3 and 0.26, respectively). Finally for

B1608 we use the sum of the convergences of the two groups at the lens red-

shift as calculated by Fassnacht et al. (2006) — κenv = 0.077 (the Fassnacht et

al. (2006) model is identical to our Group Halo model). We calculate the h0,true

curve for each lens, essentially shifting the goodness of fit curves in Figure 4.6

to the left. The resulting values of the Hubble parameter for the group lenses is

h = 0.694(0.655− 0.748), and for the full sample: h = 0.675(0.642− 0.708) (Figure

4.6).

Ultimately, the effect of the integrated convergence along the full lens line

of sight, κtot, needs to be taken into account. Again, to illustrate the effect, we

use the total convergences in the Group Halo limit from Table 4.3. For RXJ0911

and Q00957 we use the same value as before; and for B1608 we take the total

convergence in the Halo model from Fassnacht et al. (2006) (κtot = 0.110). For the

isolated lenses FBQ0951 and HE2149 we also take the total LOS convergence from

Table 4.3 — κtot = 0.29 and 0.03 respectively. For SDSS1650 we assume κtot = 0.03.
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Figure 4.6 Left: Similar to Figure 8 from Oguri (2007b) but excluding lenses without information

on the envrionment. Thin lines indicate the goodness of fit parameters for each separate lens —

in groups (short dash, blue) and isolated (long dash, red) — and thick lines indicate the combined

goodness of fit for the group and isolated subsamples. Additionally, we plot the goodness of fit

parameter for all lenses combined (solid black line).Right: Values of h from group lenses (blue

points) and isolated lenses (red points) for three different cases: no κ correction, correction with

κenv , and correction with the net κlos. The Hubble parameter derived from lenses in groups

is systematically, by more than 1σ, higher that the Hubble parameter derived from non-group

lenses. We show that scaling down h by (1 − κenv) provides an adequate correction and brings

the two values into agreement. In principle, a correction for the convergence due to line-of-sight

structures (1 − κlos) should also be made. However, for the lenses considered in this sample, the

corrections due to κlos is not as significant.
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The corrections due to line-of-sight structures in all lenses are small, thus these

values do not differ significantly from the ones with just the κenv correction: h =

0.682(0.634 − 0.721) for the group sample, and h = 0.605(0.538 − 0.667) for the

isolated lens sample (Figure 4.6). The combined Hubble parameter for the full

sample is h = 0.660(0.628− 0.694).

To establish whether there is a difference between the samples of time de-

lay and non-time delay lenses, we revert to our sample. There are ten time

delay lenses in our sample, five of them are quads (HE0435, PG1115, RXJ1131,

B1422, and WFI2033) and five are doubles (FBQ0951, HE1104, SBS1520, B1600

and HE2149). Three of the time delay lenses are isolated — FBQ0951, HE1104

and HE2149 — while the rest are in groups. We compare the convergence and

shear distributions of time delay and non-time delay lenses. We find no system-

atic and statistically significant differences between the two samples however.

It is striking that a large fraction of the lenses used in deriving the Hubble

parameter are in groups. If the convergence due to the environment (and LOS

structures) is not taken into account, the Hubble parameter will be overestimated.

The effect is systematic and cannot be fully mitigated by averaging over large

samples. We find that the subsample of lenses in groups give a systematically

higher Hubble parameter which is inconsistent at the 1σ level with the Hubble

parameter derived from isolated lenses. We apply corrections based on our esti-

mated convergences — both environmental and integrated LOS convergences —

and recalculate the Hubble parameter. The corrections do bring the values of h

from isolated and group lenses in agreement, which testifies that the corrections

we make are reasonable. The resulting total values are h = 0.675(0.642 − 0.708)

(taking into account the environment) and h = 0.660(0.628 − 0.694) (taking into

account the full lines of sight). These values are lower though still consistent with
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previous estimates of h from lensing. However, we feel that these are more re-

alistic values of the Hubble parameter as derived from strong lenses. In a sense,

the Hubble parameter derived from strong lenses when the external convergence

is not taken into account should be considered strict upper limits.

4.7.2 Environment and Image Configuration

The number of images that a lens produces depends on the relative positions

between the lens galaxy and the source and is therefore random. An overabun-

dance of quads was first noticed in the CLASS radio sample. The excess (50%

vs the expected 25-30%) could not be explained under reasonable assumptions

about ellipticity and shear (Rusin et al., 2001), giving birth to the quad/double

problem. Theoretical studies showed that the fraction of quads can be boosted by

substructure (Cohn & Kochanek, 2004) and by the presence of environment (Kee-

ton & Zabludoff, 2004) by increasing the cross section for four-images. A more

recent discussion on the issue by Oguri (2007a) finds that there is no overabun-

dance of 4-image lenses among the optically selected SDSS Quasar Lens Search

(SQLS). He suggests that the lower SQLS quad fraction can be reconciles with the

high CLASS quad fraction if the faint end slope of the optical quasar luminos-

ity function is shallower than the faint end slope of the radio quasar luminosity

function. This still leaves the high quad fraction of CLASS unexplained. With

our sample we are, for the first time, in a position to explore the effect of the

environment on the lens image configuration.

The sample is a mix of optical and radio lenses and is not statistically com-

plete, however it allows us to ask the simple question of whether quads and

doubles have different environment. First we explore the probability that a lens

is a quad: is this probability different for lenses in groups and isolated lenses? We

find that the quad fraction in groups is seven out of nine, i.e. 78%±14% (of the 12
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group lenses two are rings — MG0751and MG1654, and one is a 2+2 configura-

tion — B2114). For the isolated lenses this fraction is 3 out of 13 (23%±12%) for

the full sample and 1 out of 6 (17%±15%) for the secure sample. Using the bino-

mial distribution we find that the quad fractions in group and isolated lenses are

statistically different — the probability that the two samples were drawn from

the same distribution is between 0.5 and 1%.

Alternatively, we can explore the probability that a lens is in a group depend-

ing on its image configuration: do quads and doubles have the same probability

to be in groups? Among the 10 quads in our sample, we find that 7 are in groups

and between 1 and 3 are isolated (in the secure vs. full samples). Among the 12

doubles we find that 2 are in groups, and between 5 and 10 are isolated. Com-

paring the fractions of group lenses in the quad and double samples we find that

there is a 0.6 to 1% probability that they were drawn from the same population.

For a more quantitative approach, in Figure 4.7 we show the distributions of

the convergence and shear for the subsamples of two and four image lenses. We

use an Anderson-Darling test (AD-test) — a form of minimum distance estima-

tion (similar to the KS-test) that is more robust for samples with extended tails —

to compare the convergence and shear distributions of the quads and doubles. In

the halo limit we find the probability that the two convergence distributions were

drawn from the same parent sample is 13.6%, which is low but not statistically

significant. In the Sheldon and galaxies limits the probability is p = 0.016 which

rejects the hypothesis that the two samples were drawn from the same distribu-

tion at the 98% level. The distinction between the shear distributions is smaller -

p = 0.268 and 0.025 for the halo and galaxies models respectively. One concern

may be that the samples are diluted with lenses where the spectroscopic com-

pleteness is too low and the calculated convergence is a lower limit rather than a
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Figure 4.7 Convergence (top panels) and shear (bottom panels) as a function of lensed image

configuration. 2-image lenses (solid line), 4-image (dotted line), other (dashed line) for the full

sample (left two panels) and for the secure sample (right two panels).

valid estimate of the actual contribution of the environment and LOS structures.

Therefore we carry out the same analysis for the secure lens sample. We show the

resulting distributions in Figure 4.7. The differences between the distributions of

the convergences in this subsample are statistically significant: p = 0.045 and

0.002 for the two models. The significance of the differences between the shear

distributions is smaller but also significant in the Sheldon model: p = 0.085 and

0.008.

In conclusion, quads are statistically more likely to be in groups and group

lenses are statistically more likely to be quads. The quads have larger conver-

gences on average than doubles. The differences between the convergences are

statistically significant such that the probability that the two samples were drawn

from the same distribution is less than 5%, independent of the mass model.
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4.7.3 Flux Anomalies and Environment

Anomalous flux ratio gravitational lenses — lenses where the flux ratios between

the images are discrepant from model predictions — appear quite common. The

existence of these flux anomalies is the strongest evidence for substructure in

galactic halos and a powerful probe of it, because it is difficult to reproduce the

dramatic differences between close images with anything other than small struc-

ture. In order to explain the flux ratios in several lens systems Dalal & Kochanek

(2002) conclude that substructure should compromise 0.6-7% of the mass of a

typical lens. While this figure is generally consistent with the fraction of sub-

structure in halos of galaxies, it is also pointed out that in numerical and semi-

analytical models substructure tends to lie preferentially in the outskirts of halos

and its projected fraction on the scale of the Einstein radius may be significantly

smaller than required. An alternative route to anomalous flux ratios is suggested

by Oguri (2005) for lenses that lie in dense environments. He shows that sub-

structure associated with the environment can boost the amount of substructure

projected within the Einstein radius. In particular, if the projected location of the

lens is within less than 30% of the virial radius of the group/cluster, that con-

tribution becomes dominant and thus the environment can partially explain the

anomalous flux ratios. Here we address the issue observationally using our sur-

vey of the environments of lens galaxies.

