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ABSTRACT

In this thesis, I explore how the environments of both galaxy and cluster-scale

strong gravitational lenses affect studies of cosmology and the properties of the

earliest galaxies.

Galaxy-scale lenses with measured time delays can be used to determine the

Hubble constant, given an accurate lens model. However, perturbations from

structures along the line of sight can introduce errors into the measurement. I

use data from a survey towards known lenses in group environments to calculate

the external shear in these systems, which is typically marginalized over in stan-

dard lens analyses. In three of six systems where I compare the independently-

calculated environment shear to lens model shears, the quantities disagree at

greater than 95% confidence. We explore possible sources of this disagreement.

Using these data, I generate fiducial lines of sight and insert mock lenses with

assumed input physical and cosmological parameters and find that those param-

eters can be recovered with ∼ 5 − 10% scatter when uncertainties in my charac-

terization of the environment are applied. The lenses in groups have larger bias

and scatter. I predict how well new time delay lenses from LSST will constrain

H0 and find that an ensemble of 500 quad lenses will recover H0 with ∼ 2% bias

with ∼ 0.3% precision.

On larger scales, galaxy cluster lenses can magnify the earliest galaxies into

detectability. While past studies have focused on single massive clusters, I in-

vestigate the properties of lines of sight, or “beams”, containing multiple cluster-

scale halos in projection. Even for beams of similar total mass, those with multi-

ple halos have higher lensing cross sections on average. The optimal configura-

tions for maximizing the cross section are also those that maximize faint z ∼ 10
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detections. I present a new selection technique to identify beams in wide-area

photometric surveys that contain high total masses and often multiple clusters in

projection as traced by luminous red galaxies. I apply this technique to the Sloan

Digital Sky Survey and present the 200 most promising beams. Several are con-

firmed spectroscopically to be among the highest mass beams known with some

containing multiple clusters. These are among the best fields to search for faint

high-redshift galaxies.
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CHAPTER 1

INTRODUCTION

Gravitational lensing is the deflection of light rays by gravity due to the presence

of mass in proximity to the light path. Since the discovery of the first extragalactic

gravitational lens by Walsh et al. (1979), lensing has been used for a variety of sci-

entific goals, including understanding the distribution of dark matter, measuring

the expansion rate of the universe, and magnifying the faintest and most distant

objects into detectability. Advances in astronomical observational facilities and

instruments have enabled us to take advantage of these “cosmic telescopes” to

answer some of the most fundamental questions about the nature of the universe

and how it evolved into what we see in the present epoch.

As our theoretical understanding of structure formation has grown, and in-

creasingly large observational datasets have validated the picture of an intricate,

complex distribution of mass in our universe, the implications of these advances

on our understanding of strong lensing has led to the realization that smooth

mass clumps in isolation may not be sufficient to describe the lensing properties

of massive objects. Mass substructure and the presence of mass external to the

main lens can create perturbations that complicate the analysis of a particular

lens. Studies that attempt to use lensing constraints to understand cosmology or

the internal structure of galaxies may be affected by these perturbations in ways

that will bias the measured quantities. On the other hand, since lensing is sensi-

tive to all mass along the line of sight to the source, it may be the case that the

magnification provided by strong lenses can be improved by taking advantage

of fields that contain a large amount of physically unassociated mass clumps that

nonetheless interact to produce extended regions of high magnification.
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1.1 Constraining Galaxy Structure and Cosmology from Strong Lenses

Gravitational lensing can be used to constrain the Hubble Constant (H0) by mea-

suring the time delay between multiple images of a lensed source (Refsdal, 1964).

Since the light rays from multiple images traverse different paths from the source

to the observer, intrinsic variations in the flux from the source are observed at

different times. This time delay is proportional to the difference in length of the

light paths, which is proportional to H−1
0 . With an accurate model of the lens, it is

possible to measure H0. While time delays can be difficult to measure, requiring

continuous monitoring over several years, a handful of time delay lenses have

been used to place constraints on H0 (e.g., Koopmans et al., 2003; Oguri, 2007;

Suyu et al., 2010, 2013a,b). With new techniques and surveys such as the Cos-

mological Monitoring of Gravitational Lenses (COSMOGRAIL; Eigenbrod et al.,

2005; Tewes et al., 2012a), further time delay measurements and H0 determina-

tions are being made (e.g., Vuissoz et al., 2007, 2008; Courbin et al., 2011; Tewes

et al., 2012b). With larger samples of lenses with accurate time delay measure-

ments, it is even possible to constrain other cosmological parameters such as Ωm,

ΩΛ, and w through their (weaker) dependence on the lensing time delay (e.g.,

Linder, 2004; Coe & Moustakas, 2009).

Since the gravitational lensing effect arises from the gravitational potential of

any mass distribution projected along the line of sight, regardless of its nature,

lensing can directly probe the total mass distribution of the lensing object, in-

cluding both baryonic matter and dark matter. This also means that mass from

multiple objects can contribute to the lensing effect. As lens modeling techniques

have become more refined with accurate constraints from high-resolution HST

imaging and complementary measurements such as the internal kinematics of

lens galaxies, the dominant source of uncertainty limiting precise H0 measure-
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ments from time delay lenses is the influence of external mass along the line of

sight (e.g. Suyu et al., 2013b), including both the local environment of the lens

galaxy and unassociated structures projected at different redshifts. The presence

of this mass leads to perturbations in the observed lensing constraints, chang-

ing the parameters inferred from lens models. Models have typically accounted

for the environment with an external shear term (γ), which is marginalized over

in traditional lens analyses. However, this simplistic treatment has generally

lacked independent verification from other methods and does not account for

the mass sheet degeneracy (e.g., Falco et al., 1985; Gorenstein et al., 1988; Saha,

2000; Liesenborgs & De Rijcke, 2012), which can lead to biases in measurements

of H0 from time delay lenses. Accurately accounting for these perturbations is

one of the biggest remaining challenges in being able to leverage an ensemble of

time delay lenses into a precision cosmology probe.

In addition to cosmological constraints, strong lens modeling can be used to

study the internal structure of lens galaxies. For example, the Sloan Lens ACS

(SLACS) survey (Bolton et al., 2006, 2008) obtained high-resolution HST/ACS

imaging of over 100 of early-type galaxies that are strongly lensing background

sources. Through systematic lens modeling of these systems combined with dy-

namical information, the internal structure of these early-type galaxies could be

studied in detail. Such studies have revealed key quantities such as the relative

fraction of dark and baryonic matter, as well as the mass profile slope of these

galaxies (e.g., Koopmans et al., 2006; Treu et al., 2006; Auger et al., 2009, 2010a).

Combining lensing and dynamics information with stellar population synthesis

models led to studies of the stellar initial mass function (IMF) in these galaxies

(e.g., Auger et al., 2010b; Sonnenfeld et al., 2012). The BOSS Emission-Line Lens

Survey (BELLS; Brownstein et al., 2012) is expanding the SLACS sample to higher
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redshift lenses, allowing for studies of the redshift evolution of the structural

properties of these galaxies (e.g., Bolton et al., 2012). Related surveys, such as the

Sloan WFC Edge-on Late-type Lens Survey (SWELLS; Treu et al., 2011), are using

high-resolution lens modeling to produce similarly detailed analyses of late-type

galaxies. These studies, along with SLACS and BELLS, have revealed variations

between the structure and IMF of early-type and late-type galaxies (e.g., Brewer

et al., 2012), and even within components of individual galaxies (e.g., Barnabè

et al., 2012; Dutton et al., 2013).

Accounting for the presence of mass along the line of sight is an important

consideration for these studies as well, as the inferred physical parameters of

the lens galaxy can be influenced by the perturbations arising from the line of

sight environment (e.g., Read et al., 2007; Guimarães & Sodré, 2011). Further-

more, a breakdown of the detailed error budget due to environmental effects will

better inform future studies as to what observations will be needed to minimize

the bias and scatter from strong lensing analyses. As we move toward an era of

deep wide-area photometric surveys such as the Large Synoptic Survey Telescope

(LSST), understanding and correcting for these biases in current models, identi-

fying observations that will reduce the largest sources of uncertainty from the

environment, and developing improved methods to deal with the LOS environ-

ment, will be crucial to the success of gravitational lensing as a tool to constrain

cosmology and galaxy structure.

1.2 Gravitational Lenses as Cosmic Telescopes

Strong lensing is also observed in larger structures such as clusters of galaxies.

These large structures, though rare compared to individual galaxies, have much

larger lensing cross-sections as a result of their high masses. Many known clus-
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ters exhibit strongly lensed background galaxies that have been magnified into

long distorted arcs (e.g., Hennawi et al., 2008) or multiple images. This ensem-

ble of multiply-imaged sources, once identified, can be used to model the mass

distribution of the lens. For example, Abell 1689, one of the most well-studied

lensing clusters known, has been modeled extensively using over 100 images of

over 40 different sources (Broadhurst et al., 2005; Halkola et al., 2006; Zekser et al.,

2006; Limousin et al., 2007; Coe et al., 2010). Studies of such systems using strong

lensing constraints have led to a better understanding of the mass distribution of

galaxy clusters and how they compare to theoretical predictions.

Strong lensing by clusters is also useful for magnifying the background source

population. This has led to high-spatial resolutions studies of galaxies at a level

of detail not possible without the gravitational lensing effect (e.g., Brammer et al.,

2012; Frye et al., 2012; Livermore et al., 2012; Sharon et al., 2012; Yuan et al., 2012).

Furthermore, this magnification can reveal sources that otherwise would fall be-

low the detection limit in a fixed amount of observing time. Taking advantage

of galaxy clusters as “cosmic telescopes” in this way has led to detailed studies

of the high-redshift universe and the properties of the first galaxies at z ≥ 7 (e.g.

Kneib et al., 2004; Richard et al., 2006, 2008; Stark et al., 2007; Bradley et al., 2008,

2012; Zheng et al., 2009, 2012; Laporte et al., 2011; Hall et al., 2012; Bouwens et al.,

2012; Coe et al., 2013). The ongoing HST Frontier Fields project will specifically

target six known lensing clusters for the purpose of searching for magnified in-

trinsically faint galaxies at these high redshifts. Detecting these objects without

the benefit of lensing magnification simply is not possible with current instru-

mentation.

Whereas line-of-sight perturbers act as a complicating factor in galaxy-scale

lensing studies, one realizes that the presence of this mass can actually be used



19

to the benefit of cluster-scale lenses as cosmic telescopes. To first order, the best

lenses for magnifying high-redshift galaxies into detectability are those that con-

tain the highest total mass along the line of sight. The massive galaxy clusters

(M ∼> 1015M�) considered to be the best cosmic telescopes in the universe are

certainly powerful lenses, but current analyses typically only consider the mass

associated with the main cluster itself. The possibility of certain mass configu-

rations that have multiple structures in projection and possibly more total mass

integrated along the line of sight has not been explored in detail. As a result,

the very best cosmic telescopes may in fact be new fields that may not have been

identified through common selection techniques that select on tracers of single,

massive halos.

While chance alignments of multiple clusters in the sky have been found

serendipitously (e.g., Blakeslee, 2001; Athreya et al., 2002; Zitrin et al., 2012b),

their lensing properties have not been studied in detail. The distribution of mass

in these beams may have optimal configurations and physical properties (e.g.,

projected separation, ellipticity, orientation, concentration) that maximize their

lensing strengths, yet these properties remain relatively unexplored. If higher-

order details of the mass distribution in a beam can have effects comparable

to the total mass, future observational studies should focus on identifying such

fields through their observable properties, which may be different from tradi-

tional cluster selection such as X-ray or red sequence selection. The potential of

such fields to produce large areas of optimal magnification for detecting high-

redshift galaxies is an exciting complement to the HST Frontier Fields project

and could lead to advances in our understanding of the early universe.
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1.3 Organization of Thesis

In this thesis, I analyze the contribution of line-of-sight structures to the lens po-

tential of galaxy-scale strong lenses and how those perturbations affect physical

quantities derived from lens modeling results. In addition, I examine the lensing

properties of lines of sight containing multiple cluster-scale halos in projection

and their ability to magnify the earliest and most distant galaxies into detectabil-

ity. I present a new method for identifying high-mass lines of sight in wide-area

photometric surveys, which may contain such multi-halo mass configurations

and be among the best gravitational lensing fields in the sky in which to search

for magnified high-redshift galaxies.

This thesis is organized as follows. In Chapter 2, I use spectroscopic and

photometric data to reconstruct the line-of-sight mass distribution in fields with

known galaxy-scale gravitational lenses. Focusing on lenses that lie in group en-

vironments, I use these mass models to directly calculate the external shear on

the lens potentials in each system. In standard lens models, the external shear

is typically left as a free parameter that accounts for environmental effects. I

compare my environment-derived shears to the lens model-derived shears as an

independent check of the lens model results. In Chapter 3, I examine how un-

certainties in the characterization of the lens environment propagate into bias

and scatter in various lens model-derived parameters, primarily H0. I quantify

the most significant sources of uncertainty in the environment characterization

and examine how best to reduce the uncertainty in future analyses of such sys-

tems. I also examine the constraints that will be possible with LSST and how

my improved treatment of the lens environment leads to less bias and scatter

compared to classical models that use simple shear and convergence to account

for those effects. In Chapter 4, I explore the lensing properties of lines of sight
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containing multiple-cluster scale halos. Controlling for total mass, I calculate the

lensing cross sections of fields with multiple halos and compare them to those of

fields with a single halo. I also determine the properties of such configurations

that maximize the lensing cross section and investigate the implications for using

lensing to magnify high-redshift (z ∼ 10) galaxies into detectability. In Chapter 5,

I present a new technique for identifying lines of sight that contain large total

masses. Using luminous red galaxies (LRGs) as tracers of the underlying mat-

ter distribution, I identify the 200 fields in the Sloan Digital Sky Survey (SDSS)

that are likely to contain the most mass integrated along the line of sight. These

fields contain a variety of configurations ranging from massive single clusters to

multiple cluster-scale halos in projection, making them among the most promis-

ing fields to search for lensed high-redshift galaxies. I summarize my findings in

Chapter 6 and discuss the implications of these results on future studies.
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CHAPTER 2

THE EFFECT OF ENVIRONMENT ON SHEAR IN STRONG GRAVITATIONAL

LENSES

Using new photometric and spectroscopic data in the fields of nine strong grav-

itational lenses that lie in galaxy groups, we analyze the effects of both the local

group environment and line-of-sight galaxies on the lens potential. We use Monte

Carlo simulations to derive the shear directly from measurements of the complex

lens environment, providing the first detailed independent check of the shear ob-

tained from lens modeling. We account for possible tidal stripping of the group

galaxies by varying the fraction of total mass apportioned between the group

dark matter halo and individual group galaxies. The environment produces an

average shear of γ = 0.08 (ranging from 0.02 to 0.17), significant enough to affect

quantities derived from lens observables. However, the direction and magnitude

of the shears do not match those obtained from lens modeling in three of the six

4-image systems in our sample (B1422, RXJ1131, and WFI2033). The source of

this disagreement is not clear, implying that the assumptions inherent in both

the environment and lens model approaches must be reconsidered. If only the

local group environment of the lens is included, the average shear is γ = 0.05

(ranging from 0.01 to 0.14), indicating that line-of-sight contributions to the lens

potential are not negligible. We isolate the effects of various theoretical and ob-

servational uncertainties on our results. Of those uncertainties, the scatter in the

Faber-Jackson relation and error in the group centroid position dominate. Future

surveys of lens environments should prioritize spectroscopic sampling of both

the local lens environment and objects along the line of sight, particularly those

bright (I < 21.5) galaxies projected within 5′ of the lens.
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2.1 Introduction

Analyses of strong gravitational lenses have been useful in probing cosmological

parameters such as H0 (e.g. Refsdal, 1964; Keeton & Kochanek, 1997; Saha et al.,

2006; Oguri, 2007), constraining properties of the dark matter halos of galaxies

(e.g. Koopmans et al., 2006; Barnabè et al., 2009), and uncovering substructure

in those halos (e.g. Mao & Schneider, 1998; Metcalf & Madau, 2001; Dalal &

Kochanek, 2002). These studies require accurate models of the lens potential,

which can have contributions not only from the main lens galaxy, but from other

objects at the lens redshift or along the line of sight. Indeed, lens models often re-

quire environmental terms, representing a tidal shear (γ; Keeton et al., 1997) and

perhaps higher-order effects (Kochanek, 1991; Keeton & Zabludoff, 2004; Fadely

et al., 2010), in order to yield a good fit to the observed image positions and flux

ratios. If we could measure lens environments, we would have independent and

direct determinations of the shear to compare with lens models as a test of their

results.

Past studies have suggested that the local lens environment can have a non-

negligible effect on the lens model-derived shear of a system. Using galaxy de-

mographics, Keeton et al. (2000) estimate that at least 25% of strong lenses are in

group or cluster environments that could cause strong perturbations in the lens

potential. With N-body simulations, Holder & Schechter (2003) and Dalal & Wat-

son (2004) compute the environmental shear at the likely positions of lens galax-

ies, although they reach somewhat different conclusions about how strong the

shear should be. Holder & Schechter (2003) find an expected value of γ ≈ 0.11,

which is similar to the amount of shear needed in some lens models, whereas

Dalal & Watson (2004) find a lower expected value of γ ≈ 0.03. While useful,

such statistical studies do not capture the richness and possible diversity of indi-
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vidual lens environments.

Direct calculations of the effects of lens environments require extensive obser-

vational data. Several studies (Fassnacht & Lubin, 2002; Fassnacht et al., 2006;

Momcheva et al., 2006; Williams et al., 2006; Auger et al., 2007; Moustakas et al.,

2007; Auger et al., 2008; Faure et al., 2009, 2011; McKean et al., 2010; Suyu et al.,

2010) have used observational data to estimate the effects of environment on the

potentials of strong lenses. However, these studies did not calculate the shears

induced by the environment to a level where they could draw conclusions about

the most significant sources of the lens potential perturbation, nor were they al-

ways able to compare the calculated shears to the results of lens models. Using

spectroscopic and photometric data (Momcheva et al. in preparation; Williams et

al. in preparation) for nine strong gravitational lenses that lie in groups, we mea-

sure the environments both around the lens and projected along the line of sight

(LOS) to the lens to determine the extent to which they affect the lensing poten-

tial. We refer to the combined local environment plus LOS perturbers as the full

lens environment. Agreement between the shears inferred from the environment

and those derived from lens models would demonstrate that the environment

is responsible for the previously unexplained large shears found for some lenses.

Any disagreements would point to problems in either the environment treatment

or lens models.

Objects projected close to the lens can contribute to the lens potential, even if

they are not physically associated with the lens. The magnitude of the LOS per-

turbations decrease with both increasing separation from the lens (radial distance

and redshift) and decreasing mass of the perturber (Momcheva et al., 2006). We

must characterize the effects of the LOS environment as a function of both pro-

jected separation and apparent magnitude in order to estimate the point at which
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LOS perturbers’ contributions to the lens potential become negligible. This will

better inform the observational strategies of future surveys of lens environments

by placing estimates on the size and depth of a spectroscopic survey that will suf-

ficiently characterize the most significant contributions to the lens perturbations.

Shears derived from measurements of the lens environments may be affected

by a number of systematic and random uncertainties in the theoretical formal-

ism behind our methodology, as well as by observational errors and incomplete-

nesses in our data. The observational uncertainties for which we explicitly ac-

count include uncertainty in the Faber-Jackson relation, errors in the projected

group centroid position and velocity dispersion, and magnitude errors in our

photometry. The theoretical uncertainties include the apportionment of mass be-

tween the group dark matter halo and the halos of individual group galaxies, the

form of the density profile for the group dark matter halo, and scatter in the con-

centration parameter of the group halo. By quantifying the relative importance

of these effects, we can determine those for which we must account in future lens

surveys, as well as improve the theoretical assumptions used to calculate the lens

environments.

This paper is organized as follows. Our sample of lens systems, along with

details of our spectroscopic and photometric catalog, is described in § 2.2. The

lens modeling of the 4-image lenses is in § 2.3. In § 2.4, we discuss our methods

for measuring the lens environments, including our handling of incompleteness

in our spectroscopic catalogs and additional sources of error introduced by our

theoretical assumptions and observational uncertainties. We also describe our

methodology for quantifying environment effects on the lens potential. In § 2.5,

we describe our treatment of the local group environment and perturbers along

the line of sight to the lens, as well as the shear due to the full lens environment,
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including both local group and LOS perturbers simultaneously. We present our

main results in § 2.6 and summarize our conclusions in § 2.7. In the appendices,

we present the details of the shear arising from assumptions about the group

and individual galaxy halo mass distributions (Appendix A), our calculation of

the truncation radii of group galaxies (Appendix B), and the effects of radial and

luminosity cuts on line-of-sight shear (Appendix C). Throughout this paper, we

assume a flat cosmology with Ωm = 0.274, Ωb = 0.045, ΩΛ = 0.726, and H0 = 71 km

s−1 Mpc−1.

2.2 The Sample

Our sample consists of nine strong gravitational lenses chosen from the full sam-

ple of 26 lenses analyzed by Momcheva et al. (in preparation). These nine systems

are those that were determined to be in galaxy groups: Q ER 0047-2808 (here-

after Q0047; Warren et al., 1996, 1998), HE 0435-1223 (hereafter HE0435; Wisotzki

et al., 2000, 2002; Morgan et al., 2005; Ofek et al., 2006), MG J0751+2716 (hereafter

MG0751; Lehar et al., 1993, 1997; Tonry & Kochanek, 1999), PG 1115+080 (here-

after PG1115; Weymann et al., 1980; Kundic et al., 1997a; Tonry, 1998), RX J1131-

1231 (hereafter RXJ1131; Sluse et al., 2003; Morgan et al., 2006), HST J14113+5211

(hereafter HST14113; Fischer et al., 1998; Lubin et al., 2000), B1422+231 (hereafter

B1422; Patnaik et al., 1992; Impey et al., 1996; Kundic et al., 1997b; King et al.,

1999), MG J1654+1346 (hereafter MG1654; Langston et al., 1988, 1989; Kochanek

et al., 2000), and WFI J2033-4723 (hereafter WFI2033; Morgan et al., 2004; Eigen-

brod et al., 2006; Ofek et al., 2006).1

1Three additional lens systems, SBS1520+530 (Burud et al., 2002; Auger et al., 2008), B1600+434
(Jaunsen & Hjorth, 1997; Fassnacht & Cohen, 1998; Koopmans et al., 1998; Auger et al., 2007), and
B2114+022 (King et al., 1999; Augusto et al., 2001), may also lie in galaxy groups. However,
we exclude these from our analysis. SBS1520 has an uncertain lens redshift, which affects its
membership in a potential host group. The published velocity dispersion of the group thought to
be associated with B1600 is less than 100 km s−1 and determined from only five member galaxies
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Spectroscopic observations of four of these lenses and their environments are

detailed in Momcheva et al. (2006), with further spectroscopic data on all nine

systems in Momcheva et al. (in preparation). We also have two-band photo-

metric catalogs of the lens fields from Williams et al. (2006) and Williams et al.

(in preparation). Figures 2.1 and 2.2 show the projected spatial distribution of

objects in our catalogs. The lens properties are in Table 3.1, and the host group

properties are in Table 2.2.

The spectroscopic data were taken over multiple observing runs with the

Low Dispersion Survey Spectrograph-2 (LDSS-2; Allington-Smith et al., 1990)

and LDSS-3 on the 6.5 m Magellan 2 (Clay) telescope, as well as with the In-

amori Magellan Aerial Camera and Spectrograph (IMACS; Bigelow & Dressler,

2003) on the 6.5 m Magellan 1 (Baade) telescope, both at Las Campanas Observa-

tory. Additional spectroscopic data were taken with the Hectospec multi-object

spectrograph (Fabricant et al., 2005) on the 6.5 m Multiple Mirror Telescope on

Mt. Hopkins. The spectroscopic target selection prioritized objects brighter than

I = 21.5 and within 5′ of the lens in projected separation. We plot magnitude

histograms for objects within 5′ of each lens galaxy in Figure 2.3, with our spec-

troscopic limit of I = 21.5 shown for comparison.

The photometric data are from imaging described in detail in Williams et al.

(2006) and Williams et al. (in preparation). Wide-field imaging is obtained for

each field with the Mosaic imagers on the Kitt Peak and CTIO 4-meter telescopes

in two photometric bands, Cousins I and either Johnson V or Cousins R. Total

exposure times vary in order to ensure high completeness for I ≤ 21.5. We obtain

(Momcheva et al. in preparation), which makes it very uncertain. B2114 lacks a measured source
redshift and is being strongly lensed by two galaxies at different redshifts (Chae et al., 2001),
complicating the analysis of its lens potential. Furthermore, all three of these systems are two-
image lenses, which provide little if any constraint on the shear. Therefore, these systems are
lower priority than those for which we do have lens models.
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Figure 2.1 Projected spatial distribution of galaxies in the lens fields. North is up and East is to

the left. The fields are centered on the lens (purple star). The black cross represents the projected

group centroid and its error. Also shown are the spectroscopically confirmed group members

(open blue circles), spectroscopically confirmed line-of-sight (LOS) objects (green squares), pho-

tometric red sequence galaxies down to I = 21.5 (red circles), and the remaining photometric

galaxies down to I = 21.5 (black dots). The radii of the circles representing the group members

are scaled by their Einstein radii, RE . The lens galaxy is scaled in a similar manner. The size of

the black circle in the upper right corner represents a galaxy with an internal velocity dispersion

of σ = 200 km s−1. The area of the points representing the lens and group members scales as

luminosity within a panel, but is not consistent between panels because of the DLS/DS scaling

between σ and RE . The bar in the lower left corner corresponds to 1 Mpc at the lens redshift.
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Figure 2.2 Same as Figure 2.1, but with a smaller field of view. The bar in the

lower left corner of each panel corresponds to 100 kpc at the lens redshift.



30

Table 2.1 Gravitational Lens Properties

Lens α (J2000) δ (J2000) # images zlens zsource RE(′′)a

Q0047 12.425 -27.874 ring 0.484 3.60 1.35

HE0435∗ 69.562 -12.287 4 0.455 1.69 1.21

MG0751 117.923 27.276 ring 0.350 3.20 0.35

PG1115∗ 169.571 7.766 4 0.310 1.72 1.16

RXJ1131∗ 172.965 -12.533 4 0.295 0.66 1.90

HST14113 212.832 52.192 4 0.464 2.81 0.90

B1422∗ 216.159 22.934 4 0.337 3.62 0.84

MG1654 253.674 13.773 ring 0.253 1.74 1.05

WFI2033∗ 308.425 -47.395 4 0.661 1.66 1.16

Note. — Lens redshifts and image separations from CASTLeS and Rusin et al. (2003).

∗Lens has measured time delay.

aRE estimated to be half image separation of lens.
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Table 2.2 Host Group Properties
Lens # members a αcen (J2000) δcen (J2000) αcen error (′) b δcen error (′) b Group σr (km s−1) c Group / RS d

Q0047 9 12.426 -27.862 0.26 0.48 348+103
−79 -

HE0435 11 69.562 -12.290 0.50 0.66 522+106
−88 -

MG0751 29 117.908 27.289 0.50 0.50 518+102
−85 5 / 11

PG1115 13 169.568 7.765 0.35 0.26 390+60
−52 3 / 11

RXJ1131 27 172.896 -12.570 0.64 0.57 429+119
−93 7 / 13

HST14113 41 212.818 52.204 0.43 0.46 656+66
−60 17 / 31

B1422 17 216.176 22.931 0.42 0.39 421+99
−82 6 / 14

MG1654 8 253.663 13.791 0.30 0.38 169+56
−41 2 / 11

WFI2033 14 308.449 -47.365 0.47 0.33 498+84
−72 -

Note. — Tabulated values calculated using methods in Momcheva et al. (in preparation),

consistent with methods described in text.
aIncludes only spectroscopically confirmed members.

bErrors calculated from bootstrap resampling.

cErrors calculated from jackknife resampling and bi-weight estimators as in Momcheva et al. (in

preparation).

d(# spectroscopically confirmed group members on the red sequence) / (# red sequence galaxies

with spectroscopy). Groups with no photometric red sequence at lens redshift are omitted.



32

Figure 2.3 Histogram as a function of apparent I-band magnitude for galaxies

in the photometric sample (open) and spectroscopic subsample (hatched). Only

objects projected within 5′ of the lens are included. Our spectroscopic complete-

ness drops off at I = 21.5 (dashed line), the limit at which we cut our sample for

analysis (Appendix C.2).
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at least one image of each field on a photometric night. Exposures obtained on

non-photometric nights are corrected to the standard system using local stellar

calibrators derived from the photometric images. Object detection and photo-

metric measurements are performed using SExtractor (Bertin & Arnouts, 1996).