Flux anomalies are best identified at long (IR, radio) wavelengths in close

pairs and triplets of images in four-image lenses. At shorter wavelengths (op-

tical or X-ray), in addition to the millilensing from substructure, the images are

sensitive to microlensing by stars in the lens galaxy. Unfortunately, long wave-

length flux ratios are not available for all lenses. Quads with cross image con-

figurations are generally not considered for flux-anomaly studies because as the
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separation between the images approaches the Einstein radius, it is difficult to

pinpoint the source of the anomaly — it may either be substructure or a pertur-

bation stemming from the large scale environment of the lens. In our sample of

quads RXJ1131 and B1422 are two clear flux anomalies (Morgan et al., 2006; Kee-

ton & Moustakas, 2008; Kormann et al., 1994). No flux anomalies are detected in

three lenses: B0712, PG1115 and WFI2033. The first two, B0712 and PG1115, are

anomalous in the optical but not in the IR suggesting that microlensing by stars is

the source of the flux discrepancy. In WFI2033 a flux anomaly appears only when

considering distant pairs of images therefore it is unclear what is the source of the

anomaly — the current data cannot distinguish between a true anomaly and poor

lens models. The quad Q0047 is excluded from this analysis because its images

are extended, precluding detailed comparison of the flux ratios. The remaining

four quads in our sample — HE0435, H12531, H1413 and HST14113 — are cross

lenses. Those are also excluded from consideration though we note in passing

that multi-wavelength data on HE0435 shows strong evidence for dark matter

substructure (Fadley, in prep.).

Both anomalous lenses are in groups, and so are two of the three lenses with-

out flux anomalies. We calculate the distance of the lens from the group/cluster

centroid and estimate what fraction it is of the virial radius to examine the sug-

gestion of Oguri (2005) that if the lens galaxy is projected within 30% of the group

virial radius, there is a higher probability that the flux anomaly is caused by sub-

structure in the group halo. We calculate the virial radius in the following way

(Finn et al., 2005):

Rvir = 1.73
σ

1000 km/s

1
√

ΩΛ + ΩM(1 + zl)
h−1Mpc (4.16)

Table 4.6 lists the relevant data. We see that both the anomalous and non-anomalous

lenses occupy a wide range of positions within their groups — from very close
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to the centroid to well in the outskirts. Both PG1115 and B1422 are located in the

very centers of their respective groups yet one does not have an anomaly while

the other does. Identically, RXJ1131 and WFI2033 are both in the outskirts of their

groups, still one has an anomaly while the other does not. It is difficult to draw

firm conclusions regarding the source of the dark matter substructure because

of the small sample size and the inherently stochastic nature of millilensing — a

lens can have a large amount of dark matter substructure in its surroundings and

yet show no flux anomaly. However, it is important to note that flux anomalies

are found only in four-image lenses and we have already shown that four-image

lenses are biased towards rich environment. Therefore, if the suggestion of Oguri

(2005) that the environment can contribute substructure is correct, then one needs

to be careful in interpreting dark matter substructure constraints derived from

flux anomaly lenses. A larger sample size of flux anomaly lenses with known

environments as well as more specific theoretical predictions of the expected ob-

servational signatures are clearly needed to resolve the issue.

4.7.4 Environment and Image Separation

The image separation distribution of lensed quasars probes the efficiency of baryon

cooling inside dark matter halos and therefore can be used to place constraints

on galaxy formation models (ref). Huterer et al. (2005) show that shear (and to a

lesser extent ellipticity) broadens the distribution of image separations for a given

lens galaxy but does not change the mean. There are two competing effects which

can cause the distribution of image separations of lenses in groups/clusters to

differ form the distribution of image separations of isolated lenses. On one hand,

the higher ratio of dwarf to giant galaxies in dense environments would tend to

reduce the image separations (Keeton et al., 2000). On the other hand, the con-

vergence, and to a lesser extend, the shear from the environment can boost the
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Table 4.6. Flux Anomalies and Environment

Lens zl σ [km/s] Rvir[Mpc] d [”] Rl [Mpc] Rl/Rvir

Strong Flux Anomaly

RXJ1131 0.30 416 0.985 266 1.171 1.19

B1422 0.34 464 1.092 67 0.325 0.30

Cross Flux Anomaly

HE0435 0.46 518 1.201 7 0.041 0.04

No Flux Anomaly

PG1115 0.31 393 0.929 33 0.150 0.16

WFI2033 0.66 455 1.027 116 0.809 0.79
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image separations θ ≥ 1” (Oguri et al., 2005a). The effect may be particularly

significant for large image separations: at θ ∼ 3” the lensing probability is in-

creased by 30% and at θ ∼ 5” by 200% and may account for the excess of image

separations θ > 3”. Below θ ∼ 1” the effect however is predicted to be negligible.

While our sample does not include extreme image separation lenses, we explore

the issue observationally with a statistical sample for the first time.

Suppose that we have a lens galaxy with velocity dispersion σl in an environ-

ment with convergence κ. Lens theory predicts that the separation between the

lensed images is:

θ ≈ 8π

1 − κ

(

σl

c

)2 Dls

Ds
. (4.17)

The environment has a direct effect on the image separation — θ ∝ (1 − κ)−1 —

due to the magnification of the image plane relative to the source plane. There is

also a second, indirect, effect in that the environment increases the magnification

by µ ∝ (1 − κ)−2 which increases the biased cross-section and thus the overall

lensing probability. We are primarily interested in looking for the direct effect.

In the left panel of Figure 4.8 we show the distributions of image separations

for all lenses in our sample and for the subsample of lenses in groups (B1600 is

omitted for consistency in this section, because the lens galaxy is a spiral; H1413

is also excluded because of the lack of a lens redshift). The mean image sepa-

ration of the full sample is 1.80” respectively, while the mean image separation

of the group lenses is 2.05”, respectively. While the group lenses seem offset to

higher image separations, the subsamples of group and isolated lenses are not

statistically different. This analysis however does not isolate the effect of the en-

vironment: variations in κ may be offset by changes in σl.

If we knew σl for all lenses we could try to isolate the effect of κ. Unfortu-

nately, velocity dispersions are measured for very few lens galaxies. Instead we
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Figure 4.8 Left: Distributions of the observed image separations of the lenses in our sample

(solid line). The subsample of lenses in groups (dotted line) seem to have systematically higher

image separations as pointed out previously (Oguri et al., 2005a), however the offset is not statisti-

cally significant. Right: The θ/θphot vs. 1/(1−κtot), where κtot is the net line-of-sigh convergrence.

Lenses in groups are plotted with large symbols according to their image separation: θ > 2′ (as-

terisks) or θ < 2′ (diamonds). Small dots denote isolated lenses and lenses without information

of the environment. The mean offset in θ/θphot is 1.27 ± 0.09.
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use the Faber-Jackson relation:

σ ≈ σ∗(L/L∗)
1/γF J ≈ σ∗ × 10−0.4(I−I∗)/γF J (4.18)

where σ∗ and I∗ are the velocity dispersion and I-band magnitude of an L∗ galaxy

at the lens redshift, and γFJ = 3.08±0.28 is the Faber-Jackson exponent (Gonzalez

et al., 2000). We can then express the predicted image separation θphot based on

the galaxy photometry without perturbations from the environment:

θ = 8π
(

σ∗

c

)2

10−0.8(I−I∗)/γF J
Dls

Ds

(4.19)

We adopt σ∗ = 225km s−1 . At each lens redshift I∗ is calculated using passively

evolving single burst Bruzual- Charlot models. Eq. 4.17 can then be rewritten as:

θ ≈ θphot

1 − κ
(4.20)

In the right panel of Figure 4.8 we show the ratio of the observed to pre-

dicted image separation θ/θphot as a function of 1/(1− κtot). The outlying point is

HE0435 which may have a wrong magnitude. There is a small but notable shift

to θ/θphot > 1 in the overall sample. The offset is θ/θphot = 1.27 ± 0.09 which is

inconsistent with θ/θphot = 1 at the 3σ level. The effect is not as significant for

the subsample of all group lenses (θ/θphot = 1.2 ± 0.1). To calculate the errors we

assume σI = 0.001, σI∗ = 0.1, σσ∗
= 22.5 (i.e. 10%). While we do not see a clear

correlation between θ/θphot and κ, the estimated image separation θphot clearly

underestimates the observed image separation θ. The magnitude of the effect

however — ∼ 25% — is much larger that the expected (∼ 5 − 10%). This leads

us to a closer examination of the caveats in calculating θphot. The most impor-

tant assumption we make is the value of σ∗ = 225km s−1 . If instead the velocity

dispersion of an L∗ galaxy is σ∗ = 253km s−1 , we would find that θ/θphot ≈ 1..

The offset can also be magnified if our model I∗ values are too brigh — the offset
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will disappear if I∗ were fainter by 0.35 magnitudes. This in itself is too large to

account for the offset but can contribute to it. The assumption that σ∗ is constant

over the redshift range of the lens galaxy sample could also introduce error. An-

other major source of error is the error in the slope of the Faber-Jackson relation.

Recalculating the results with values of the FJ slope within its 1σ range does not

change our conclusions and neither does including the scatter in the FJ relation

in the error calculation (though the significance of the difference is reduced to

greater than 2σ). Finally, our use of the observed I-band lens magnitude can in-

troduce an error. However, we find no redshift dependance in θ/θphot and this

should not be an issue.

Following the suggestion of Oguri et al. (2005a) that the environment increases

the image separation only when the image separation is already significant, we

divide our group sample in lenses with θ > 2” and lenses with θ < 2”. We do not

see significant differences between the two subsamples: θgrp,>2”/θphot = 1.09±0.15

and θgrp,<2”/θphot = 1.317. If anything, the difference is actually in the direction

opposite the predictions.