I-band magnitudes are MAG AUTO output from SExtractor, which are cal-

culated in a manner similar to that of Kron (1980). Total magnitudes, which we

later use to calculate galaxy velocity distributions from the Faber-Jackson relation

(Faber & Jackson, 1976), are determined as follows. For each field, well-isolated

galaxies with no SExtractor photometric flags are selected. We measure magni-

tudes in very large apertures, determine their offset from the MAG AUTO values,

and use the mean offset to correct all objects in the catalog. These offsets are small

(∼ 0.05 mag) with small dispersions (∼ 0.03 mag). All magnitudes used in this

paper are Kron magnitudes unless indicated otherwise.

SExtractor fails to detect some galaxies, particularly those in the halos of rel-

atively bright stars. We manually determine positions and aperture magnitudes

for those objects with I ≤ 21.5 and within 4′ of the lens galaxy. Total magnitudes

for these galaxies are determined in a similar fashion as described above. These

corrections tend to be large (∼> 0.5 mag) and the scatter large (∼ 0.3 mag), as small

apertures are used in order to minimize the significant shot noise from the bright

star halos.

We obtain the lens galaxies’ image separations from the CfA-Arizona Space

Telescope Lens Survey (CASTLeS) database and from Rusin et al. (2003). The

HST data from CASTLeS are needed to separate the positions and fluxes of the

lensed images from the lens galaxy because our photometry is not always able to

resolve the individual components.

We exclude serendipitously observed stars from the spectroscopic catalog (z <
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0.01). We also exclude high-redshift QSOs and AGNs (z > 1.5). For similar rea-

sons, we exclude objects whose inferred I-band absolute magnitudes are brighter

than −25 as galaxies this bright should be exceedingly rare (Blanton et al., 2003)

given the volume of our survey. Of all the galaxies projected within 5′ of a lens

galaxy and brighter than I = 21.5 across all nine fields in our spectroscopic sam-

ple, fewer than ∼5% are removed by these cuts. There is one object in the field of

B1422 at α=216.200, δ=22.9475 that is spectroscopically confirmed to be a group

member but does not have robust photometry because it lies under a bleed trail.

We use it in calculating the group centroid position and group velocity disper-

sion, but do not include it in our shear analysis. Given its projected distance from

the lens, it is unlikely to significantly affect the shear calculation.

2.3 Lens Model Shear

We model the six 4-image lenses in our sample to calculate the shears needed

to fit the lens data. We consider as constraints the positions and fluxes of the

lensed images, along with the position of the lens galaxy. For HE0435, RXJ1131,

HST14113, and WFI2033, we use position and relative flux data from CASTLeS,

using the longest wavelength band available (typically WFPC2 F814W or NIC-

MOS F160W) to limit the effects of microlensing and variability. For B1422, we

use radio data from Patnaik et al. (1999) to get the relative image positions and

fluxes, and CASTLeS data to get the position of the lens galaxy relative to the

images. For PG1115, we take the image positions from CASTLeS, but use the

mid-IR flux ratios from Chiba et al. (2005). The position uncertainties are 3 mas

except for the following cases: 8 mas for the RXJ1131 lens galaxy, (7,38,9,9) mas

for the lensed images (A,B,C,D) in HST14113, and 9 mas for the WFI2033 lens

galaxy. We broaden the error bars on the fluxes to 10% to account for microlens-
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ing and/or variability, except for PG1115 where we use the measurement errors

reported by Chiba et al. (2005), since mid-IR flux ratios should not be susceptible

to those systematic effects.

The models assume an ellipsoidal lens galaxy with a power law mass density

profile, plus external shear. The power law index, α, is defined such that the en-

closed mass projected within R is M(R) ∝ Rα. We do not place any explicit con-

straints on the lens galaxy’s Einstein radius, ellipticity, and position angle, or on

the amplitude and direction of the shear.2 While the ellipticity and position angle

have been measured for some lens galaxies, we do not want to assume that the

mass necessarily traces the light. We run Monte Carlo Markov Chains (MCMC)

to sample the full range of allowed models. For the purpose of this paper, the

key model output is the distribution of shear values obtained after marginalizing

over all of the lens model parameters. We do not include any external conver-

gence in the lens models, since that cannot be constrained due to the mass sheet

degeneracy (Falco et al., 1985; Gorenstein et al., 1988; Saha, 2000). Including an

external convergence κ would rescale the lens models shears by (1− κ). We con-

sider how this would affect our comparison of model and environment shears in

§ 2.6.6.

As a fiducial case, we use all the available constraints, and we allow the lens

galaxy’s power law index to be a free parameter with a uniform prior in the range

0.2 ≤ α ≤ 1.8. Table 2.3 gives the range of recovered parameters, including the

external shear, along with the χ2 goodness of fit statistics for the best models.

The χ2 values are not always comparable to the number of degrees of freedom,

particularly for WFI2033, for which χ2 = 52.06 for 5 degrees of freedom. This

2In Bayesian language, we adopt uniform priors; note that we work with quasi-Cartesian co-
ordinates for the two components of shear, defined in Equation 2.1 below, and analogous coordi-
nates for the two components of ellipticity.
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Table 2.3 Lens Model Results
Lens RE (′′) e PA (◦) α γc γs χ2 / DOF

HE0435 1.201+0.003
−0.002 0.19+0.08

−0.07 −11.7+2.0
−1.1 0.74+0.33

−0.24 0.064+0.021
−0.029 −0.038+0.015

−0.011 20.49 / 5

PG1115 1.138+0.004
−0.003 0.26+0.04

−0.04 −83.7+4.0
−4.2 0.51+0.16

−0.12 −0.058+0.015
−0.012 0.149+0.013

−0.017 28.70 / 5

RXJ1131 1.889+0.013
−0.018 0.08+0.02

−0.01 −45.0+8.8
−7.8 1.53+0.14

−0.19 −0.057+0.013
−0.020 0.001+0.008

−0.012 27.71 / 5

HST14113 0.839+0.011
−0.011 0.31+0.11

−0.06 69.6+11.3
−23.0 1.15+0.23

−0.28 0.272+0.067
−0.086 0.019+0.027

−0.041 1.22 / 5

B1422 0.765+0.023
−0.019 0.36+0.10

−0.12 −56.0+1.1
−1.8 0.94+0.15

−0.13 −0.047+0.013
−0.013 −0.172+0.029

−0.029 2.22 / 5

WFI2033 1.109+0.004
−0.003 0.48+0.09

−0.09 −87.3+2.4
−2.5 0.74+0.34

−0.19 0.247+0.018
−0.022 0.136+0.010

−0.024 52.06 / 5

Note. — For each quantity we quote the median and 68% confidence interval. The position an-

gle is measured North through East. The power law index is defined such that the mass projected

within radius R scales as M(R) ∝ Rα

suggests that there are subtleties in real lens galaxies that are not captured in our

models (such as flux perturbations from substructure). Nevertheless, we believe

that the inferred shear distributions are reliable because omitting flux ratio con-

straints causes the shear distributions to shift by less than 2-sigma in all systems

except RXJ1131 (which is affected by microlensing and perhaps millilensing as

well; Sluse et al., 2006; Chartas et al., 2009; Congdon et al., 2010; Dai et al., 2010).

We have also tried imposing a prior on the lens galaxy’s power law index to fa-

vor isothermal profiles. None of these systematic effects (including flux ratios in

RXJ1131) changes our conclusions about whether lens model shears do or do not

match the shears estimated from the observed environments, so for simplicity

we report only the fiducial results. The average shears in these six systems range

from γ = 0.06 to 0.28 for these models.
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2.4 Environment Analysis: An Independent Shear Determination

As a counterpoint to the shear inferred from lens models, we want to directly

calculate the shear due to external perturbations, including both the local group

environment and the galaxies along the line of sight to the lens. Our main anal-

ysis tool is Monte Carlo simulations. We generate many possible realizations of

the local lens environment and LOS such that the shears from the different trials

span the full range of shears allowed by our data.

2.4.1 Overview

Our goal is to use our spectroscopic and photometric data to constrain the mass

distribution along the line of sight to each lens system in order to directly deter-

mine the external shear at the position of the lens. We describe our formalism

for calculating the external shear in § 2.4.2. Several issues complicate this anal-

ysis. First of all, our spectroscopy is not complete down to our spectroscopic

magnitude limit, so we need to assign redshifts to those objects for which we do

not have spectra. We assign redshifts based on the redshift distribution of the

spectroscopically observed galaxies of similar I magnitudes in each field. These

galaxies that lack redshifts may include objects that are members of the lens host

group, so we need to correct for incompleteness in the group membership as well.

We detail our methodology for handling these incompletenesses in § 2.4.3. In ad-

dition, there are a number of observational and theoretical uncertainties (§ 2.4.4)

that we consider in our analysis. To span a large range in parameter space in-

cluding the spectroscopic incompleteness and these uncertainties, we run Monte

Carlo simulations to generate multiple realizations of the lens environments.

There are two distinct components of the lens environment that we consider:

the local group environment (§ 2.5.1) and the LOS galaxies that are projected
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close to the lens but that lie at different redshifts (§ 2.5.2). We assume that the

group halo has an NFW profile (Navarro et al., 1996, see Appendix A.1) and that

the individual galaxies are truncated singular isothermal spheres (TSIS; see Ap-

pendix A.2). The galaxy velocity dispersions used in our shear calculation are de-

termined via the Faber-Jackson relation (FJ; Faber & Jackson, 1976). We apportion

mass between the group halo and the group galaxies to account for the varying

degrees to which group members could be tidally stripped due to galaxy-galaxy

encounters (§ 2.5.1.3). We apply cuts on projected separation from the lens and

on apparent magnitude for the LOS galaxies (see § 2.5.2, Appendix C). We then

calculate the shear from the full lens environment, including both the local group

environment and the LOS galaxies (§ 2.5.3).

For each Monte Carlo trial, we correct for spectroscopic incompleteness, ap-

ply our observational and theoretical uncertainties, and calculate the shear at the

position of the lens for that particular realization. We run 1000 trials for each lens,

and the resulting shear distributions represent the possible environmental shears

allowed by our data. These distributions are then compared to the shears de-

rived from lens modeling (§ 2.3) to determine whether or not there is agreement

between the two independent methods.

2.4.2 Shear Determination

The full lens potential contains contributions not only from the main lens galaxy,

but also from all structures along the line of sight. For any perturber whose pro-

jected offset from the lens is larger than the Einstein radius of the lens, RE , we

can expand the lens potential in a Taylor series and quantify the effect of the per-

turbation by the lowest-order significant terms in the expansion, convergence (κ)

and shear (γ). κ is a scalar quantity that represents the surface mass density of

the system, but it cannot be inferred from image positions and flux ratios due to
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the mass-sheet degeneracy (Falco et al., 1985; Gorenstein et al., 1988; Saha, 2000).

The shear represents tidal distortions in the lensed image and can be expressed

in terms of an amplitude γ and direction θγ (measured North through East). For

a spherical perturber, θγ represents the position angle of the perturber relative to

the lens. We can also express the shear in terms of the two components

γc = γ cos(2θγ) and γs = γ sin(2θγ). (2.1)

The total shear, γ, is their quadrature sum, γ =
√
γ2
c + γ2

s . It is useful to express

the shear in these terms because shears from multiple perturbers at a given red-

shift add linearly in (γc, γs) space, whereas the shear amplitude γ does not.

To determine the shear due to the full lens environment, we use the multi-

plane lens equation (Schneider et al. 1992; Petters et al. 2001) to handle perturbers

at different redshifts. We discuss the full multi-plane shear formalism in a forth-

coming paper (Keeton et al. in preparation) and highlight the key concepts here.

The total shear is not simply the sum of contributions from individual lens planes;

there are non-linearities because each perturber acts on light rays that have al-

ready been distorted by perturbers at other redshifts. To see this, consider the

“shear tensor” for a perturber i,

Γi =

 ∂2φi
∂x2
i

∂2φi
∂xi∂yi

∂2φi
∂xi∂yi

∂2φi
∂y2
i

 =

 κi + γci γsi

γsi κi − γci

 . (2.2)

The shear tensors can be combined into the Jacobian matrix for the mapping

between coordinates on the sky and coordinates in the source plane through the

recursion relation

A′j = I−
j−1∑
i=1

βijΓiA
′
i . (2.3)

where A′1 = I (the 2 × 2 identity matrix), and the sum runs over all perturbers

(but does not include the main lens galaxy). Also, the weight factor βij is a dimen-
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sionless combination of angular diameter distances between the observer, planes

i and j, and the source:

βij =
DijDs

DjDis

. (2.4)

Note that βij = 1 when j corresponds to the source plane. The total shear tensor

is then defined by

Γtot = I−A′s . (2.5)

If all shears are small (i.e., the components of Γi are� 1), we can make a Taylor

series expansion and work to first order to approximate the total shear as

Γtot ≈
∑
i

Γi . (2.6)

We account for all of the non-linear effects by constructing the full multi-plane

lens equation with each perturber along the line of sight included as a complete

mass component (calibrated via the methods discussed in § 2.5). This approach

ensures that we properly handle both large shears from objects projected near

the LOS and cumulative effects from galaxies at larger projected distances. We

use the complete multi-plane formalism to compute the shear from the full lens

environment. We also compare that with the shear obtained from the local lens

environment alone to quantify the LOS effects on the shear.

The definition of the shear we have adopted for our environment analysis is

chosen because it enters the lens equation in the same way as the shear inferred

from lens models, and we want the two quantities to be comparable. In principle,

the lens equation can be manipulated to obtain other “flavors” of shear, which dif-

fer in the treatment of perturbers that lie outside the lens plane (details are given

in Keeton et al. (in preparation))3. Although there are formal differences among

3For example, Momcheva et al. (2006) use the “effective shear”, which gives reduced weight
to perturbers at higher redshift offsets from the main lens.
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flavors of shear, we find that they lead only to small shifts in the environment

shear distribution and do not change the conclusions we draw when comparing

environment shears to lens model shears. The insensitivity of our results to the

shear flavor may arise because we have selected lenses that lie in group environ-

ments, which have a large component of shear from the main lens plane.

All of our shear calculations are performed using an updated version of the

software developed by Keeton (2001a), which takes as inputs the relative po-

sitions of the lens and perturbing masses, as well as their Einstein radii, red-

shifts, and truncation radii. The code returns γc and γs for the full input en-

vironment and for the local group environment alone, the latter including only

objects within a small redshift δz of the lens plane. We set the redshifts of all lens

plane galaxies, including the lens itself, to the mean redshift of all group member

galaxies to eliminate redshift-space distortions due to the peculiar velocities of

the group galaxies.