In conclusion, we do find that the observed image separations are larger that

the predicted image separations based on the lens galaxy photometry. The off-

set is in fact larger than expected. However, our predicted image separations are

strongly dependent on the assumed value of σ∗ and (less strongly) on the the-

oretical model used to calculate the values of I∗. Furthermore we see no clear

correlation between θ/θphot and κ. Therefore we are cautions to claim this offset

is due to the convergence though it may be partially responsible for it. The study

of the effect of the external convergence on image separation will benefit from a

larger sample of lenses with measured stellar velocity dispersions which would

remove the largest sources of systematic errors in our analysis. Also, a larger
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sample of lenses with image separations θ > 3” could potentially bring out the

effect of the environment as suggested by Oguri et al. (2005a).

4.8 Summary and Conclusions

We have presented the first comprehensive survey of the environments and lines

of sight of strong gravitational lenses. Here we use simple considerations to as-

sess the most important perturbations.

We find that 12 of the 26 lenses in our sample are in groups. Therefore while

at least 46% of lenses are in groups, only ∼ 10% − 20% of lenses are significantly

affected by these environments where ”significant” is defined as κ > 0.05.

Line of sight structures can also be significant perturbations to the lens po-

tential but their effects decrease as their offsets in redshift and impact parameter

increase. We find four structures that contribute κ = γ > 0.05, i.e. in 15% of

lenses there are significant LOS structures. This is very close to our conclusion

from Chapter 2, where we found that 10% of lenses are significantly affected by

LOS structures. In several cases there is not a single structure that has a signif-

icant contribution but the cumulative effects of the groups associated with the

lens and the LOS structures exceeds κ > 0.05 and/or γ > 0.05.

The inverse question — which are the lenses that are isolated and have no sig-

nificant LOS structures — is equally interesting because it will allow us to iden-

tify a ”clean” lens sample or ”golden” lenses where the external perturbations to

the lens potential are minimal. In this sample HE2149, LBQ1333, FBQ0951 and

MG1549 seem to be such lenses. The group lenses SBS1520, B1600 and MG1654

are also minimally perturbed by their groups and line of sigh structures.

Exact comparison between the observational results presented here and lens

models is beyond the scope of this work. However we address several points of
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interest. First, we compare the shear and convergence distributions that we ob-

tain based on observations with those predicted from cosmological simulations.

We find that the distributions appear lognormal as predicted but we find an off-

set between the shear and convergence distributions such that the shears are sys-

tematically smaller than the convergences when we compare the integrated LOS

values. The distributions have medians of κlos ∼ 0.06 and γlos ∼ 0.03, consistent

with general predictions of the magnitude of the effect of large scale structure on

lensing. We show that in the models we employ, the convergence, as a scalar is

typically larger than the shear (being a tensor) and the divergence of the two val-

ues is larger when the sum is over many separate contributions. We also compare

the observationally derived shears with the ones required by lens models and

point out such comparison may be valuable for determining the mass distribu-

tion of the environment but it should be used with caution because the shears are

highly susceptible to incompleteness. Furthermore, the errors of model-derived

shears may underestimate the true model errors.

Finally, we study the link between the perturbations of the lens potential and

the observed properties of the lens population. We find that:

• The Hubble parameter derived from lenses in groups is systematically, by

more than 1σ, higher that the Hubble parameter derived from non-group

lenses. We show that scaling down h by either (1 − κenv) provides an ad-

equate correction and brings the two values into agreement. In principle,

a correction for the convergence due to line-of-sight structures (1 − κlos)

should also be made. However, for the lenses considered in this sample,

the corrections due to κlos is not as significant. The correction due to the

environment for the group sample (∼ 9 km s−1 ) is in fact larger than the

estimated systematic error (8 km s−1 ). Our findings underscore the point
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that the value of H0 derived from lenses may be considered as a strict upper

limit.

• Four image lenses are more likely to be in groups. The fraction of quads

in groups is statistically different from the fraction of doubles in groups.

The convergences of the four-image lenses are statistically larger that the

convergences of two-image lenses.

• We note that both anomalous and non-anomalous lenses reside in a range of

environments — from the cores of groups to their outskirts. Our small sam-

ple of flux-anomalous lenses (two lenses) precludes a thorough examina-

tion of the correlation between environment and dark matter substructure.

Flux anomalies are only identified in 4-image lenses and following our find-

ing that quad lenses are more frequently group galaxies, caution should be

taken when interpreting dark matter substructure constraints derived from

flux anomalies.

• Lenses in groups in our sample do not have statistically different image

separation from isolated lenses and we find no direct correlation between

image separation and convergence. The mean image separation is statisti-

cally larger that predicted based on simple assumptions at the > 3σ level

however the offset may be due to a systematic error in our assumptions in

the predicted offsets estimate.
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CHAPTER 5

CONCLUSIONS

In this Chapter we summarize the key results from the previous chapters, their

relationship to other work, and outline some directions for future work.

In Chapter 2 we present results from a pilot survey of the environments and

lines of sight of eight lenses. We find that the lens belongs to a group in five

of the lenses. Two of these groups are newly discovered, while for the other

groups we more than double the membership and improve the group kinemat-

ics. We find that the lens environments have a wide range of properties — some

lenses reside in very low velocity-dispersion groups, typical of the dynamically

younger groups, while others are in high velocity- dispersion groups, akin to

nearby dynamically-evolved X-ray luminous groups.

We develop a formalism to assess the environmental contribution to the lens

potential and consider two different distributions on the mass in groups — a halo

limit, where all the mass is in a group halo, and a galaxy limit, where all the mass

is in the group galaxies. These two models simulate the two extremes of the

group dynamic ranges. Three of the lens groups (MG0751, PG1115, and B1422)

in the sample have convergences and shears which indicate that the environment

plays a significant role in the lens potential. We note that these are all four-image

lenses, while the two-image lenses have relatively weak environments — an early

suggestion that the environment may indeed influence the quad-to-doubles ratio.

We also assess the effect of line-of-sight structures for the first time. We show that

in principle, line-of-sight structures can influence the lens potential even if they

are significantly offset from the lens galaxy in redshift and in impact parameter
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- structures offset by as much as ∆z ∼ 0.25 or ∆b ∼ 3′ can have κ, γ > 0.05.

We find that prominent line-of-sight structures are present in at least half of the

lens fields, of which one — that in MG0751 — has a significant effect on the lens

potential.

We use the groups associated with the lens galaxies to glean knowledge of the

brightest group galaxy (BGG). We find that the BGG typically is not in the cen-

ter of the group potential and occupies an orbit indistinguishable from the other

group galaxies, unlike local X-ray bright groups where the BGG always occu-

pies the center of the potential. However, most of the effect in our sample comes

from the low velocity dispersion groups, while in two of the three high-velocity

dispersion groups the BGGs are consistent with the group centroid, suggesting

similarity to local dynamically-evolved groups.

Chapter 3 introduces the spectroscopic survey data acquisition, reduction and

analysis. We present a catalog of 9798 unique redshifts in 28 lens fields with a

median redshift z = 0.347. The spectroscopic catalog is augmented with ∼ 1, 500

redshifts from NED to aid in the identification of sparsely sampled structures.

We use the spectroscopic catalog to identify groups in redshift space.

In order to test our group-finding algorithm we construct mock spectroscopic

catalogs based on the Millennium simulation. The mock catalogs recreate the se-

lection criteria, the target prioritization, the spectrograph-specific effects (field of

view, maximum allowable target density, etc.) and the success rate of our actual

observations. We run the group finding algorithm with a range of parameters

and optimize the completeness and the purity of the group catalog. Groups with

less than five members are predominantly spurious. For our chosen set of pa-

rameters, 58% of all the galaxies assigned to groups with at least five members
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are indeed members of virialized halos, and only 11% of them are completely

spurious. Despite our sparse sampling we can successfully recover the redshifts,

velocity dispersions and centroids of halos.

We find 219 groups of which 123 have at least five members. Group catalogs

are not created for two of the fields (B1608 and PMN2004) where our complete-

ness is prohibitively low. 10 of the 26 lenses in the sample are found to be in

groups in our catalog. Two more lenses have been previously claimed to be in

groups which we do not detect, bringing the total number of lenses in groups up

to 12. Four of these groups are newly discovered, bringing the number of newly

discovered groups associated with lens galaxies in this survey up to six. The ad-

ditional data also increase the memberships of the groups presented in Chapter

2 and allow for the determination of more robust group properties.

Chapter 4 concentrates on the implications of the findings of our spectroscopic

survey for strong gravitational lensing. First of all we examine the statistics of

lens environments and lines of sight with a larger sample than in Chapter 2. We

find that at least 12 of the 26 lenses are in groups and at least nine of the lenses

are in groups with velocity dispersions σ > 200 km s−1 . These comprise 48%

and 31% of all lenses, respectively. We use the simple mass-distribution models

developed in Chapter 2 to estimate the effect of the environment on the lens po-

tential and find that only ∼ 10 to 20% of lenses are significantly perturbed by their

environments. Line of sight structures are present in every field but only in four

lenses (15%) are there structures which contribute large convergences (κ ≥ 0.05).

These can be small groups along the lens line of sight, massive structures along

the line of sight or large structures significantly offset from the lens. This work

also allows us to identify isolated and/or minimally perturbed lenses — ”golden
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lenses” — which would be ideal targets not only for future work in determining

the Hubble parameter from lensing (the original use of ”golden lens”) but also

can be used to set the standards for lensing results without the influence of the

environment and line-of-sight effects.

We construct the first-ever observationally determined distributions of shears

and convergences. The distributions of the logarithms of the shear and conver-

gence are approximately Gaussian with means of 0.03 and 0.06 respectively. As

expected, the shears are smaller than the convergences when multiple perturbers

are co-added because the shears partially cancel each other while the conver-

gences add up. Therefore, using the shear to infer the convergence can lead to

underestimates of the convergence. Further evidence that the shears may not

be good indicators of effects of the environment and LOS perturbations comes

from our comparison between the observationally-calculated and model-derived

shears. We find large differences in a number of lenses and point out that theses

discrepancies can be due not only to incompleteness and error underestimates of

the observations but also to error underestimates and simplifying assumptions

in the models. However, while the shears may be too unstable to provide reliable

constraints, the convergences are much more stable.

A number of theoretical studies have pointed out that the presence of environ-

ment can affect the observed properties of lenses. We explore these correlations

from the observational perspective for the first time. In particular, we examine

the correlations between image configuration, image separation and the presence

of flux anomalies with environment. We find that the fraction of quads in groups

is statistically higher than the fraction of doubles in groups. Furthermore, the

line-of-sight convergences of quads are statistically higher than those of doubles.

These results are a strong indication that the large fraction of quads in some lens



274

samples may indeed be due to the increase of the quad cross-section as a result

of the high external convergence. Anomalous flux ratio lenses reside both in the

centers and in the outskirts of groups, but the small sample of such lenses in our

study precludes strong conclusions on the correlation with environment. The

fact that flux anomalies are only identified in 4-image lenses, which we find are

frequently found in groups, suggests that caution should be taken when inter-

preting substructure constraints from strong lenses — some of the substructure

which causes the flux anomalies can be contributed by the environment. We cal-

culate the expected image separations from the photometry of the lens galaxies

and find that on average the predicted image separations are smaller than the ob-

served as would be the case if the environment increased the image separations.

However, we find no correlation with the actual convergence and systematic er-

rors can account for the offset.

The presence of environment introduces biases and uncertainties in the cos-

mological parameters derived from strong gravitational lenses. Short of con-

structing full lens models, we illustrate the effect of the environment on the value

of the Hubble parameter derived from time delay lenses - one of the more con-

troversial results from strong lenses. We divide a sample of time delay lenses

into two subsamples based on the presence of lens environment and find that

lenses in groups yield a statistically higher (at the 68% confidence level) Hubble

parameter than isolated lenses. Scaling down the h probability distributions of

the individual lenses by their respective (1−κenv) brings the values from the two

subsamples into agreement. In principle, the convergence due to the line of sight

should also be taken into account, but we find its effect is small for the lens sam-

ple in consideration. Our result shows that values of the Hubble constant from

strong lenses which do not take into account the environment should be consid-
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ered as strict upper limits.

The most significant result from this dissertation can be summarized in one

word: CAUTION! Strong lenses have been used in many cosmological appli-

cations with claimed success, while often only lip service has been paid to the

effects of the lens environments and line-of-sight structures. We have, for the

first time, observationally quantified the importance of these perturbations. Lens

galaxies frequently reside in dense environments, and at least a third of them are

significantly perturbed by these environments. Furthermore, the lensing lines of

sight are embedded in the large scale structure of the universe and in at least 20%

of lenses the light path traverses the halo of a major foreground/background

structure. In the era of precision cosmology, these effects can no longer be ne-

glected if strong lenses are to be competitive with other cosmological probes

such as the CMB and SN surveys. The presence of environments and line-of-

sight structures affects both the observed lens properties and the model derived

quantities. The change in the observed lens quantities such as image configura-

tion and image separation leads to wrongful inferences about the properties of

the lens and source populations. The external convergences introduce not only

errors but also biases which scale as κenv+los. We find that κenv = 0.05 to 0.1 for

massive groups and κ ∼ 0.2 to 0.3 for clusters. This translates to biases as large

as 30% on the quantities derived from strong lenses. Especially for samples rich

with four-image lenses, which are more frequently in groups, these biases can be

larger than the estimated systematic errors.Therefore caution should be used in

interpreting the results from lensing and estimating the systematic errors when

the environment is unknown. This is particularly important for future surveys

such as LSST which hope to discover > 1000 new lenses and use them as cosmo-
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logical probes.

There are several avenues along which this work can be continued. Consider-

ing the complexity of the lensing potential, the modeling presented here is some-

what simplistic. As pointed out in both Chapters 2 and 4, the extremes of the

mass distributions we consider may not account for the full complexity of effects

in many lenses. In some cases both the group halo and the group member galax-

ies in the vicinity of the lens may make non-negligible contributions to the lens

potential. Furthermore we do not consider the effect of different halo profiles and

the effect of halo truncation which occurs in dense environments. Efforts in this

direction are already under way and will be presented in Wong et al. (in prep.).

Moving outside the immediate environment of the lens galaxy, we have shown

that the line-of-sight structures can also contribute significantly to the lens poten-

tial. Due to the limitations in our spectroscopic survey the effects of line-of-sight

structures we determine are a lower limit. The sparse sampling of the survey and

the fact that in some cases the ”zone of influence” extends beyond the z ∼ 0.7

limit of our survey mean that we may have missed significant line-of sight struc-

tures.

Not only the presence but also the absence of line-of-sight structures must

be taken into account — voids can contribute negative convergence which, in

principle, should also be taken into account. Both of these issues are beyond the

reach of our observations but can be addressed by further work with the mock

catalogs constructed in Chapter 3.

Finally, there is the overarching question whether lenses are typical galaxies

residing in typical environments embedded in typical lines of sight or whether

they are a biased population which is strongly influenced by the over-dense en-
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vironments and lines-of-sight. Our results here suggest that this is probably not

the case as implied by the general consistency with the predictions of Keeton et

al. (2000) and the convergence and shear distributions. However, certain sub-

samples — four-image lenses for example — may be such a biased sample. A

challenging but necessary step would be to use our findings in this spectroscopic

survey to aid our larger photometric survey in finding structures in lens beams.

Ultimately, the amount of work required to carry out a spectroscopic survey in

the field of every single lens is prohibitively large and we hope to find ways to

obtain similar level of knowledge of the environments and line-of-sight using

photometric redshifts. Work in this direction would be very relevant to large

lensing surveys.

Another research direction, which we do not explore in this dissertation, is the

study of group evolution and the evolution of galaxies in groups. The sample of

groups we identify spans a range of redshifts — from z = 0.1 to 0.7 — and a range

of kinematic properties, allowing us to trace the evolution of groups and galaxies

both as a function of redshift and halo mass. Our survey is ideally positioned

to address several critical issues which have eluded other surveys. Many of the

technical aspects of this work have already been addressed: all spectra except

the ones acquired with LDSS2 have been flux callibrated and fitted with a stellar

population model using a code similar to the one used in Tremonti et al. (2004);

line fluxes and equivalent widths have been calculated for several bright Balmer

and forbidden lines; we have also synthesized absolute restframe magnitudes

and colors, as well as stellar masses for all galaxies. Here we detail some of the

scientific issues we plan to address.

First and foremost, we plan to continue the work on understanding the ori-
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gin and evolution of the brightest group galaxies (BGGs) started in Chapter 2.

BGGs locally are massive red galaxies at the bright end of the galaxy luminosity

function. These dominant elliptical galaxies always occupy the group center in

nearby groups, whereas similar galaxies in clusters are found in the centers of

local sub-clusters. It is therefore possible that these galaxies first evolve in the

group environments, where mergers are frequent, before falling into the clus-

ter potential. Studying the properties of the BGGs in groups at different epochs

and in different dynamical states can give us insights into the build-up and the

settling of the BGGs in the center of the group potential. We will combine the

spectroscopic group catalog with the photometry to ascertain that we have in-

deed measured a redshift for the group BGG which is crucial for this work. We

will then construct phase space diagrams akin to the one in Chapter 2 to compare

the orbital properties of the BGGs with those of the rest of the group galaxies,

looking for cases where the BGG is offset from the bottom of the group potential.

We can also trace the evolution of the stellar masses of the BGGs as a function

of group velocity dispersion. This work will give us unique insight in the origin

and evolution of the most massive galaxies in the universe.

Another highly debated topic which we plan to address is the frequency and

evolution of optically selected active galactic nuclei (AGN) in groups. The over-

all frequency and the relative contributions of LINERs and Seyfert IIs as a func-

tion of environment can be used to create a comprehensive picture of the nature

and origin of different types of AGN. At low redshifts, Kauffmann et al. (2004)

show that intermediate luminosity optically selected Seyfert IIs favor underdense

environments while low luminosity optically selected LINERs show no density

dependence. At high redshifts surveys with adequate data have only recently

become available (Montero-Dorta et al., 2009). Intermediate redshift groups are
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a critical place to study AGN because this is where most galaxies are exposed

for the first time to dense environments and subjected to mergers. We plan to

use the optical AGN line diagnostics (Baldwin et al., 1981, the BPT diagram,) to

isolate LINERs and Seyfert IIs among group galaxies. AGN are quite rare; thus

large samples are required to obtain statistically meaningful samples. We expect

to be able to identify 50-100 group AGN and at least a similar number of field

AGN. Careful estimates of the completeness of our sample as a function of color

and magnitude are key to this work. We hope to be able to trace the evolution of

the LINERs and Seyfert II fractions as a function of redshift and in broad bins of

velocity dispersion and compare them to the predictions of different models for

the origin of optical AGN.