2.4.3 Correcting for Spectroscopic Incompleteness

We need to know the redshifts of the galaxies in our sample to properly com-

pute the environment contribution to the shear. Our spectroscopic data do not

fully sample all of the objects in our photometric catalogs down to the spectro-

scopic limit of I = 21.5 (Figure 2.3), affecting our measurement of both the local

lens environment and the line of sight. There are likely group members without

spectra (i.e., those that lie on the red sequence at the lens redshift), so we correct

for these in considering the local environment. We also assign redshifts to the

likely LOS perturbers without spectroscopy based on the redshift distribution of

our spectroscopic sample as a function of apparent total magnitude. For each

Monte Carlo trial, the local group environment includes the group dark matter

halo, the spectroscopically confirmed group members, and the photometric red
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sequence galaxies that are assigned group membership in that trial. The LOS per-

turbers include the spectroscopically confirmed non-group members in the field,

the photometric red sequence galaxies not assigned group membership in that

trial, and the non-red sequence galaxies without redshifts.

To correct for spectroscopic incompleteness in the host group, we consider

galaxies without redshifts that lie on the photometric red sequence at the lens

redshift and assume that some are group members. The “red sequence” galaxies

used here and described by Williams et al. (2006) and Williams et al. (in prepa-

ration) are defined within a very narrow range of colors, roughly within ±0.05

magnitudes, which is the typical 1σ scatter of the red sequence (e.g. Bower et al.,

1992; McIntosh et al., 2005). This definition is conservative in that it works to

exclude interlopers at other redshifts, but it also excludes some true group mem-

bers with old stellar populations that do not quite fall within this narrow color

band. All galaxies, red or blue, that are spectroscopically-confirmed group mem-

bers are still accounted for in our analysis of the lens environment. We assign

each of those galaxies a probability of group membership equal to the fraction of

spectroscopically observed red sequence galaxies that are confirmed group mem-

bers (see Table 2.2). For each Monte Carlo realization of the environment, every

red sequence galaxy has this probability of being chosen for group membership

in that trial. If a particular red sequence galaxy is not assigned group member-

ship in a trial, we classify it as a LOS galaxy. For different Monte Carlo trials, the

red sequence galaxies assigned group membership can therefore vary in number,

although every individual galaxy has the same probability of being added to the

group as any other red sequence galaxies in a trial. In three cases (HE0435, Q0047,

WFI2033), no red sequence is found near the lens redshift, despite the presence of

a spectroscopically confirmed group. For these groups, we do not assign mem-
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bership to any objects that are not already confirmed group members.

We assign redshifts to LOS galaxies without spectroscopic data based on the

redshift distribution of our spectroscopic sample in that particular field, exclud-

ing galaxies confirmed to be in the host group of the lens. Rather than combine

the redshift distributions for all systems into an aggregate catalog, we create sep-

arate distributions to preserve the large-scale structure in redshift space in each

field. We restrict our spectroscopic sample to objects projected within 5′ of the

lens and brighter than I = 21.5 (little shear is contributed by objects outside these

limits, see Appendix C). We separate the galaxy redshift distributions into 8 bins

of total I-band magnitude on a system-by-system basis. Each bin has a width

of ∼0.5 mag except for the first bin, which includes all objects brighter than I ∼

18. The width and locations of the bins are adjusted slightly to include at least

three objects so that we can discriminate between over- and underdense regions

along the line of sight. The bin centers and widths rarely vary by more than 0.2

magnitudes in either direction. For each bin in each system, we sort the objects

by redshift and compute the cumulative probability distribution for redshift. For

each object in the photometric catalogs without spectroscopic data, we draw a

random number distributed uniformly in the range [0,1] and assign it the red-

shift at which the cumulative distribution for the corresponding magnitude bin

attains that value.

We make a slight modification when applying this redshift assignment proce-

dure to photometric red sequence galaxies that are not selected for group mem-

bership. For these galaxies, we again draw from a redshift distribution in bins of

total I-band magnitude as described above. However, because red sequence in-

terlopers tend to be intrinsically blue galaxies at higher redshifts than the lens, we

use parent distributions including only spectroscopic galaxies with z > zlens. This
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limits the number of objects in each magnitude bin, particularly for the bright

(I ∼ 18-19) galaxies. To maintain our condition of having at least three objects in

each bin, we increase the faint-end limit of the brightest bin to I ∼ 19 and restrict

ourselves to 6 bins instead of 8.

One caveat with this method is that the probability of selecting a redshift be-

tween two adjacent perturbers in redshift space is assumed to be uniform over

that range. This approximation is fine for well-sampled overdense regions, but

does not handle voids in redshift space properly. Overdense regions generally

induce larger perturbations on the lens potential than underdense regions, so we

are less concerned with voids (see § 2.6.5).

2.4.4 Additional Sources of Error

Once all redshifts are specified, we use our observational data to build a model

of the mass distribution along the line of sight. There are uncertainties in the

observational data themselves that could affect the shear, including:

• Slope and scatter in the Faber-Jackson relation, which we use to convert

luminosities into velocity dispersions and Einstein radii. We allow for an

error of 0.20 in the slope, as well as an intrinsic scatter of ∼0.07 in log σ

(Bernardi et al., 2003a). These errors affect all galaxies in both the local

group environment and along the line of sight.

• Error in the group centroid position, which sets the position of the group

dark matter halo. In our shear analysis, we generate a centroid position

from a bootstrap resampling of the group galaxy positions with uniform

weights. The group centroid errors are determined from the standard de-

viation of 1000 bootstrap trials (Table 2.2). Using luminosity-weighted cen-

troids does not change our conclusions.
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• Error in the group velocity dispersion, which determines the total group

mass. We use a bootstrap resampling of the group galaxy redshifts and

a bi-weight estimator for scale (Beers et al., 1990) to determine the group

velocity dispersion and error (Table 2.2).

• Photometric errors in the galaxy magnitudes (Williams et al. in prepara-

tion), which we use to calibrate the mass models for individual galaxies in

both the local group environment and the LOS.

There are also uncertainties associated with the theoretical assumptions we

must make:

• Choice of density profile for the group dark matter halo. We adopt NFW

profiles for our fiducial models, although we also consider a singular isother-

mal sphere (SIS). Details of the difference between SIS and NFW group ha-

los are presented in Appendix A.1.

• Scatter in the concentration parameter, cvir, of the group dark matter halo.

We allow for a scatter of 0.14 in log cvir, which is approximately constant

over a mass range that encompasses the virial masses of the groups in our

sample (Bullock et al., 2001; Wechsler et al., 2002).

• The apportionment of mass between the group halo and the individual

group galaxies (§ 2.5.1.3).

We build all of these uncertainties into our Monte Carlo analysis by drawing

values from the appropriate distributions for each trial. We examine the relative

importance of the various uncertainties in our results in § 2.6.1.
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2.5 Shear From Environment Components

2.5.1 Shear Contribution from Group Environment

The local group environment of each lens consists of a group dark matter halo

and the individual group galaxies. In principle, the group can contain substruc-

ture on a smaller scale than the galaxies brighter than our spectroscopic limit, but

for this analysis, we will assume that its contribution is small in comparison to

the overall group halo. We only include spectroscopically-confirmed or Monte

Carlo-assigned group members within a virial radius of the group centroid in

each Monte Carlo trial because the virial mass of the group should not be appor-

tioned to objects outside this radius. We treat group galaxies outside the virial

radius as LOS galaxies at the lens redshift.

2.5.1.1 Shear from Group Halo

In modeling the group dark matter halo, it is not clear whether virialized groups

have mass density profiles that are better fit by a singular isothermal sphere (SIS)

or a NFW profile (Navarro et al., 1996). Furthermore, if the group is not yet

virialized, the form of the halo profile could be very different from either profile.

This possibility is somewhat mitigated by the fact that non-virialized groups are

likely to have a larger fraction of their total mass in individual group galaxies,

which may not yet have been stripped via tidal interactions with other galaxies

(Zabludoff & Mulchaey, 1998). We test how much of an effect the choice of an

SIS or NFW profile has on the shear from the group halo and find that in the

majority of cases, the effect is small, particularly when much of the group mass is

apportioned to the individual galaxies rather than the overall dark matter halo.

The details of the shear calculations are presented in Appendix A.1. We assume

an NFW profile throughout our analysis because the choice of group profile does
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not significantly affect on our results, and NFW profiles are better fits to group-

size dark matter halos (Navarro et al., 1996).

2.5.1.2 Shear from Individual Group Galaxies

We assume that each group galaxy is a SIS in the central regions, which has

been shown to be an accurate model for galaxy halos (e.g. Rusin & Kochanek,

2005; Koopmans et al., 2006; Gavazzi et al., 2007; Bolton et al., 2008; Nipoti et al.,

2008; Koopmans et al., 2009). Realistic galaxy are truncated (see also e.g. Suyu &

Halkola, 2010), so we assume that the profiles are truncated at radius rt, as de-

scribed in § 2.5.1.3 and Appendix B. The shear calculation for a truncated singu-

lar isothermal sphere (TSIS) depends on the internal velocity dispersion σ, from

which we can determine the Einstein radius, RE . The details of this shear calcu-

lation are presented in Appendix A.2.

For each trial, the velocity dispersions of the confirmed or assigned group

galaxies are determined from their observed total I-band magnitudes via the

Faber-Jackson relation (hereafter FJ; Faber & Jackson, 1976), L ∝ σγFJ . This pro-

cedure assumes that all group members lie on this relation (i.e. have kinematics

like those of early-type galaxies). As a result, we are effectively assigning upper

limits to the masses of any late type galaxies, which tend to have lower masses

than what would be calculated from this relation. This assumption is crude, but

necessary, given that we currently lack detailed morphologies for the galaxy sam-

ple. It is not baseless, as we estimate that roughly ∼ 60 − 80% of the galaxies in

the host group are red and/or non-star forming (see § 2.6.5).

We adopt the FJ relation given by Bernardi et al. (2003a) for the SDSS r-band,

log σ = 2.2− 0.4(Mr + 21.15)

3.91 + εslope
+ εint, (2.7)

where εslope and εint are the FJ slope error and intrinsic scatter term from Bernardi
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et al. (2003a), respectively. These terms are assumed to be Gaussian distributed

with a rms equal to 0.20 and approximately 0.07 respectively for the r-band. Of

these two terms, the intrinsic scatter term dominates the effect on our resulting

shear distributions, so future references to the effect of the FJ uncertainty on the

shear reflect primarily the scatter.

We calculate the K-correction between the Cousins I-band and the SDSS r-

band by synthesizing colors from an elliptical galaxy template derived using

stellar population synthesis models from Bruzual & Charlot (2003). We assume a

passively evolving simple stellar population with solar metallicity and a Salpeter

IMF formed at z = 3 and evolved to the present epoch. If the majority of our

group galaxies are ellipticals, this should provide a valid approximation. Bernardi

et al. (2003a) also include a passive evolution term in the determination ofMr that

is linear in redshift. We omit this term and account for passive evolution explicitly

using the Bruzual & Charlot (2003) elliptical galaxy model because the range of

redshifts over which we are correcting is larger than for the SDSS sample, where a

linear correction is a better approximation. For each galaxy, we evolve the model

from the galaxy’s redshift to z = 0.1, which is roughly the median redshift of the

SDSS sample. Our determination of Mr for a particular galaxy at redshift zgal is

Mr = Iobs −DM(zgal) +KI,r(zgal) + EI(zgal, 0.1), (2.8)

where DM(zgal) is the distance modulus to the galaxy, KI,r is the K-correction

term, andEI is the passive evolution term. We are unable to use the Fundamental

Plane (e.g. Djorgovski & Davis, 1987; Bernardi et al., 2003b; Cappellari et al., 2006;

Robertson et al., 2006) because we currently do not have effective radii for the

galaxies.

From this relation, we calculate the Einstein radius,RE , for each group galaxy.



49

RE for a general SIS perturber along the line of sight is

RE =
4πσ2

c2

DPS

DS

. (2.9)

RE depends on the angular diameter distance to the source (DS) and the angular

diameter distance from the perturber to the source (DPS). For the group galaxies,

DPS is equal to DLS , the angular diameter distance from the lens redshift to the

source.

The Einstein radius of each lens galaxy is approximated as half the image

separation, obtained from the CASTLeS database and Rusin et al. (2003). These

values are within a few hundredths of an arcsecond of those determined from

lens models of the 4-image lenses in our sample, so this is a good approxima-

tion. We do not use the FJ relation for the lens galaxies themselves because our

photometry is not always able to accurately deblend the galaxy from the lensed

images. We also do not use the lens galaxy fluxes from the CASTLeS webpage

due to an unexplained discrepancy between those magnitudes and ours in the

few systems where we can deblend our images. In those systems, the velocity

dispersions determined from applying the FJ relation to our magnitudes are con-

sistent with both those derived from assuming RE as half the image separation

and from direct spectroscopic measurements of the internal galaxy kinematics.

This is not true for the CASTLeS magnitudes, which generally are anomalously

faint. The properties of the lens galaxy itself do not directly enter into the calcula-

tion of the external shear, and are only used in determining the mass distribution

within the group (§ 2.5.1.3). For these reasons, we treat the lens galaxies in this

separate manner.

2.5.1.3 Reapportioning Mass between Group Halo and Individual Galaxies

Momcheva et al. (2006) calculate the expected shear for lenses in six galaxy groups
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in the limits where the shear is either due to a group halo or to galaxies at the

group member positions. In our analysis, we examine the more realistic case

where there is mass in both the group halo and the galaxies by redistributing the

total group mass between the two components.

We define the parameter fhalo to be the ratio of the group halo mass to the

virial mass of the group (see Equation A.4),

fhalo =
Mhalo

Mvir

. (2.10)

We expect galaxy halos to be tidally stripped as the group forms and ages. In

the extreme limit fhalo = 0, all of the mass is attached to the galaxies and there

is no mass in a common halo. As we approach large fhalo, virtually all the mass

has been stripped from the galaxies and merged into a common halo. Therefore,

fhalo characterizes the extent to which the halos of group galaxies may have been

tidally stripped. Because we do not have observational constraints on fhalo, we

allow it to vary as a free parameter in our Monte Carlo simulations.

For each realization of the group environment in our Monte Carlo simula-

tions, we choose a random value of fhalo uniformly distributed between 0 and 1

and assign masses to the group halo and the group galaxies as described above.

We distribute the total mass, Mvir, between the group halo and the confirmed or

assigned group members projected within rvir of the group centroid. For a partic-

ular value of fhalo, the galaxies’ truncation radii, rt, are scaled so that the density

at the truncation radius is the same for all group galaxies, and the total mass of

the galaxies is equal to (1− fhalo)Mvir. The details are in Appendix B.