The role of poor groups in shaping the evolution of galaxies and in particular

the role of these low density environments in shutting down star formation has

been the topic of much work. Groups are simpler than hot, dense clusters and

the range of processes operating in them — mainly mergers and galaxy-galaxy

interactions — is thought to be narrower. ”They also occupy the space between

the field galaxies, teeming with star formation, and the red and dead galaxies oc-

cupying clusters. If environmental processes are responsible for quenching star

formation, then the group environment may be where much of this should hap-

pen. However, it should also happen swiftly and without much ado. We plan

to use the optical star-formation indicators (OII and Hα) to trace the evolution

of the “star-formation sequence” as a function of environment. The optical data

will be complemented by 24 µm Spitzer observations acquired for a subsample of

groups which will give us a complete picture of the unobscured star-formation.
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APPENDIX A

FORMALISM FOR CONVERGENCE AND SHEAR

Keeton (2003) presents a formalism for deriving a simple analytic estimates of

the effective convergence κeff and shear γeff produced by a perturber somewhere

along the line of sight to a lens. The same formalism can be used for all the

situations considered in the main text (see §§4.4 and 4.5). The only assumption is

that the convergence and shear are small, so that we can work at first order in both

quantities. We will show below that there is a context in which this assumption

breaks down, but with no effect on our conclusions.

If the perturber were at the same redshift as the lens galaxy, it would produce

a convergence and shear given by

κ =
1

2

(

∂2ϕpert

∂x2
+

∂2ϕpert

∂y2

)

, (A.1)

γc =
1

2

(

∂2ϕpert

∂x2
− ∂2ϕpert

∂y2

)

, (A.2)

γs =
∂2ϕpert

∂x ∂y
, (A.3)

γ =
√

γ2
c + γ2

s , (A.4)

θγ =
1

2
tan−1

(

γs

γc

)

, (A.5)

where ϕpert is the lens potential of the perturber. Here γ is the shear strength, and

θγ the shear direction (which we measure North through East). If the perturber

lies at a different redshift zpert 6= zl, then the convergence and shear are modified

to the effective values (Keeton, 2003)

κeff =
(1 − β) [κ − β(κ2 − γ2)]

(1 − βκ)2 − (βγ)2
(A.6)

γeff =
(1 − β)γ

(1 − βκ)2 − (βγ)2
(A.7)
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where

β =
D(z1, z2)

D(0, z2)

D(0, zs)

D(z1, zs)
, (A.8)

z1 = min(zl, zpert) , (A.9)

z2 = max(zl, zpert) , (A.10)

where D(z1, z2) is the angular diameter distance between redshifts z1 and z2. Note

that when zpert = zl, we have β = 0 and so we recover κeff = κ and γeff = γ. Mov-

ing the perturber away from the lens redshift increases β and decreases κeff and

γeff .

In certain circumstances, the effective convergence and shear can apparently

go negative, which seems puzzling. The sign flip occurs only when the denom-

inator in eqs. (A.6)–(A.7) goes negative. This can happen only when κ and γ are

sufficiently large — in particular, only when the line of sight passes through the

strong lensing regime of the perturber. (For an isothermal sphere [below], this cor-

responds to κ, γ ≥ 0.5.) In this case, the lensing critical curves of the perturber

would merge with those of the main lens galaxy, which would completely change

the configuration of lensed images. In other words, our formalism breaks down

when the “perturbation” is sufficiently strong, but if it were that strong it would

(presumably) be known already.

If κ and γ are small, then we can expand eqs. (A.6)–(A.7) to first order write

κeff

κ
≈ γeff

γ
≈ 1 − β. (A.11)

We can think of κeff /κ and γeff /γ as the “normalized” convergence and shear —

the actual perturbation strength, normalized by the value that would apply if the

perturber were at the same redshift as the lens galaxy. We use this quantity in the

text as a simple way to characterize the redshift dependence of the perturbation

strength.
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We now specify how to determine the net convergence and shear when multi-

ple perturbers are present. This is relevant when we assess the effects of a group

around a lens by considering the member galaxies (§4.4.2), and also when we

consider the effects of structures along the line of sight (§§4.5.2 and 4.5.3). We see

from eqs. (A.1)–(A.3) that the quantities κ, γc, and γs are linear in the perturber

potential. The shear is a combination of γc and γs that actually corresponds to a

rank-2 traceless tensor, or a headless vector (headless because it is invariant un-

der rotation by 180◦). (See Schneider et al. 1992 for more discussion.) Thus, if we

know the effective convergence κeff,i and shear γeff,i, as well as the shear position

angle θγ,i (North through East), for a set of perturbers, then the proper way to

compute the net effects is as follows:

κtot =
∑

i

κeff,i . (A.12)

γc,tot =
∑

i

γeff,i cos 2θγ,i , (A.13)

γs,tot =
∑

i

γeff,i sin 2θγ,i , (A.14)

γtot =
√

γ2
c,tot + γ2

s,tot , (A.15)

θγ,tot =
1

2
tan−1(γs,tot/γc,tot) . (A.16)

Note that κeff,i ≥ 0 for any real perturber, so the terms in the convergence sum all

go in the same direction. By contrast, the cosine and sine factors mean that terms

in the shear sums may add or cancel. Hence, incompleteness in our sample can

only cause us to underestimate κtot, but it may cause us to over- or underestimate

γtot.

It is worthwhile to recall how convergence and shear affect lens models. Con-

vergence is largely responsible for systematic biases in lens models (KZ04), through

the mass sheet degeneracy (Gorenstein et al., 1988; Saha, 2000). The biases can be
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thought of as simple rescalings of model parameters, such as:

β ∝ (1 − κtot) , (A.17)

h ∝ (1 − κtot) , (A.18)

µ ∝ (1 − κtot)
−2 , (A.19)

where β is a mass parameter related to the lens velocity dispersion, h is the Hub-

ble parameter, and µ is the image magnification (see KZ04 and references therein).

Neglect of convergence is the main source of biases in lensing results for quad

lenses. Double lenses, by contrast, are so under-constrained that poor knowl-

edge of convergence and shear leads to lens models that are just plain wrong. In

both cases, detailed observations of lens environments are necessary to derive the

constraints necessary to make lens models reliable.

While the formalism presented so far is fully general, it is valuable to discuss

two particular perturber models. First, if we can approximate a perturber as

an isothermal sphere then we can easily relate measurable quantities to κ and

γ. Specifically, for an isothermal sphere with velocity dispersion σ and impact

parameter b, we have

κ = γ = 1.44 × 10−5

(

1′′

b

)

(

σ

km/s

)2 D(zpert, zs)

D(0, zs)
. (A.20)

We can measure the line-of-sight velocity dispersion σr of the group and the offset

b between the lens galaxy and group centroid, use them to determine κ and γ, and

finally fold in the redshift difference as above to determine κeff and γeff .

The second specific model we consider is a power law density profile cali-

brated by weak lensing. In a large and detailed analysis of galaxy–galaxy weak

lensing in the Sloan Digital Sky Survey, Sheldon et al. (2005) present the average

shear as a function of radius for a sample of 127,001 lens galaxies. They find that
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the shear profile is consistent with a simple power law

γ(R) =
A

Σcrit
R−α , (A.21)

where Σcrit is the critical surface density for lensing, which carries all the depen-

dence on the lens and source redshifts. Sheldon et al. tabulate the values of α and

A for galaxies in three luminosity bins.1 For any given galaxy that we observe, we

convert from our measured I-band apparent magnitude to absolute magnitude

in the SDSS i-band, using the color and K-corrections computed with Bruzual &

Charlot (2003) spectral synthesis models. (The luminosity bins used by Sheldon

et al. are wide enough that small systematic uncertainties in the magnitudes do

not shift galaxies between bins.) We then look up the values of A and α for each

luminosity from Table 2 of Sheldon et al. We use the lens and source redshifts to

compute Σcrit and hence γ(R). The last thing we need is the convergence. For a

power law γ(R) ∝ R−α, there is a very simple relation between shear and con-

vergence:

κ(R) =
2 − α

α
γ(R) . (A.22)

Thus, it is straightforward to compute κ and γ for each galaxy. We can then factor

in the redshift distance relative to the main lens galaxy as described above.

1Sheldon et al. (2005) actually tabulate power law parameters for the galaxy–mass correlation
function rather than the shear directly, but their formalism makes it straightforward to convert
back to A and α. At any rate, those parameters are more fundamental in terms of what they
measure. One additional technical point is that Sheldon et al. quote lengths using comoving
distances, but we convert those to angular diameter distances in our analysis.
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APPENDIX B

NOTES ON INDIVIDUAL SYSTEMS

Q ER 0047-2808 (hereafter Q0047) was discovered serendipitously by Warren et

al. (1996) as part of spectroscopic survey of early type galaxies which included the

lens – a massive early type galaxy at z = 0.485. Q0047 was the first optical Ein-

stein ring discovered. Warren et al. (1998) confirmed that the source is a z = 3.595

highly star-forming galaxy and measured the ring radius to be r = 1.35”. There is

no prior work on the environment of the lens galaxy and even ?) conclude based

on non-parametric lens models that the SIS+external shear models are ruled out

by the data.

Q J0158-4325 (a.k.a. CTQ 0414, hereafter Q0158) is a doubly imaged z = 1.29

quasar lens with image separation 1.2” (Morgan et al., 1999). An over-density of

galaxies is found at a photometric redshift z = 0.5±0.1 by Faure et al. (2004) who

suggest this is also the lens redshift.

HE0435-1223 (hereafter HE0435) was discovered as part of the Hamburg/ESO

(HES) survey of bright quasars (Wisotzki et al., 2000) as a z=1.689 QSO. A follow-

up high resolution image with the 6.5 m Baade/Magellan I telescope revealed

the four lensed images of the quasar (Wisotzki et al., 2002) in a configuration

resembling the Einstein Cross lens Q2237+0305 (Huchra et al., 1985). The image

separations are 2.3”(B-D) and 2.6”(A-C). Morgan et al. (2005) measure the lens

redshift zl = 0.4546±0.0002. HST-ACS observations (Morgan et al., 2005) reveal a

spiral rich group of galaxies within 40” of the lens, but the 18 measured redshifts

do not reveal a coherent structure. SIS+shear lens model fits the lens well and

requires γ = 0.074 at φγ = 76.5 deg. HE0435 is one of the nine time delay lenses in

this sample with ∆tAD = −14.37+0.75
−0.75, ∆tAB = −8.00+0.73

−0.82 and ∆tAC = −2.10+0.78
−0.71
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days (Kochanek et al., 2006).

CLASS B0712+472 (hereafter B0712) was discovered as part of the JVAS/CLASS

(Jordell Bank – VLA Astrometric Survey (Patnaik et al., 1992b)/ Cosmic Lens All

Sky Survey (Jackson et al., 1995)) survey of flat spectrum radio sources. Follow-

up imaging revealed a quadruply imaged zs ∼ 1.33 quasar and a V = 22.2 early-

type lensing galaxy at zl ∼ 0.4 (Jackson et al., 1998). The maximum image sep-

aration is 1.27”. Fassnacht & Cohen (1998) confirm zl = 0.4060 and zs = 1.339.

B0712 is a flux anomaly lens with the major flux density discrepancy involving

the B and D images. Jackson et al. (1998) and Jackson et al. (2000) suggest that

while the D image discrepancy is probably due to reddening, the B image dis-

crepancy is most likely caused by microlensing. Fassnacht & Lubin (2002a) find a

foreground group at z = 0.2909 spacially coincident with the lens and measure its

velocity dispersion σ = 306+110
−58 km s−1. The shear due to this foreground group

is small – γ = 0.03 to 0.05 (Keeton et al., 1998; Fassnacht & Lubin, 2002a).

MG0751+2716 (hereafter MG0571) was discovered as a part of the MIT-Greenbank-

VLA survey for strong gravitational lenses. It consists of four images of a zs =

3.200 ± 0.001 quasar and a partial ring (Lehár et al., 1993b; Tonry & Kochanek,

1999). The lens galaxy, identified by Lehár et al. (1997), is an R = 21.3 early type

galaxy at zl = 0.3502 ± 0.0003 (Tonry & Kochanek, 1999) which is a satellite of

a nearby massive elliptical (R = 19.1, z = 0.3501 ± 0.0003, Tonry & Kochanek

(1999)). Tonry & Kochanek (1999) also identify a third member of the group – a

nearby emission line galaxy at z = 0.3505 ± 0.00003. Lens models (Lehár et al.,

1997) suggest that MG0751 requires more external shear that can be accounted

for by the observed galaxies which may be due to its complex environment.

This hypothesis is confirmed by Momcheva et al. (2006) who identify another 10

members of the group and determine its velocity dispersion σ = 320+170
−110km s−1.
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Williams et al. (2006) also identify a background red sequence at zRS = 0.48

consistent with an under-sampled z = 0.5605 group with five members and

σ ∼ 550km s−1 found in Momcheva et al. (2006).

FBQ0951+2635 (hereafter FBQ0951) was the first strong lens discovered by the

FBQS (FIRST Bright Quasar Survey, Gregg et al. (1996)). It was originally iden-

tified as a B ∼ 16.9, zs = 1.24 quasar, but high-resolution follow-up imaging

and spectroscopy (Schechter et al., 1998) revealed two images of the same back-

ground quasar, separated by 1.1”. Based on fundamental plane fitting Kochanek

et al. (2000b) estimate that the lens redshift is zl = 0.21+0.02
−0.03. Only recently Eigen-

brod et al. (2006a) determine the lens redshift zl = 0.26± 0.002. This is coincident

with the redshift z = 0.27 of one of the three groups identified by Williams et al.

(2006) along the line of sight of FBQ0951, the other two red sequences being at

z = 0.16 and z = 0.43. Jakobsson et al. (2005) measure the time delay between the

two images ∆t = 16 ± 2 days.

BRI0951-0115 (hereafter BRI0951) is a doubly imaged zs = 4.5 optical quasar

discovered by McMahon & Irwin (1992). The image separation is 0.9”. The

quasar was also detected at millimiter wavelengths (Omont et al., 1996). Kee-

ton et al. (1998) find that the lens is a flattened early-type galaxy and Kochanek

et al. (2000b) estimate its redshift z = 0.41± 0.05 based on fundamental plane fit-

ting. Momcheva et al. (2006) suggest that the lens galaxy may be associated with

a z = 0.42 group of 5 galaxies with σ = 170+150
−100. This suggestion is denied by

Eigenbrod et al. (2006a) who determine the lens redshift to be zl = 0.632 ± 0.002.

Q J1017-207 (a.k.a. J03.13, hereafter Q1017) was discovered by Claeskens et

al. (1996) by careful analysis of the optical images for selected Highly Lumi-

nous Quasars which reveled that the J03.13 quasar consisted of at least two sep-

arate components. Further observations (Surdej et al., 1997) revealed that the
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two sources appeared to be images of the same zs = 2.545 quasar separated

by 0.849 ± 0.001”.Lehár et al. (2000) detect the galaxy in HST-NICMOS imag-

ing. Based on its color the fundamental-plane lens galaxy redshift is zl = 0.78+0.09
−0.05

(Kochanek et al., 2000b).

HE1104-1805 (hereafter HE1104) was serendipitously discovered by Wisotzki

et al. (1993) as a doubly imaged radio quiet quasar at z = 2.319 with image sep-

aration 3”. The lens galaxy was first detected by Courbin et al. (1998) in J and K

and also detected by Remy et al. (1998) in I but not in V band which led them to

suggest the lens is at z = 1.32. The lens redshift zl = 0.729 ± 0.001 was measured

by Lidman et al. (2000). HE1104 is unusual because the brighter image is closer to

the lens galaxy and lens models of the system require fairly large shear γ ∼ 0.125

to 0.142. The time delay ∆t = 161 ± 7 days was measured by Ofek & Maoz

(2003), who also detected residual variation attributed to microlensing. Faure et

al. (2004) find an overdensity of galaxies in the field of H1104, which based on

the photometric redshifts might be associated with the background quasar.

PG 1115+080 (hereafter PG1115) is a z = 1.722 radio-quiet quasar lensed into

four images by a z = 0.3098 ± 0.0002 elliptical galaxy (Weymann et al., 1980;

Kundić et al., 1997a; Tonry, 1998). The presence of a small group associated

with the lens is suggested by Young et al. (1981a) and confirmed by Kundić et

al. (1997a) and Tonry (1998) who measure the redshifts of 4 galaxies within 20” of

the lens and estimate σ = 270 ± 70km s−1 and σ = 326km s−1 respectively. Grant

et al. (2004) detect diffuse X-ray emission associated with the group with temper-

ature kT ∼ 0.8±0.2 keV. Time delays were measured by Schechter et al. (1997) and

improved by Bar-Kana (1997): ∆tBC = 25.0+3.3
−3.8 days and ∆tAC/∆tBA = 1.13+0.18

−0.17.

PG1115 has anomalous flux ratios which is probably due to microlensing (Met-

calf & Madau, 2001; Metcalf & Zhao, 2002; Chiba et al., 2005; Dalal & Watson,
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2004; Keeton et al., 2003a, 2005).

MG1131+0456 (hereafter MG1131) was observed with VLA as part of the MIT

– Green Bank (MG) survey and even a short exposure revealed the unusual ring-

like morphology. Follow-up observations (Hewitt et al., 1988; Chen & Hewitt,

1993) identified it as a radio Einstein ring with two compact sources embedded

in the ring and revealed an even more complex morphology – a radio jet is be-

ing lensed into an elliptical ring and the radio core is doubly imaged while the

oposite radio jet is unlensed. In the optical (Kochanek et al., 2000a), there is an

incomplete ring image of the host galaxy of the optical AGN while in H-band the

ring image of the host galaxy is complete. Ground-based optical and IR (Larkin

et al., 1994) imaging showed that both the lens and the source were extremely red

and based on broad band colors, Hammer et al. (1991) suggest tentative lens and

source redshifts – zl ∼ 0.85 and zs ∼ 1.13. The source appears to be an extremely

red object at zs ∼ 2 (Kochanek et al., 2000a). Tonry & Kochanek (2000) measured

the lens redshift zl = 0.8440 ± 0.0005. Larkin et al. (1994) notice a significant ex-

cess of objects within 20” of the lens and suggest that they might complicate the

lens potential and based on the colors of the galaxies in the field Kochanek et al.

(2000a) suggest that the lens belongs to a group of at least seven galaxies. Tonry

& Kochanek (2000) measure redshifts for 3 galaxies in the field and find evidence

for a foreground group at z = 0.343 with σ = 232km s−1.

RXJ1131-1231 (hereafter RXJ1131) is a four-image lens with an Einstein ring

discovered serendipitously by Sluse et al. (2003). The source and lens redshifts are

zs = 0.658± 0.001 and zl = 0.295± 0.002. RXJ1131 has anomalous flux ratios by a

factor of two in the optical and 3-9 in the X-ray (Blackburne et al., 2006) possibly

explained with microlensing by substructure (Morgan et al., 2006). RXJ1131 is

also a time delay lens with measured delays of tAB = 11.98+1.52
−1.27, tAC = 9.61+1.97

−1.57
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and tAD = −87 ± 8 days Morgan et al. (2006). There is evidence for significant

structure along the line of sight of this lens – a groups at z ∼ 0.1 (Morgan et al.,

2006) and possibly a group associated with the lens (Williams et al., 2006). SIS+γ

models require large shear > 0.1 (Morgan et al., 2006).