Since the mass apportionment can vary depending on the distribution of galaxy

luminosities for the group members, the values of fhalo are not directly compa-

rable from group to group in terms of how fhalo affects the shear. Similar values

of fhalo between groups do not necessarily imply that an L∗ galaxy has the same
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truncation radius from group to group. For the group with the most mass per

galaxy in our sample (HE0435), a value of fhalo = 0 implies typical truncation

radii of over ∼1 Mpc, while for the least massive group (MG1654), it implies

truncation radii of ∼60 kpc.

For large values of fhalo, the truncation radii of the group galaxies may be

smaller than their typical luminous radii, which is unphysical. For Monte Carlo

trials where this occurs, we repeat the trial with a new value of fhalo until the

truncation radii become physical. A study by Rossi et al. (2010) using early-type

galaxies from the SDSS finds that the effective (half-light) radii of galaxies with

absolute magnitudes similar to those of our galaxies are best fit by the relation

log (Reff ) = −0.257Mr−5.086. We determine each group galaxy’s absolute r-band

magnitude, use this relation to calculate Reff , and take 2Reff to be the minimum

truncation radius allowed. For a de Vaucouleurs profile, this radius encloses ∼

70% of the total light of the galaxy. A Monte Carlo trial is repeated with a new,

smaller value of fhalo if any galaxy in the trial is assigned a truncation radius

smaller than this. We run tests in which the minimum allowed truncation radius

is 5Reff (enclosing ∼ 90% of the light), but this does not change our results.

2.5.2 Shear Contribution from Line-of-Sight Objects

Objects along the line of sight to the lens also contribute to the external shear

by inducing perturbations in the lens potential (Keeton, 2003), even if they are

not dynamically associated with the group. Our shear calculation software can

determine the contribution from a perturber at any redshift along the line of sight,

making it straightforward to calculate the contributions from all LOS objects. We

apply a similar formalism to the LOS galaxies as we do for the group galaxies

(§ 2.5.1.2). Using Equations 2.7 and 2.8, we determine their velocity dispersions

(and therefore, their Einstein radii) from their observed total magnitudes and
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redshifts. Our use of the FJ relation is potentially more problematic here, but we

still estimate that ∼ 50% of the LOS galaxies are red and/or non-star forming

(see § 2.6.5). The truncation radii of the assumed TSIS for the LOS galaxies are

approximated as r200, where the mean density inside the volume bounded by a

sphere of that radius is 200 times the mean matter density of the universe. r200

for an isothermal sphere at a redshift zgal and with a velocity dispersion σ is

r200 =

√
2σ

10H0

√
Ωm(1 + zgal)3

. (2.11)

To account for all LOS perturbers, we need to correct for the spectroscopic

incompleteness for objects brighter than our limit of I = 21.5. Our photomet-

ric catalog contains many galaxies brighter than this limit without spectroscopic

data. We model their redshift distribution in a physically motivated way (§ 2.4.3),

calculate their masses and truncation radii (Equation 2.11), and determine their

effects on the lens shear.

One concern is the effect of LOS objects projected far enough away from the

lens that they lie outside of our sampling region. Including objects projected far

from the lens is both observationally and computationally unfeasible. Simula-

tions run by Brainerd (2010) show that the external shear due to galaxy-galaxy

lensing extrapolates to zero at a projected separation of ∼5′. Observational stud-

ies (e.g. Auger et al., 2007) have suggested that the most significant perturbers are

projected even closer to the lens (∼15′′). Given that the shear contribution from

an object decreases with increasing projected separation, we make and justify a

cut at 5′ (Appendix C.1).

Finally, we consider the shear contribution from objects fainter than our spec-

troscopic limit, which is more difficult because we do not have a large spectro-

scopic sample at fainter magnitudes from which to build redshift distributions.

To avoid this problem, we cut our photometric sample at our spectroscopic limit
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of I = 21.5. We gauge the effects of fainter objects and give justification for this

cut in Appendix C.2. We find that a cut at I = 21.5 includes the most significant

perturbations and is a reasonable cutoff magnitude for our analysis.

2.5.3 Shear from Full Lens Environment

The local group environment and LOS perturbers both contribute to the observed

shear, although by varying amounts. Whereas the previous sections outlined

our methodology for determining their respective shear contributions, a com-

prehensive treatment of the shear calculation must simultaneously include all of

the perturbations from the full lens environment. Considering the LOS and lo-

cal environment effects separately may be approximately correct if the effect of

one component is small relative to the other. However, we do not know a priori

whether this is the case, and if so, which component is the dominant one. Such

an analysis does not account for interactions among multiple lensing planes, so

we run a full simulation with all perturbers included in order to properly han-

dle these effects. At a fundamental level, higher-order terms in the lens potential

can be analyzed in the full analysis (Keeton et al. in preparation), but we only

consider the shear term in our calculation.

In our Monte Carlo simulations of the full lens environments, we run 1000 tri-

als for each lens. For each trial, we assign group membership to a subset of pho-

tometric red sequence galaxies based on the fraction observed from spectroscopy

(§ 2.4.3) and draw randomly from a distribution of fhalo values with a uniform

prior (requiring that no galaxies are assigned a truncation radius less than 2Reff ).

The total group mass is then apportioned among the group halo and the individ-

ual group members (§ 2.5.1.3). We assign random redshifts to the LOS galaxies

using the procedure in § 2.4.3. We assume Gaussian errors to account for most

of the uncertainties discussed in § 2.4.4 except when stated otherwise. Each trial
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therefore represents one possible realization of the full lens environment. By run-

ning 1000 trials, we are sampling a large region of our parameter space in order

to determine the range of external shears that could be produced by the environ-

ment.

2.6 Results & Discussion

2.6.1 Effects of Errors on Full Lens Environment Shear

We run five sets of 1000 realizations of the full lens environments (§ 2.5.3), allow-

ing for variations due to one of our uncertainties (§ 2.4.4) in each set. We also run

a set of trials representing a control sample excluding these uncertainties, as well

as a set of trials including all of the uncertainties simultaneously (Figure 2.4). The

variation in the shears for the control set essentially accounts just for variations

in fhalo, the selection of additional group members from the photometric red se-

quence, and the variations in the redshift distributions of the LOS perturbers, but

for none of the additional uncertainties described in § 2.4.4.

The mean and scatter in γc and γs for each uncertainty is listed in Table 2.4. We

assume Gaussian errors in calculating the errors in γc and γs, but the actual shear

distributions can be asymmetric and non-Gaussian (see Figure 2.4). We note that:

• The scatter in the shear for the control sample is typically ∼0.01, whereas

the scatter when all uncertainties are taken into account is typically ∼0.03.

The average increase in the scatter in either γc or γs is ∼0.015, although this

varies among the individual systems. The means of the shear distributions

themselves have a typical shift of ∼0.01, although γc in HE0435 changes by

0.05, the largest offset for any system.

• The scatter in the Faber-Jackson relation and uncertainty in the group cen-

troid position are usually the dominant sources of error. The effect of the
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Figure 2.4 γc vs. γs for the full lens environment with only systematic effects (variations in fhalo, selection of

additional group member candidates from the red sequence, variations in the redshift distribution of the line-of-sight

perturbers; top row), isolated observational uncertainties (2nd through 6th rows), and the systematics plus all observa-

tional uncertainties (bottom row). The points are color coded by fhalo as indicated by the color bar. For the six 4-image

lenses, the 1σ and 2σ error ellipses derived from lens modeling are shown for power-law lens galaxy models (bottom

row). The scatter in each panel is quantified in Table 2.4. In three of the six 4-image lenses (HE0435, PG1115, HST14113),

our environmental shears match the model shears, but in the others (RXJ1131, B1422, WFI2033), the environmental and

model shears are inconsistent at the > 95% level (§ 2.6.2).



56

Figure 2.4 Continued.



57

FJ scatter on the shear is generally more significant for low values of fhalo,

when more mass is assigned to the group galaxies and their shear contri-

bution is more greatly affected. Conversely, the uncertainty in the group

centroid position is generally more important for high values of fhalo, as the

group halo has a larger effect on the shear when it is more massive.

• The magnitude errors in the photometry are negligible, resulting in changes

in the mean and standard deviation of γc or γs of less than 0.01.

• The offset and increase in scatter in the shear due to the group velocity dis-

persion error and concentration parameter, both of which affect the group

mass, are on the order of ∼< 0.01.

• There is a large amount of scatter with little systematic dependence on fhalo.

As a result, we cannot place useful constraints on fhalo by comparing shears

from lens model results to the shears from the environment (§ 2.6.2) at this

time.

• For the full lens environment, the average shear is 〈γ〉 = 0.08, ranging from

as little as 0.02 to as much as 0.17. The environmental effects on the lens po-

tential are therefore comparable to the lens model shears (Table 2.3) and can-

not be ignored when analyzing the lens potential. We consider the shears

due to the local group environment alone in § 2.6.3.

We also run trials where we take into account only the galaxies for which we

have spectroscopic data. Our results are qualitatively similar except in the cases

of B1422 and WFI2033, two of the systems where our shears do not match the

lens model results (§ 2.6.2). For these two systems, the shear distributions shift

substantially but in a direction that makes them more discrepant with the lens

model shears.
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Table 2.4 Shear Statistics for Observational Uncertainties

Lens

〈γc〉control 〈γc〉FJ 〈γc〉cent 〈γc〉vd 〈γc〉cvir
〈γc〉mag 〈γc〉all

〈γs〉control 〈γs〉FJ 〈γs〉cent 〈γs〉vd 〈γs〉cvir
〈γs〉mag 〈γs〉all

〈γ〉control 〈γ〉FJ 〈γ〉cent 〈γ〉vd 〈γ〉cvir
〈γ〉mag 〈γ〉all

Q0047

0.06± 0.01 0.06± 0.01 0.04± 0.02 0.05± 0.01 0.06± 0.01 0.06± 0.01 0.04± 0.03

0.01± 0.01 0.01± 0.01 0.01± 0.03 0.01± 0.01 0.01± 0.01 0.01± 0.01 0.01± 0.02

0.06± 0.01 0.06± 0.01 0.05± 0.02 0.05± 0.02 0.06± 0.01 0.06± 0.01 0.05± 0.02

HE0435

0.07± 0.04 0.07± 0.04 0.02± 0.04 0.07± 0.04 0.07± 0.04 0.07± 0.03 0.02± 0.04

-0.01± 0.03 -0.01± 0.04 -0.01± 0.04 -0.01± 0.03 -0.02± 0.03 -0.02± 0.02 -0.01± 0.05

0.08± 0.04 0.08± 0.04 0.05± 0.03 0.08± 0.04 0.08± 0.05 0.08± 0.03 0.05± 0.04

MG0751

-0.14± 0.01 -0.15± 0.04 -0.14± 0.03 -0.14± 0.01 -0.14± 0.01 -0.14± 0.01 -0.15± 0.05

-0.10± 0.03 -0.10± 0.03 -0.08± 0.03 -0.09± 0.02 -0.10± 0.03 -0.09± 0.03 -0.08± 0.03

0.17± 0.02 0.18± 0.04 0.17± 0.03 0.17± 0.02 0.17± 0.02 0.17± 0.02 0.17± 0.05

PG1115

-0.08± 0.01 -0.09± 0.01 -0.07± 0.03 -0.08± 0.01 -0.09± 0.02 -0.08± 0.01 -0.07± 0.04

0.10± 0.02 0.10± 0.02 0.06± 0.03 0.10± 0.02 0.10± 0.03 0.10± 0.02 0.06± 0.03

0.13± 0.02 0.13± 0.02 0.09± 0.03 0.13± 0.02 0.13± 0.03 0.13± 0.02 0.10± 0.03

RXJ1131

-0.01± 0.003 -0.01± 0.01 -0.01± 0.003 -0.01± 0.003 -0.01± 0.003 -0.01± 0.003 -0.01± 0.01

-0.01± 0.005 -0.01± 0.01 -0.01± 0.005 -0.01± 0.005 -0.01± 0.01 -0.01± 0.005 -0.01± 0.01

0.01± 0.004 0.02± 0.01 0.01± 0.004 0.01± 0.004 0.01± 0.004 0.01± 0.004 0.02± 0.01

HST14113

0.12± 0.01 0.12± 0.02 0.11± 0.04 0.12± 0.01 0.12± 0.01 0.12± 0.01 0.11± 0.04

0.00± 0.02 0.00± 0.03 0.02± 0.03 0.00± 0.02 -0.00± 0.03 -0.00± 0.02 0.02± 0.04

0.12± 0.01 0.13± 0.02 0.11± 0.03 0.12± 0.01 0.12± 0.01 0.12± 0.01 0.12± 0.04

B1422

0.03± 0.01 0.03± 0.02 0.04± 0.02 0.03± 0.02 0.03± 0.02 0.03± 0.02 0.05± 0.02

-0.12± 0.01 -0.13± 0.02 -0.12± 0.02 -0.12± 0.01 -0.12± 0.01 -0.12± 0.01 -0.13± 0.03

0.13± 0.01 0.13± 0.02 0.13± 0.02 0.12± 0.01 0.13± 0.01 0.13± 0.01 0.14± 0.03

MG1654

-0.02± 0.005 -0.02± 0.01 -0.02± 0.01 -0.02± 0.01 -0.02± 0.005 -0.02± 0.005 -0.02± 0.01

-0.01± 0.003 -0.01± 0.01 -0.01± 0.004 -0.01± 0.004 -0.01± 0.003 -0.01± 0.003 -0.01± 0.01

0.02± 0.004 0.02± 0.01 0.02± 0.01 0.02± 0.01 0.02± 0.004 0.02± 0.004 0.03± 0.01

WFI2033

-0.02± 0.01 -0.03± 0.04 -0.02± 0.01 -0.03± 0.01 -0.02± 0.01 -0.02± 0.01 -0.03± 0.04

0.06± 0.01 0.07± 0.02 0.06± 0.01 0.06± 0.01 0.06± 0.01 0.06± 0.01 0.06± 0.02

0.07± 0.01 0.08± 0.03 0.07± 0.01 0.07± 0.01 0.07± 0.01 0.07± 0.01 0.08± 0.03

Note. — Errors are standard deviations of the shear distributions assuming a Gaussian distri-

bution. In some cases, the Gaussian assumption is very rough (see Figure 2.4), and these errors

should be considered as guides only.
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2.6.2 Comparison of Environment and Lens Model Shears

Our shear distributions overlap the lens model-derived values in HE0435, PG1115,

and HST14113, but not in RXJ1131, B1422, or WFI2033 (Figure 2.4). We want

to quantify the level of disagreement between the lens model and environment

shears, which are determined independently from one another. To do this, we

construct the probability distribution for ∆γ, the offset between the shear distri-

butions, to determine whether it is consistent with zero. If we have probability

distributions penv(γ) and pmod(γ) for the environment and lens model shears re-

spectively, the formal statement of the probability distribution of ∆γ is

p(∆γ) =

∫
penv(γ

′)pmod(γ
′ + ∆γ)dγ′. (2.12)

For the environment shear, we have discrete samples rather than a continu-

ous distribution of shears. We can also sample 1000 discrete points in (γc,γs) space

from the lens model shear distributions. We cross-correlate these points with the

1000 shear points from the environment measurement and determine the differ-

ence between each model shear i and environment shear j, ∆γij = γmodj − γenvi .