CLASS B1152+200 (hereafter B1152) is a two-image gravitational lens discov-

ered in the Cosmic Lens All-Sky Survey (CLASS, Myers et al. (1995, 1999)). A

zs = 1.0189 ± 0.0004 quasar is lensed by a zl = 0.4386 ± 0.0008 galaxy. The image

separation is 1.6”. The lens galaxy is faint and difficult to de-convolve from the

lensed images, thus little is known about the lens itself and lens models are very

unconstrained. B1152 is a good time delay candidate with an expected time delay

t = 32 ± 4 h−1 (Muñoz et al., 2001) days but it is yet to be measured.

HST12531-2914 (hereafter HST13531) was discovered serendipitously in HST-

WFPC2 observations as part of the Medium Deep Survey (MDS) (Ratnatunga

et al., 1995). The four images in an Einstein cross configuration are separated

by ∼ 1” and are much fainter I ∼ 25 − 27 than the early type lens galaxy I ∼

19 − 22. Based on fundamental plane fitting Kochanek et al. (2000b) estimate

zl = 0.63+0.20
−0.03. Lens models of HST12531 require unusually large shear γ ∼ 0.2

(Witt & Mao, 1997) suggesting a misalignment between the galaxy with its DM

halo or complicated environment.

LBQS 1333+0113 (a.k.a. SDSS J1335+0118, hereafter LBQ1333) was identified

as a quasar in the Large Bright Quasar Survey (LBQS, Hewett et al. (1991) but not

as a lens. Hewett et al. (1998) looked for lenses in LBQS but did not discover this

one because they were only sensitive to separations larger that 3”. Oguri et al.

(2004) identified it as a doubly lensed zs = 1.57± 0.05 quasar in SDSS. The image

separation is 1.56”. The lens redshift is zl = 0.440± 0.001 (Eigenbrod et al., 2006).

Q1355-2257 (a.k.a. CTQ 327, hereafter Q1355) was discovered by Morgan et
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al. (2005) during an HST-STIS snapshot campaign to discover small separation

gravitational lenses. The two images of the z = 1.37 quasar are separated by

1.22” and the lens is an early type galaxy at zl ∼ 0.4 − 0.6 based on the Faber-

Jackson relationship. Eigenbrod et al. (2006) give a tentative measurement of the

lens redshift zl = 0.702. The lens redshift is not yet in NED but we have added it

to our spectroscopic catalogs.

HST J14113+5211 (hereafter HST14113) is a quadruple lens with maximum

separation 2.28” discovered serendipitously by Fischer et al. (1998) in the z = 0.46

cluster CL 140933+5226 (a.k.a. 3C 295). The lens is identified as an early type

galaxy most probably belonging to the cluster. Lubin et al. (2000) measure the

lens and a tentative source redshifts zl = 0.465 and zs = 2.811. The cluster has

velocity dispersion σ = 1300km s−1 based on 21 members (Dressler & Gunn,

1992).

[HB89] 1413+117 (a.k.a. the Cloverleaf, hereafter H1413) is one of the most

widely studied strong gravitational lenses. It was identified as a broad-absorption

line quasar at z = 2.55 by Hazard et al. (1984) and originally included in the

Hewitt-Burbidge QSO catalog (Hewitt & Burbidge, 1989). Later Magain et al.

(1988) discover that is in fact a gravitational lens with 4 images separated by 1.1”

and 1.36” along the diagonals and identify two absorption line systems in the

quasar spectra at z = 1.43 and 1.661 possibly caused by the lens and/or line-of-

sight structures. The lens galaxy was detected by Kneib et al. (1998a) who derive

a photometric redshift z = 0.9 ± 0.1 for it and the surrounding group of galaxies

and suggest that the lens lies in a dense environment (also Kneib et al. (1998))

which causes the large shear (γ = 0.110 ± 0.003, Keeton et al. (1997)) required

by lens models. Based on extensive photometric redshifts Faure et al. (2004) find

two separate over-densities along the line of sight of H1413 at z = 0.8 ± 0.3 and
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1.75 ± 0.2. Variations between the image fluxes (e.g. Angonin et al. (1990)) have

been ascribed to microlensing and/or intrinsic quasar variability but time delays

have not been measured yet.

CLASS B1422+231 (hereafter B1422) is a four image lens discovered in the

Jordel Bank – VLA Astrometric Survey (JVAS, Patnaik et al. (1992a,b); King et al.

(1999)). The source is a zs = 3.62 radio-loud quasar lensed by a z = 0.338 lumi-

nous elliptical galaxy (Impey et al., 1996; Kundić et al., 1997b). Using the radio

light curves Patnaik & Narasimha (2001) measure the time delays between the

images to be 1.5± 1.4 days (between B and A), 7.6± 2.5 days (between A and C),

and 8.2± 2.0 days (between B and C). The lens belongs to a groups of 16 galaxies

with σ = 470+100
−90 km s−1 (Kundić et al., 1997b; Momcheva et al., 2006). Grant et al.

(2004) detect the diffuse X-ray emission of the group and its temperature kT = 1.0

keV and luminosity LX = 8 × 1042erg s−1. B1422 is another lens with anomalous

flux ratios (Mao & Schneider, 1998; Chiba et al., 2005).

SBS 1520+530 (hereafter SBS1520) is a doubly imaged z = 1.855 BAL quasar

discovered in the Second Byurakan Survey (SBS, Chavushyan et al. (1997)). The

images are separated by 1.005”. Based on fundamental plane fitting Kochanek

et al. (2000b) estimate zl = 0.520.13
0.8 . The redshift of the lens galaxy is ambiguous

– Burud et al. (2002a) measure the lens redshift zl = 0.71 ± 0.005 but Auger et

al. (2008) claim z = 0.761 is more likely. The time delay between the images is

∆t = 130±3 days (Burud et al., 2002a). Lens models of SBS1520 require unusually

large shear γ ∼ 0.34 which is attributed to a nearby galaxy and a group at the

lens redshift (Burud et al., 2002a; Faure et al., 2002; Auger et al., 2008). Auger et

al. (2008) also find that the lens is best fit with a steeper than isothermal profile

which can be attributed to a tidal interaction with the nearby galaxy. Short term

variations in the image fluxes are probably due to microlensing (Gaynullina et
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al., 2005).

MG J1549+3047 (hereafter MG1549) was recognized as a gravitational lens

by Lehár et al. (1993a) in a radio source mapped as part of the MIT-Greenbank-

VLA survey (Lehár, 1991). The z = 0.111 galaxy lenses one of the radio lobes of

a z = 1.170 ± 0.001 (Treu & Koopmans, 2003) background radio galaxy into an

radio Einstein ring. The velocity dispersion of the lens is σ = 227 ± 18km s−1

(Lehár et al., 1996). A third object at z = 0.604 ± 0.001 lies projected between the

lens and the radio galaxy producing the jet.

CLASS B1600+434 (hereafter B1600) is a two image gravitational lens discov-

ered in the CLASS survey (Jackson et al., 1995). A z = 1.589 ± 0.006 radio source

is lensed by a z = 0.414± 0.0003 edge-on spiral galaxy (Fassnacht & Cohen, 1998;

Jaunsen & Hjorth, 1997; Koopmans et al., 1998). The images are separated by 1.4”.

Koopmans et al. (2000) measure the radio time delay ∆t = 47+5,+7
−5,−8 and also re-

port that short term variability in the A image probably caused by microlensing.

Burud et al. (2000) measure the optical time delay ∆t = 51 ± 4 days. Williams et

al. (2006) find a red line-of-sight structure at z ∼ 0.5 and Auger et al. (2006) find

that the lens belongs to a group of 6 late-type members with σ = 100 ± 40km s−1

as well as two background groups (z=0.543, 0.629) which might not be bound.

X-ray observations of B1600 (Dai & Kochanek, 2005) fail to detect extended emis-

sion from the intra-group gas and place a limit on its luminosity LX ∼ 2 × 1042

for a group at the lens redshift.

CLASS B1608+656 (hereafter B1608) was the first lens discovered as part of

the CLASS (Myers et al., 1995). A zs = 1.394 post-starburst galaxy (Fassnacht et

al., 1996) is lensed into four images by a z = 0.6304 pair of interacting galaxies.

The stellar velocity dispersion of the main lens galaxy is σ = 247 ± 35km s−1

(Koopmans et al., 2003). The maximum separation between the images is 2.1”.
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B1608 is a time delay system with radio delays ∆tBA = 31.5+2
−1, ∆tBC = 36.0+1.5

−1.5

and ∆tBD = 77.0+2.0
−1.0 days (Fassnacht et al., 2002b). Fassnacht et al. (2006) find a

group of 8 galaxies at the lens redshift and σ = 150 ± 60km s−1 as well as three

groups along the line of sight (z = 0.265, 0.426 and 0.52). So far none of these

groups is detected in the X-ray (Dai & Kochanek, 2005).