The discrete estimator of the ∆γ probability distribution from these samples is

then

p(∆γ) =
1

NenvNmod

Nenv∑
i=1

Nmod∑
j=1

δ(∆γ + γenvi − γmodj ). (2.13)

In other words, we have a collection of NenvNmod = 106 points at the locations

∆γij for all i and j in both γc and γs separately. We plot these points in (∆γc,∆γs)

space and calculate isoprobability contours. The P -value for ∆γ = 0, which rep-

resents perfect agreement between the two distributions, is the fraction of points

lying outside the contour passing through the origin. The 68%, 95%, and 99.7%

contours are shown in Figure 2.5 and the value of P (∆γ = 0) is given for each

system.
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Figure 2.5 68%, 95%, and 99.7% contours for ∆γ in each of the six 4-image systems

in our sample. The origin represents perfect agreement between the environment

shears and the lens model shears. The P -value for ∆γ = 0 is given for each sys-

tem. A general power-law is assumed for the lens galaxy density profile in the

lens modeling. For three of the systems (HE0435, PG1115, HST14113), the envi-

ronment shears are consistent with the model shears to within the 95% confidence

intervals. However, the shears are inconsistent at greater than 95% confidence for

the remaining three systems (RXJ1131, B1422, WFI2033).
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The results show that the environment and lens model shears for HE0435,

PG1115, and HST14113 agree to within the 95% contours, albeit marginally for

PG1115 and HST14113. However, the shears for RXJ1131, B1422, and WFI2033

do not. The disagreements could arise from a number of effects that we have not

considered in our environment analysis, as well as problems in the lens modeling

itself. These are discussed further in § 2.6.5 and § 2.6.6.

2.6.3 Constraining Line-of-Sight Shear

We compare the shear due to the local group environment alone to that of the

full environment to quantify the effects of the LOS perturbers on the shear (Fig-

ure 2.6). The local lens environment alone induces an average shear of γ = 0.05

with a range from 0.01 to 0.14, compared to that for the full environment (γ =

0.08, ranging from 0.02 to 0.17; Table 2.5). The shear amplitude from the LOS ob-

jects can thus be comparable to that from the local group environment, although

it depends on the configuration of the individual lens systems. We also compute

∆γenv, the mean offset in (γc, γs) space between the shears from the local envi-

ronment alone and the shears from the full environment. The mean value of this

offset across all systems is ∆γenv = 0.06 with a range from 0.02 to 0.11, indicating

that the LOS can be a significant perturbation to the lens potential. Accounting

for the LOS objects does not significantly add to the shear scatter by more than

0.02 in any system.

2.6.4 Notes on Individual Lens Systems

From the results in Figures 2.4 and 2.6 and quantified in Tables 2.4 and 2.5, it is

clear that the behavior of the shear is not uniform across all lenses. This is ex-

pected, as group environments can vary significantly in overall mass, richness,

and other properties that can affect the lensing potential. In addition, the con-
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Figure 2.6 γc and γs from the lens group environment alone (left panels) and from the full environment including

line-of-sight galaxies (right panels). The right panels are identical to the bottom row of Figure 2.4. Each point represents

one of 1000 realizations of the environment, including the spectroscopic or photometrically assigned group galaxies, the

LOS galaxies, and the uncertainties in Figure 2.4. The points are color coded by fhalo as indicated by the color bar. For the

six 4-image lenses, the 1σ and 2σ error ellipses derived from lens modeling are shown for power-law lens galaxy models.

Statistics for each distribution are in Table 2.5. Including the LOS galaxies has a large effect on the shear in B1422 and

WFI2033 due to perturbations from LOS objects projected close to the lens.
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Table 2.5 Shear Statistics From Local Group Environment and Full Environment

Lens

〈γc〉local 〈γc〉full

〈γs〉local 〈γs〉full ∆γenv

〈γ〉local 〈γ〉full

Q0047

0.02± 0.03 0.04± 0.03

0.00± 0.02 0.01± 0.02 0.05± 0.03

0.03± 0.03 0.05± 0.02

HE0435

0.02± 0.03 0.02± 0.04

-0.03± 0.04 -0.01± 0.05 0.07± 0.05

0.05± 0.03 0.05± 0.04

MG0751

-0.12± 0.05 -0.15± 0.05

-0.05± 0.03 -0.08± 0.03 0.08± 0.04

0.14± 0.05 0.17± 0.05

PG1115

-0.05± 0.04 -0.07± 0.04

0.04± 0.03 0.06± 0.03 0.06± 0.04

0.08± 0.03 0.10± 0.03

RXJ1131

-0.01± 0.01 -0.01± 0.01

0.00± 0.005 -0.01± 0.01 0.02± 0.01

0.01± 0.01 0.02± 0.01

HST14113

0.07± 0.04 0.11± 0.04

-0.03± 0.04 0.02± 0.04 0.09± 0.05

0.09± 0.04 0.12± 0.04

B1422

-0.02± 0.02 0.05± 0.02

-0.05± 0.03 -0.13± 0.03 0.11± 0.03

0.05± 0.03 0.14± 0.03

MG1654

-0.00± 0.01 -0.02± 0.01

-0.00± 0.01 -0.01± 0.01 0.03± 0.01

0.01± 0.01 0.03± 0.01

WFI2033

0.01± 0.01 -0.03± 0.04

0.00± 0.01 0.06± 0.02 0.08± 0.03

0.01± 0.01 0.08± 0.03

Average

- -

- - 0.06

0.05 0.08

Note. — Errors are standard deviations of the shear distributions assuming a Gaussian distri-

bution. In some cases, the Gaussian assumption is very rough (see Figure 2.6), and these errors

should be considered as guides only.
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figuration of individual galaxies relative to the lens galaxy can have large shear

effects, particularly in the limit of low fhalo. The shear from LOS galaxies can be

sensitive to a small number of objects projected close to the lens, as well as to

the large amount of cosmic variance in beams along lines of sight to individual

systems (Momcheva et al., 2006; Fassnacht et al., 2011). In this subsection, we pro-

vide some qualitative insights about the effects of the group environments and

LOS objects in individual systems, as well as previous lens model results.

The scatter in the shear distribution for RXJ1131 is relatively small. One rea-

son is that the lens galaxy is offset from the group centroid more than in any other

group, so perturbations from the group halo and most of the other group galaxies

have less of an impact on the lensing potential. There is evidence for substruc-

ture in RXJ1131, resulting in anomalous time delays (Morgan et al., 2006; Keeton

& Moustakas, 2009; Congdon et al., 2010). The lens model shears become even

more discrepant from our environment results if the flux ratios are not taken into

account.

Accounting for LOS objects in B1422 changes the shear by ∆γenv = 0.11, the

largest shift for any system. Much of this is likely due to the presence of a bright

(I = 18.38), nearby LOS galaxy at a projected separation of 0.13′.

The shear from the local environment of WFI2033 alone is small, but account-

ing for LOS objects shifts the shear by ∆γenv = 0.08. This is likely due to the

presence of a nearby LOS object projected 0.06′ from the lens, as well as a few

nearby LOS objects in our photometric catalog, similar to B1422. There are six

objects brighter than I = 21.5 that are projected between 0.12′ and 0.31′ away from

the lens that are not in our spectroscopic catalog. Congdon et al. (2010) find time

delay anomalies in this system, suggesting either a complex lens environment or

the presence of substructure.
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The scatter in the shear distributions due to uncertainty in the position of the

group centroid is the dominant source of uncertainty in HE0435 and PG1115,

and also has a significant effect in Q0047 and HST14113. The panel in Figure 2.4

showing the effects of the centroid error indicate that for large values of fhalo, the

shear amplitude is shifted a larger distance away from the typical shears in the

corresponding control samples. The separation between high and low values of

fhalo is not clearly defined, so we cannot constrain fhalo based on a comparison

of our shear distribution to the lens model shear distribution. We might infer

that there are more realizations of the environment with low fhalo that match the

lens model-derived shears. Better spectroscopic sampling of the group members

in this system would help to tighten the centroid position errors and reduce the

scatter. Kochanek et al. (2006) performed a modeling analysis of HE0435 assum-

ing an ellipsoidal pseudo-Jaffe model for the lens, an SIS model for a nearby per-

turber (one of the objects in our photometric red sequence), plus external shear.

They find a best-fit shear amplitude of γ ∼ 0.05 and θγ ≈ −30◦, which is consis-

tent with our shears calculated from the environment when converted to (γc, γs)

space. However, their results are not directly comparable to our lens model re-

sults as we do not model individual perturbers.

In the host group of HST14113, the brightest group galaxy (I = 16.82) is lo-

cated only 0.68′ from the lens, indicating that it could have a large effect on the

shear. However, due to the galaxy’s proximity to the group centroid, its shear

contribution at low values of fhalo is approximately degenerate with the shear

contribution from the group dark matter halo at large values of fhalo. The ex-

treme luminosity of this galaxy may be the result of blending in our photometry,

but since its mass is concentrated over a narrow range of position angles relative

to the lens, it is unlikely that modeling this object as the superposition of less
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massive galaxy halos will make a large difference in the shear.

Wayth et al. (2005) model Q0047 as an elliptical power-law model and find

that the best fit is near-isothermal and requires no external shear to explain the

data. It is possible that their models could accommodate a small amount of shear,

which would be consistent with our shear distribution for this system. We find

that our shear distributions are consistent with zero shear to within the 95% con-

fidence contours.

Most of the uncertainty in the shear in MG0751 comes from the scatter in the

FJ relation, which increases the error in γ from 0.02 to 0.04. There is a very bright

group galaxy close to the lens (I = 17.89, 0.1′ separation) that is likely the main

contributor to this uncertainty. Lehar et al. (1997) fit point mass and SIS lens

models with external shear to this lens, and their shears are inconsistent with our

environment shears. However, their models do not include both ellipticity in the

lens galaxy and external shear, and thus are not directly comparable to ours.

The host group of MG1654 has a velocity dispersion three times lower than

most of the other groups, corresponding to a virial mass smaller by at least an

order of magnitude and resulting in a small shear contribution from the group

environment. The velocity dispersion of this system may be intrinsically low, al-

though it could be underestimated due to the small number (eight) of confirmed

group galaxies in our spectroscopic sample and the lack of photometric red se-

quence group members. The small shear from the group environment also leads

to a very small scatter in the shear due to the observational errors we considered.

As a result, most of the shear amplitude and scatter in our environment model

comes from the LOS galaxies. A modeling analysis performed by Kochanek

(1995) tested a number of lens models and found that a quasi-isothermal ellip-

soid (0.9 ∼< α ∼< 1.1) provided the best fit. The range of shears and position angles
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obtained from his models are consistent with our shear distributions.

2.6.5 Remaining Sources of Error in Environment Analysis

We have modeled the environments of our lens systems, accounting for various

observational and theoretical uncertainties (§ 2.4.4). However, there are other

sources of error that could affect our results and that may explain the discrepancy

between our shear distributions and those from lens modeling (§ 2.6.2), including:

• We assume that all galaxies in our analysis are early-type galaxies. We apply

the Faber-Jackson relation to obtain velocity dispersions and use an ellipti-

cal galaxy SED when performing bandpass corrections. To roughly test this

assumption, we estimate the fraction of red galaxies in our spectroscopic

sample both by looking for emission lines in the spectra (Momcheva et al.

in preparation) and comparing the observed colors to those of an Sa-type

galaxy template from the GALEV2 template set (Bicker et al., 2004). These

tests suggest that ∼60-80%4 of galaxies in the host group of the lenses and

∼50% of the LOS galaxies are red, so this assumption is not baseless. Ideally,

we would like to apply the Tully-Fisher (TF; Tully & Fisher, 1977) relation

to the blue galaxies, but this is difficult because we lack information on the

inclinations of disk galaxies. In addition, the relative errors in the FJ and

TF relations at intermediate redshifts are not well-constrained enough to

determine a robust calibration between the two. While we do not consider

evolution in the FJ relation due to velocity dispersion evolution, we do ac-

count for passive luminosity evolution in the galaxies.

Mandelbaum et al. (2006) find that late-type galaxies with luminosities L ∼
4This fraction is higher than the fraction of all confirmed group members that lie on the pho-

tometric red sequences (Table 2.2; further details in Williams et al. (2006) and Williams et al. (in
prepartion)), but this increase is expected given the conservative definition (i.e., much narrower
color cut) of the photometric red sequence galaxies (§ 2.4.3).
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L∗ to 2L∗ have roughly half the r-band mass-to-light ratio of early-type

galaxies at similar luminosities. At fainter luminosities (L ∼ L∗/2), the

mass-to-light ratios are nearly equal. As a crude check of the FJ assumption,

we run a test where galaxies with blue colors are given half the mass (and

therefore, 1/
√

2 times the velocity dispersion) that they normally would be

assigned by the FJ relation. Blue galaxies are defined as galaxies with a

V − I or R − I color bluer than that of the Sa-type galaxy template at the

same measured or assigned redshift. This conservative test provides intu-

ition as to how much our shears are affected by the assumption of the FJ

relation for all galaxies. We find that this procedure changes the the shear

distributions by less than 0.01 in either component and that the mismatches

between our environment shears and the lens model shears remain.

• In our analysis of the LOS, we take individual galaxy halos into account,

but ignore the effects of group or cluster-sized halos. In principle, we could

perform a similar fhalo analysis for each association along the line of sight.

We test this effect in the six fields where we have lens model shears. We

take galaxies in each galaxy group along the LOS identified by Momcheva

et al. (in preparation) and replace them with an SIS halo of mass deter-

mined from the calculated group velocity dispersion. We cross-correlate

the results of these trials with those of our standard Monte Carlo trials as in

§ 2.6.2 and find that the shears agree to within the 68% confidence contours.

Accounting for the halos of massive LOS structures does not change the

shear distributions appreciably, nor bring the shears into agreement with

the lens model shears in the three cases where they are discrepant.

• Our assumptions in the scaling of the group galaxy halo masses could be
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incorrect. Some galaxies near the centers of groups may have had their

dark matter halos tidally stripped, while others on the outskirts may still

have extended halos. Using N-body simulations, Ghigna et al. (1998) find

a marginal dependence of halo extent relative to virial radius on projected

separation from the center of a host galaxy cluster, suggesting that this ef-

fect is small. Limousin et al. (2009) perform a similar analysis and find a

stronger dependence. However, is not clear how these analyses relate to

the lower mass groups in our sample.

• We assume that the groups are all virialized, but if they are not, the velocity

dispersions are imperfect measures of the group potentials. For two of the

three systems where our results do not agree with the lens model shears

(B1422 and RXJ1131), we find a photometric red sequence at the group red-

shift, suggesting a relaxed component (Zabludoff & Mulchaey, 1998).

• We assume all galaxies in our environment analysis are singular isothermal

spheres for simplicity, but in reality, they are likely to be better modeled

as singular isothermal ellipsoids (Treu et al., 2006; Koopmans et al., 2006,

2009; Bolton et al., 2008). This effect is probably small because the mass dis-

tribution of a perturber outside RE of the lens is still centered at the same

projected separation and position angle from the lens. Changes in the shape

of the perturber’s mass distribution will only be small effects on the poten-

tial at the lens position. Furthermore, the fractional change in the shear can

only be of order the ellipticity, and it can be an increase or decrease depend-

ing on how the perturber is oriented with respect to the lens. It would take a

fairly pathological configuration − many very elongated galaxies oriented

in just the right fashion − to produce a dramatic change in the shear.
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• The group centroids determined from the galaxy positions could be offset

from the true mass centroid. Luminosity-weighting the centroid determi-

nation does not affect our results. However, X-ray gas comprises up to 10%

of the total mass of the group for groups with velocity dispersions similar

to the ones we consider in our sample (Gonzalez et al., 2007) and could be

offset from the galaxy-determined centroid by ∼ 10− 100 kpc. The effect of

this offset on the shear will be small if the projected distance from the lens

to the galaxy centroid is much larger than the likely offset between any gas

component and the centroid. We run tests in B1422 and PG1115 where we

fix the group halo centroid at the position of the X-ray centroid given by

Fassnacht et al. (2008), but this results in the environment shears moving

further from the lens model shears, indicating that this is not the cause of

the discrepancy.

• Our method for populating the LOS redshift distributions does not handle

voids properly, as a given galaxy has an uniform probability of being as-

signed a redshift between two adjacent galaxies in a given bin, and we do

not have the statistics to define voids well. These voids could contribute a

negative shear since they are underdense relative to the mean density along

the line of sight. Voids are likely less significant than overdense regions be-

cause the deviations from the mean density along the LOS are smaller than

prominent peaks, which can have arbitrarily high overdensity. Through

Monte Carlo simulations, Momcheva et al. (2006) found that voids are un-

likely to contribute enough negative convergence to counter that due to

prominent peaks along random lines of sight. Thus, we infer that their con-

tribution to the shear is even less significant because cancellation effects

arise from multiple voids and shear is a tensor quantity while convergence
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is a scalar.

2.6.6 Additional Sources of Error in Lens Models

There are several potential sources of error in the shear values derived from lens

modeling, including:

• Modeling the lens galaxy as an ellipsoid with a single power-law density

profile may not be accurate. Two-component model fits to the density pro-

file, encompassing both a stellar component and dark matter component,

may be more realistic in certain cases (e.g. Kochanek et al., 2006), as they

allow for a more complex angular structure. We fit a de Vaucouleurs + un-

constrained NFW model (representing the stellar and dark matter compo-

nents, respectively) to B1422 and PG1115 to test whether the shears are sig-

nificantly different. While the shear distributions shift by ∼ 0.1 compared

with the power-law models, they result in PG1115 becoming inconsistent

with our environment shears and do not result in agreement between the

model and environment shears in B1422.

• The lens galaxy may be tidally truncated, which would change its assumed

mass distribution. The effect of this truncation is probably small becauseRE

for lens galaxies is typically ∼10 kpc, which is consistent with an effective

radius for a massive galaxy.

• Substructure lensing, including substructure in the lens galaxy, the group

environment, and along the line of sight that is projected within RE of the

lens galaxy, is not accounted for in the lens models. This substructure could

introduce perturbations in the lens potential (Mao & Schneider, 1998; Met-

calf & Madau, 2001; Dalal & Kochanek, 2002), resulting in astrometric per-

turbations in the lensed image positions (Chen et al., 2007). Preliminary
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work on HE0435 suggests that substructure does not significantly shift the

model shear distributions (Fadely et al. in preparation), but all the systems

need to be examined in detail to rule out substructure as a significant sys-

tematic effect in lens model shears.

• The lens models do not account for higher order terms than γ in the expan-

sion of the lens potential. Higher-order perturbations may result in better

fits to the data with different values of γ than are currently being calculated.

• Like most previous lens modeling analyses, our lens models omit non-

linear couplings between the lens plane and line-of-sight perturbers. In-

cluding those non-linear effects might yield better fits with different values

of γ. It might also have the consequence of modifying the “flavor” of shear

that provides the best comparison between lens models and the environ-

ment analysis (although, as noted in § 2.4.2, the choice of shear flavor does

not significantly affect our environment-derived shear distributions). We

are currently exploring the impact of different shear flavors on lens models

(Keeton et al. in preparation).

• The lens models assume κ = 0, as standard analyses do. This assumption is

incorrect, as κ > 0 in these systems (Wong et al. in preparation). We test the

effects of this assumption by calculating the reduced shear, gc,s = γc,s/(1−κ),

from the γ and κ that we obtain from the lens environment analysis and

comparing the two reduced shear components to the shears from the κ ≡ 0

lens model. Our results do not change: the mismatches remain discrepant

at the > 95% level and the matches are the same as before. As a result, and

because we wish to define the environment-determined shear as the true

shear, independent of the convergence, we tabulate and plot the true shears
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as our shears throughout this paper.

2.7 Conclusions

Using new spectroscopic and photometric data from a survey of nine gravita-

tional lenses in groups of galaxies, we quantify the effect of the local and line-of-

sight environments on the lens potentials by directly constraining the environ-

mental shear. We also analyze the relative importance to the shear of observa-

tional and theoretical uncertainties, including uncertainty in the Faber-Jackson

relation (Faber & Jackson, 1976), errors in the projected group centroid position

and velocity dispersion, galaxy magnitude errors in the photometric data, un-

certainties in the form of the mass profile of the group halos, and uncertainty in

the concentration parameter of the group halos. The full lens environment con-

tributes a significant shear of γ = 0.08 on average, ranging from 0.02 to 0.17.

For the six 4-image lenses where we can compare our shears to those derived

from lens modeling, our environment analysis can reproduce the lens model

shears in HE0435, PG1115, and HST14113. However, for the other three systems

(RXJ1131, B1422, WFI2033), the environment shears are inconsistent with the lens

model-derived values at more than the 95% level, pointing to a serious problem

in the lens modeling or in the way that we have characterized the environment.

There do not appear to be any characteristics common among the systems where

our shears are inconsistent with lens models, nor do the models themselves nec-

essarily have large χ2 values relative to the number of degrees of freedom.

The contribution to the shear from structures along the line of sight to the lens

can have an effect on the order of that produced by the local group environment.

The average environmental shear is γ = 0.08, compared to an average shear of

γ = 0.05 when we only consider perturbations from the local environments of



74

the lenses. The mean offset in (γc, γs) space when the effects of LOS perturbers

are added is ∆γenv = 0.06. Most of the LOS shear comes from objects projected

within ∼2′ of the lens and brighter than I = 21.5. Less than 0.01 in either γc or

γs is contributed on average by galaxies ∼> 5′ away or fainter than I = 21.5, so

these generally can be neglected for lenses at these redshifts. We conclude that

to minimize uncertainties in the shear from spectroscopic incompleteness, future

spectroscopic surveys of the environments of lenses at these redshifts should pri-

oritize I < 21.5 objects projected close (within ∼2′) to the lens.

Our analysis shows that accounting for many possible observational and theo-

retical uncertainties typically shifts the shear by∼0.01 in either γc or γs. However,

these uncertainties add ∼0.015 to the scatter in our shear distributions on aver-

age. If these uncertainties are not taken into account, the scatter in the individual

shear components ranges from 0.01 to 0.04 due to systematic effects alone.

Individually, scatter in the Faber-Jackson relation (FJ; Faber & Jackson, 1976)

and the error in the group centroid position contribute most to the scatter in our

shear distributions, adding 0.03 to the scatter in either γc or γs in the most extreme

cases. Improving the errors introduced by the FJ relation requires a scaling rela-

tion with less scatter such as the Fundamental Plane (Djorgovski & Davis, 1987;

Bernardi et al., 2003b; Cappellari et al., 2006; Robertson et al., 2006). Obtaining

effective radii for the galaxies in our sample would give better estimates of the

galaxies’ internal velocity dispersions. For example, Bernardi et al. (2003b) claim

an error of 0.05 in log σ and 0.01 in log I0 for the Fundamental Plane, compared

to the intrinsic scatter of ∼0.07 in log σ that we assume for the FJ relation. For a

truncated SIS perturber, γ ∝ σ2 inside rt and γ ∝ σ3 outside rt, so a reduction in

the scatter in σ can have a large effect on the inferred shears.

The errors in the group centroid position are most significant for systems
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where the lens is close to the centroid, particularly HE0435, where one of the

shear components changes by 0.05. More complete spectroscopic sampling of

group members and X-ray imaging of the group’s hot gas distribution could re-

duce the centroid errors.

Magnitude errors in our photometric data contribute < 0.01 to the scatter in

either shear component. The errors in the group velocity dispersion propagate

into errors in the total mass of the host groups, typically adding ∼0.01 to the

shear scatter. The errors in the concentration parameter of the group dark matter

halo are similarly small.

We do not know how the mass in a group is apportioned between the group

dark matter halo and the individual group galaxies because it is dependent on

the degree to which the group members have been tidally stripped via galaxy-

galaxy interactions as the group evolves. Therefore, we leave fhalo, the fraction

of the group’s virial mass in the common group halo, as a free parameter. Yet,

even varying fhalo does not allow us to reproduce the lens model-derived shears

in half of our 4-image lens subsample.

Another theoretical uncertainty is the mass density profile of the group dark

matter halo. To test the effects of this uncertainty, we have analyzed the shear

profiles of a SIS and NFW group halo. The difference in the shear between the

two mass profiles is at most∼0.02 except when the lens is projected within∼ rs/2

of the halo centroid, assuming large values of fhalo. This difference between the

mass profiles may have a small but noticeable effect for lenses with a projected

separation from the group centroid near this peak, but the choice of halo profile

appears to be otherwise unimportant.

The disagreement between the shears calculated directly from our environ-

ment analysis and those derived from lens modeling might arise from the fact
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that lens modeling generally ignores higher-order expansions of the lens poten-

tial (Keeton & Zabludoff, 2004), makes simplistic assumptions about the form of

the lens galaxy mass profile, and does not account for substructure lensing (e.g.

Mao & Schneider, 1998; Metcalf & Madau, 2001; Dalal & Kochanek, 2002). There

are also possible biases or sources of error that we have not considered in our en-

vironment analysis. These effects include location-dependent tidal stripping of

galaxy halos and variations in galaxy morphology. We have now quantified the

environmental perturbations on strong gravitational lens potentials further than

previous studies. Future work must characterize these other sources of uncertain-

ties to fully understand the limits of gravitational lens constraints on important

quantities like H0 and the properties of lens galaxy halos.

Our methodology also permits us to calculate the convergence (κ) introduced

by the environment (Wong et al. in preparation). Unlike the shear, κ is not con-

strained by the lens models. While statistical constraints on κ may be inferred

from methods such as ray-tracing through cosmological simulations (e.g. Suyu

et al., 2010), measurements of the lens environments are the only way to directly

determine its effect on lens-derived quantities. Were the convergence values for

lens systems comparable to their shears (i.e. ∼0.1), H0 determinations, whose er-

rors scale as (1 − κ), would be significantly biased (Keeton & Zabludoff, 2004).

Our work shows that lensing constraints must consider both local environment

and line-of-sight galaxies in their error budgets.
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CHAPTER 3

THE EFFECT OF ENVIRONMENT ON COSMOLOGY AND GALAXY STRUCTURE

FROM TIME DELAY LENSES

We generate mock time delay lenses and place them in realistic lines of sight

generated from photometric and spectroscopic data in fields containing known

lens systems to determine how perturbations from the external lens environment

(including mass in the foreground, background, and at the lens redshift) affect

physical parameters derived from lens models, such as the lens galaxy Einstein

radius, mass profile slope, ellipticity, and orientation, as well as the Hubble Con-

stant (H0). We quantify how uncertainties in both characterization of the lens

environment and in measured lens model constraints affect the recovered pa-

rameters. The environment contributes comparable or larger scatter than the lens

model constraints toH0, as well as the Einstein radius, mass profile slope, elliptic-

ity, and orientation of the lens galaxy. We isolate individual sources of uncertainty

in the characterization of the lens environment and find that for galaxy-scale per-

turbers, scatter in the galaxy mass determined through the Faber-Jackson relation

is the dominant effect, contributing a∼ 5% scatter to most parameters. For lenses

in galaxy groups, error in the centroid of the group halo is the largest source of

uncertainty from the group environment, contributing ∼ 5 − 10% scatter when

the centroid is projected near the lens. We compare the distribution of H0 values

determined by simple shear models to the distribution recovered by our environ-

ment treatment. The simple shear models show a residual bias (∼ 5%) and large

scatter (∼ 20%), even when corrected with a (1− κeff ) term, compared to our full

environment models that have ∼ 1% bias. We investigate how well an ensemble

of new time delay lenses from LSST data will be able to recoverH0 given assump-
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tions about how well LSST will be able to reconstruct the mass distribution along

the line of sight. For an ensemble of 500 four-image time delay lenses from LSST,

the statistical error on H0 due to environment effects will be small (∼ 0.3%), but

there is a residual bias of ∼ 2%.

3.1 Introduction

Strong gravitational lensing is a powerful tool for studying galaxy evolution and

cosmology. Lensing can be used to probe the total mass distribution of galaxies,

providing insight to the relative distribution of baryons and dark matter. Lenses

with measured time delays can also constrain the Hubble constant and other cos-

mological parameters. Current and future observatories and surveys, such as the

Dark Energy Survey (DES) and Large Synoptic Survey Telescope (LSST), will find

thousands of new galaxy-scale strong lenses (Oguri & Marshall, 2010), leading to

better constraints on various lens-derived quantities.