MG J1654+1346 (hereafter MG1654) was recognized as an unusual radio source

in the MIT-Greenbank-VLA survey. A zl = 0.254 giant elliptical galaxy lenses one

of the radio lobes of a z = 1.74 radio quasar into a radio Einstein ring (Langston et

al., 1988, 1989; Kochanek et al., 2000b). Langston et al. (1989) notice an enhance-

ment in the number density of galaxies around the lens suggesting a complex

environment. Momcheva et al. (2006) identify a group of seven galaxies with

σ = 200+120
−80 km s−1 at the lens redshift.

PMN J2004-1349 (hereafter PMN2004), discovered by Winn et al. (2001) in a

southern survey for radio lenses is a two image lens. The radio spectral index

of the source is typical for radio loud quasars so it is considered to be a quasar

despite the lack of optical confirmation. The lens is a spiral galaxy. Based on

photometry Winn et al. (2001) suggest 0.5 < zl < 1.0, but extinction considera-

tions used to explain the color differences between the images imply lower values

0.03 ∼< zl ∼< 0.36 (Winn, Hall & Schechter, 2003).

WFI J2033-4723(hereafter WFI2033) is a quadruply imaged z = 1.66 quasar

(Morgan et al., 2004) discovered as part of a southern hemisphere optical survey

for gravitational lenses using the MPG/ESO 2.2 m telescope. The image separa-

tion is 2.53”. Eigenbrod et al. (2006) and Ofek et al. (2006) measure the S0 lens

redshift to be z = 0.661±0.001 and z = 0.658±0.001 respectively. Lens models of

the system require large shear γ = 0.225 due to a nearby galaxy and/or a group

at the lens redshift (Morgan et al., 2004). Recently Vuissoz et al. (2008) measure



295

two independent time delays ∆tB−A = 35.5±1.4 days and ∆tB−C = 62.6+4.1
−2.3 days.

CLASS B2114+022 (hereafter B2114) was discovered in the Jordell Bank - VLA

Astrometric Survey (King et al., 1999). The four radio sources are arranged in an

atypical lens configuration and the four images can be divided in two distinct

groups – A and D are similar to each other, but different from B and C which

are also similar to each other. Optical observations fail to detect the images but

identify two lens galaxies with zl1 = 0.3157 and zl2 = 0.5883 (Augusto et al., 2001).

Using a two plane lens model Chae, Mao & Augusto (2001) explain the A and D

radio components. There is no lens model to explain the B and C components

yet. Momcheva et al. (2006) find a group of 5 galaxies at z = 0.3141 associated

with the foreground lens galaxy and determine σ = 110+170
−80 km s−1.

HE2149-2745 (hereafter HE2149) is a doubly imaged BAL quasar at z = 2.033,

discovered by Wisotzki et al. (1996) as part of the Hamburg/ESO survey of bright

quasars. The elliptical galaxy lens redshift zl = 0.495 ± 0.01 was measured by

Burud et al. (2002b) and found consistent with the fundamental-plane redshift

zl = 0.43+0.07
−0.06 (Kochanek et al., 2000b). Burud et al. (2002b) also determine the

time delay between the images ∆t = 103±12 days. Based on the large number of

galaxies in the R band image of the HE2149 filed Lopez et al. (1998) suggest that

the lens might be a member of a cluster. Momcheva et al. (2006) and Williams

et al. (2006), however, only find several groups along the line of sight (at z =

0.27, 0.45 and 0.60), none of them associated with the lens.
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APPENDIX C

NUMERICAL METHODS – CALCULATING REDSHIFTS, VELOCITY DISPERSIONS,

ERRORS AND SUCH

Here we describe in detail the methods we use in this work to calculate the group

properties, their errors and confidence intervals. We do this to aid future read-

ers in attempts to recreate the calculations presented here as well as to present

a methodology for calculating these quantities to be used in the future. Most of

our work is based on the ROSTAT Fortran package which contains the statisti-

cal routines tested by T. Beers, K. Flynn and K. Gebhardt for robust estimation

of sample statistics and other related routines. For our use we re-wrote these

routines in IDL.

C.1 Redshift and Velocity Dispersion

We use bi-weight estimators of location and scale to determine the group red-

shifts and velocity dispersions. The bi-weight location estimator has been sug-

gested for use with non-Gaussian or contaminated normal distributions and uses

a minimization of a function of the deviations of each observation from the loca-

tion estimate. It requires an auxiliary estimate of scale and it generally uses the

median absolute deviation from the sample median, MAD, which is resistant due

to its use of the median rather than average:

MAD = median(|xi − M |) (C.1)

where M is the sample median. The bi-weight location estimate is then:

CBI = M +

∑

|ui|<1(xi − M)(1 − u2
i )

2

∑

|ui|<1(1 − u2
i )

2
(C.2)
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where ui are given by:

ui =
(xi − M)

cMAD
(C.3)

The tuning constant c = 6.0 gives the best efficiency over a broad range of distri-

butions by including data up to four standard deviations from the cental location.

After the fisrt iteration M is replaced with the CBI estimate and the process is con-

tinued until convergence, which usually requires only a few iterations.

The bi-weight estimator for scale is defined as:

SBI =
√

n

√

∑

|ui|<1(xi − M)2(1 − u2
i )

4

|∑|ui|<1(1 − u2
i )(1 − 5u2

i )|
(C.4)

where ui is defined as above but the tuning constant is c = 9.0. Both CBI and

SBI are calculated in an iterative fashion such that after the first iteration M is re-

placed with the CBI estimate and MAD is replaced with SBI . The process usually

converges after only a few iterations.

An alternative method for estimating the scale of a distributions is the gapper

method which relies on the gaps between ordered statistics. In short, for an or-

dered statistic xi, xi+1, ..., xn, gaps are defined as gi = xi+1−xi, i = 1, ..., n−1 and

approximately Gaussian weights are defined as wi = i(n − i). Then the gapper

estimator of scale is:

SG =

√
π

n(n − 1)

n−1
∑

i=1

wigi (C.5)

We use the gapper scale estimate as a comparison to the bi-weight scale estimate

and find that the two produce identical results (much less than 1σ difference).

The measurable parameter we use is redshift. We do no convert redshifts to

recession velocities because at the redshifts of interest the approximation v ≈ cz is

no longer valid and the recession velocities have no physical meaning. Therefore,

we actually calculate the mean redshift z̄ and dispersion of redshifts σz for the
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members of a given group. The conversion to velocity dispersion is σv = σzc/(1+

z̄) (here the v ≈ cz approximation is actually valid).

The estimated velocity dispersion needs to be corrected for the actual redshift

measurement errors, which may artificially inflate the dispersion. The correction

S2
corr is subtracted from the scale estimate in quadrature:

S2
corr =

∑

z2
err,i

n(1 + z̄)2
(C.6)

C.2 Errors of the Redshift and Velocity Dispersion

We estimate the standard errors in z̄ and σz using the jackknife method (?). The

jackknife method is commonly used when dealing with random samples to esti-

mate the value of an unknown parameter. The idea is to divide the sample of size

n into several sub-samples of size m < n and use these to estimate the variance of

the unknown parameter. In our application we create n sub-samples of size n−1,

i.e. we drop one of the data points in each subsample, and re-calculate the statis-

tics of interest (z̄, σz, the centroid coordinates RAc and Decc) for the sub-sample.

For the ensemble of these sub-estimates and their log10 values we then calculate

the mean of the mean redshifts z̄z̄, the dispersion of the mean redshifts σz̄, the

mean of the redshift dispersions σ̄z and the dispersion of the redshift dispersions

σσz
, as well as the corresponding logarithmic quantities. The logarithmic quan-

tities are calculated because for small samples such as the ones considered here

it may be unwise to invoke the assumption of normal distribution and a loga-

rithmic transformation has a known normalizing effect on the variances (Bissel &

Ferguson, 1975).

The standard errors we quote on all quantities are the 68% confidence in-

tervals assuming a Student’s t-distibution of the population – an assumption of

choice, again, for small samples n < 30. The t-distribution depends on the num-
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ber of degrees of freedom Ndof = n − 1 of the sample of size and is generally

broader and with higher tails than the normal distribution. When the Ndof is

large, the t-distribution approaches normality. The confidence intervals of the

bi-weight location z̄ are:

δz̄ = tNdof

σz√
n

(C.7)

where tNdof
is the t-value for the selected confidence level for a sample with Ndof

degrees of freedom. The confidence intervals for the logarithm of the bi-weight

estimate of scale is:

δlog10σz
= t0.7Ndof

σlog10σz
(C.8)

where t0.7Ndof
is the t-value for the selected level of confidence for a sample with

0.7Ndof degrees of freedom. The conversion from the confidence intervals on

log10σz to confidence intervals on σz is what creates the asymmetric errors we

quote:

δ+σz = 10log10σz+δlog10σz − σz (C.9)

δ−σz = σz − 10log10σz−δlog10σz (C.10)

The final values of the confidence intervals also need to take into account the

measurement errors for each redshift value. If the measurement errors are large

the estimated quantities will be more uncertain and vice versa. CI2
corr is added in

quadrature to the location confidence interval:

CI2
corr =

∑

z2
err,i

n2
(C.11)

where n is the number of group members. SI2
corr is added in quadrature to the

scale confidence intervals:

SI2
corr =

S2
corr

n
(1 +

S2
corr

2σ2
z

) (C.12)
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Again, as above, all quantities are calculated in terms of the redshift and then

converted to velocity in the small redshift limit.

C.3 Centroid

Group centroids are calculated by determining the mean of the positions of the

member galaxies:

RAg =

∑

RAi

n
, Decg =

∑

Deci

n
(C.13)

The standard errors of the centroid are calculated using the jackknife method and

we quote the 68% confidence intervals.
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