Past studies have used samples of strong lenses to study the dark matter dis-

tribution of the lensing galaxy. The Sloan Lens ACS (SLACS; Bolton et al., 2006,

2008) survey, for example, systematically identified and imaged over 100 early-

type galaxies with HST/ACS, using lens models to derive the total mass within

the Einstein radius (θE). By combining lensing information with information on

galaxy dynamics and stellar population synthesis modeling, it is possible to infer

the relative distribution of baryonic and dark matter in the central regions of these

galaxies, as well constraints on their stellar initial mass function (IMF) and star

formation history (e.g., Koopmans et al., 2006; Treu et al., 2006; Auger et al., 2009,

2010a,b). The BOSS Emission-Line Lens Survey (BELLS; Brownstein et al., 2012)

is expanding the SLACS survey to higher redshifts. Similar techniques are also

being applied to late-type galaxies with surveys such as the Sloan WFC Edge-on
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Late-type Lens Survey (SWELLS; Treu et al., 2011).

Strong lensing can also be used to directly constrain cosmological parameters

(e.g., Linder, 2004, 2011; Coe & Moustakas, 2009; Paraficz & Hjorth, 2009) through

the time delay distance,D∆t = DlDs/Dls, whereDl,Ds, andDls are angular diam-

eter distances between the observer and lens, observer and source, and lens and

source, respectively. In particular, D∆t is inversely proportional to the Hubble

constant (H0; or equivalently, the dimensionless Hubble constant h), so measure-

ments of the time delays between multiple images of a lensed source can directly

constrain H0 (Refsdal, 1964). With an accurate model of the lens potential and

precise measurements of the time delay over a sufficiently long baseline, it is pos-

sible to directly constrain H0 (e.g., Koopmans et al., 2003; Saha et al., 2006; Oguri,

2007; Read et al., 2007; Coles, 2008; Vuissoz et al., 2008; Paraficz & Hjorth, 2010;

Suyu et al., 2010, 2013a,b), in contrast to other methods that rely on combinations

of multiple distance indicators (e.g., Freedman et al., 2011, 2012).

However, the effects of perturbing mass along the line of sight (LOS) toward

strong lens systems can introduce systematic biases and scatter in the various

physical parameters derived from lens modeling. Since lensing is biased toward

the most massive galaxies, lens galaxies tend to be massive early-type galaxies

that are preferentially located in overdense environments (Hilbert et al., 2007;

Treu et al., 2009; Fassnacht et al., 2011), implying that the effect of external mass

can be more significant than along random sightlines. In particular, lens galaxies

in dense environments such as galaxy groups can have a non-negligible exter-

nal shear (γ; Wong et al., 2011). Treu et al. (2009) find that the external shear

due to overdense environments of lens galaxies can lead to misalignment of the

inferred position angle of the mass distribution with that of the light distribu-

tion, although they find no significant correlation between environment and the
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slope of the inner mass profile of lens galaxies. Read et al. (2007) find that lens

models of relatively isolated lenses have inner mass profiles close to isothermal,

while other lenses with shallower profiles either were in clusters or are likely to

be dominated by dark matter within the locations of the lensed images.

LOS structures also contribute an external convergence (κ) to the lens poten-

tial, which is unconstrained by standard lens models and can bias time delay

measurements as a result of the mass sheet degeneracy (Falco et al., 1985; Goren-

stein et al., 1988; Saha, 2000; Liesenborgs & De Rijcke, 2012). Given the large

sample of strong lenses that will be discovered by the next generation of survey

telescopes, understanding the effects of systematics such as LOS perturbers is the

primary challenge for improving the accuracy of measurements of H0 and other

cosmological quantities (Linder, 2004; Treu et al., 2013). While efforts have been

made to characterize the external convergence through comparison with the re-

sults of simulations (Hilbert et al., 2007, 2009; Collett et al., 2013; Greene et al.,

2013), lens models are the point where κ is the dominant systematic in H0 deter-

minations from strong lensing time delays (e.g., Suyu et al., 2013b) and can result

in considerable scatter in determinations of the mass structure of the lens galaxy

(e.g., Guimarães & Sodré, 2011). In order to break this degeneracy and accurately

characterize the external convergence, a reconstruction of the mass distribution

along the line of sight from observational measurements is needed (e.g. Mom-

cheva et al., 2006; Williams et al., 2006; Wong et al., 2011).

Using a new multi-plane lensing framework to treat LOS perturbers, Mc-

Cully et al. (2013) investigated the treatment of lens environments – including

perturbers in the foreground, background, and at the lens redshift – using vari-

ous approximations, finding that ignoring external perturbations or treating them

with an external shear term could lead to significant errors in lensing-derived
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quantities. These simple approximations also ignore the effects of κ, leading

to biases in quantities inferred from time delay measurements. Even analyses

that include the most nearby significant mass clumps explicitly in the lens model

could suffer from non-negligible perturbations. Only by also accounting for sev-

eral less-significant perturbers with the new shear approximation framework are

these effects minimized. Unfortunately, most past lens analyses have not treated

the environment to this level of detail.

Even when accounting for the full mass distribution along the LOS, uncer-

tainties in the characterization of the environment (e.g. redshift errors, uncertain-

ties in galaxy scaling relations, characterization of group/cluster halos) can still

propagate into uncertainties in the important physical quantities derived from

lens modeling (e.g., Collett et al., 2013; Greene et al., 2013). Understanding the

level of these uncertainties, how they compare to intrinsic measurement uncer-

tainties in lens modeling, and how to best reduce their effects is crucial to reduce

systematics to fully leverage the power of the large sample of strong lenses from

ongoing and future surveys. Understanding the main sources of error from the

environment will better inform future surveys as to what observations will be

most beneficial in constraining the effects of LOS perturbers on lensing analyses.

In this paper, we generate an ensemble of mock lenses and place them in real-

istic lines of sight constructed from observational data in fields containing known

strong lenses to investigate how mass along the LOS affects lens-derived quan-

tities. These quantities including physical properties of the lens galaxy, as well

as cosmological quantities inferred from time delays such as H0. Using the new

lensing framework of McCully et al. (2013) to account for LOS perturbers, we

examine how uncertainties in measurements of the external environment affects

these quantities in comparison to measurement error in lens model constraints
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and generate an error budget to identify the largest contributions to the uncer-

tainties induced by the environment. We examine to what extent simple lens

models that do not explicitly account for the environment are able to recover the

physical quantities of interest. We make predictions about how well an ensem-

ble of new time delay lenses discovered by LSST will be able to constrain the

uncertainty on H0 from environmental effects.

This paper is organized as follows. In § 3.2, we present the sample of lens

environments used in this paper, along with the details of the spectroscopic and

photometric data we use to characterize these lines of sight. In § 3.3, we describe

our lensing calculations and our characterization of the lens environments, as

well as the details of our simulations used to analyze the impact of the environ-

ment on quantities derived from lens modeling. We present our main results and

discuss future applications in § 3.4. Our main conclusions are summarized in

§ 3.5.

Throughout this paper, we assume a ΛCDM cosmology with Ωm = 0.274,

ΩΛ = 0.726, and H0 = 100 h km s−1 Mpc−1 with h = 0.71. All magnitudes given

are on the Vega magnitude system.

3.2 Lens Environment Data

We generate our sample of lens environments from a subset of the 28 lens envi-

ronments analyzed by Momcheva et al. (in preparation). We analyze four sys-

tems, two of which were determined to be in group environments and were pre-

viously analyzed in Wong et al. (2011). The coordinates and redshifts of the lenses

in our sample are given in Table 3.1. Spectroscopic observations of PG1115 and its

environment are detailed in Momcheva et al. (2006), with further spectroscopic

data on the remaining three systems in Momcheva et al. (in preparation). We
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Table 3.1 Gravitational Lens Properties

Lens α (J2000) δ (J2000) zlens zsource

B0712+472a 109.015 47.147 0.406 1.34

PG 1115+080b 169.571 7.766 0.310 1.72

RXJ1131-1231c 172.965 -12.533 0.295 0.66

HE2149-2745d 328.031 -27.530 0.603 2.03

Note. — Lens redshifts and image separations from CASTLeS and Rusin et al. (2003). Names

in bold indicate lenses that are in groups (Momcheva et al. in preparation).
1Jackson et al. (1995); Fassnacht & Cohen (1998)

2Weymann et al. (1980); Barkana (1997); Kundic et al. (1997a); Schechter et al. (1997); Tonry (1998)

3Sluse et al. (2003); Morgan et al. (2006)

4Wisotzki et al. (1996); Burud et al. (2002); Eigenbrod et al. (2007)

also have two-band photometric catalogs of objects the lens fields from Williams

et al. (2006) and Williams et al. (private communication). Figure 3.1 shows the

projected spatial distribution of objects in our catalogs.

The spectroscopic data were taken over multiple observing runs with the

Low Dispersion Survey Spectrograph-2 (LDSS-2; Allington-Smith et al., 1990)

and LDSS-3 on the 6.5 m Magellan 2 (Clay) telescope, as well as with the In-

amori Magellan Aerial Camera and Spectrograph (IMACS; Bigelow & Dressler,

2003) on the 6.5 m Magellan 1 (Baade) telescope, both at Las Campanas Observa-

tory. Additional spectroscopic data were taken with the Hectospec multi-object

spectrograph (Fabricant et al., 2005) on the 6.5 m Multiple Mirror Telescope on

Mt. Hopkins. The spectroscopic target selection prioritized objects brighter than

I = 21.5 and within 5′ of the lens in projected separation.

The photometric data are from imaging described in detail in Williams et al.
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Figure 3.1 Projected spatial distribution of galaxies in the lens fields. North is up and East is to

the left. The panels are 5′ × 5′ and centered on the lens (purple star). Also shown are the spectro-

scopically confirmed line-of-sight (LOS) objects (green squares) and the remaining photometric

galaxies down to I = 21.5 (black dots). For the lenses that lie in groups, we also show the the pro-

jected group centroid and its error (black cross), the spectroscopically confirmed group members

(open blue circles) and photometric red sequence galaxies down to I = 21.5 (red circles). The area

of the circles representing the group members are scaled by their luminosity. The bar in the lower

left corner corresponds to 1 Mpc at the lens redshift.
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(2006). Wide-field imaging is obtained for each field with the Mosaic imagers on

the Kitt Peak and CTIO 4-meter telescopes in two photometric bands, Cousins I

and either Johnson V or Cousins R. Total exposure times vary in order to ensure

high completeness for I ≤ 21.5. We obtain at least one image of each field on a

photometric night. Exposures obtained on non-photometric nights are corrected

to the standard system using local stellar calibrators derived from the photomet-

ric images. Object detection and photometric measurements are performed using

SExtractor (Bertin & Arnouts, 1996).

I-band magnitudes are MAG AUTO output from SExtractor, which are calcu-

lated in a manner similar to that of Kron (1980). Total magnitudes, which we later

use to calculate galaxy velocity dispersions, are calculated in each field by apply-

ing an offset calculated from the mean difference between Kron magnitudes and

magnitudes measured in very large apertures for well-isolated galaxies with no

SExtractor photometric flags. These offsets are small (∼ 0.05 mag) with small dis-

persions (∼ 0.03 mag). All magnitudes used in this paper are Kron magnitudes

unless indicated otherwise.

SExtractor fails to detect some galaxies, particularly those in the halos of rel-

atively bright stars. We manually determine positions and aperture magnitudes

for those objects with I ≤ 21.5 and within 4′ of the lens galaxy. Total magnitudes

for these galaxies are determined in a similar fashion as described above. These

corrections tend to be large (∼> 0.5 mag) and the scatter large (∼ 0.3 mag), as small

apertures are used in order to minimize the significant shot noise from the bright

star halos.

We exclude serendipitously observed stars from the spectroscopic catalog (z <

0.01). We also exclude high-redshift QSOs and active galactic nuclei (z > 1.5).

We also exclude objects that have inferred I-band absolute magnitudes MI −
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5log(h) < −24. For consistency between our photometric and spectroscopic sam-

ples, we exclude galaxies fainter than I = 21.5, which should still include the

most significant perturbers in the environments (Wong et al., 2011). Of all the

galaxies projected within 5′ of a lens galaxy and brighter than I = 21.5 across all

fields in our spectroscopic sample, fewer than 5% are removed by these cuts.

3.3 Simulations

In this section, we describe our methodology for calculating the effects of the en-

vironment on the physical quantities derived from lens modeling. § 3.3.1 dis-

cusses the details of our lensing calculations, accounting for multiple lensing

planes along the LOS. In § 3.3.2, we describe our characterization of the mass

distribution along the LOS based on observational data. In § 3.3.3, we describe

our mock lens observations and fitting procedure, as well as how we account for

uncertainty in our characterization of the environment.

3.3.1 Lensing Calculations

Our lensing calculations are performed using an updated version of the GRAVLENS

software package (Keeton, 2001a). The details of the lens model fitting pertaining

to how we define a χ2 value based on the image positions, fluxes, and time de-

lays are described in Keeton (2010). We focus on four-image systems (“quads”)

of compact sources (e.g., quasars) in this analysis, as compact sources are needed

to observe variability for time delay measurements. Our models assume an el-

liptical power-law profile for the lens galaxy, which has been shown to accu-

rately characterize the inner regions of massive lens galaxies (e.g., Koopmans

et al., 2009; Auger et al., 2010a; Barnabè et al., 2011, although see Schneider &

Sluse, 2013a,b). Our models have 17 constraints from lensing – two from the lens

galaxy position, eight from the image positions, four from the image fluxes, and
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three from the relative time delays. We vary the source position and flux (which

are unobservable), as well as the lens galaxy’s position, Einstein radius (b), mass

profile slope (α), ellipticity (ε), position angle (θε, defined to be East of North)

and the time delay distance (which translates into a measurement of h) for a to-

tal of ten free parameters and therefore seven degrees of freedom. We apply a

Gaussian prior of 0.71 ± 0.1 on h. Although two-image lenses (“doubles”) can,

in principle, provide comparable constraints on h to quads due to more accurate

time delay measurements (Oguri, 2007), fitting lens models is complicated by the

lack of constraints – only nine – relative to quads (although see Suyu, 2012).

Our analysis makes use of a new multi-plane lensing framework described in

McCully et al. (2013), the key features of which we summarize here. Consider a

field with N perturbers at redshifts z1 ≤ z2 ≤ ... ≤ zN < zs along the LOS, where

s is the source plane. The effect of these perturbers on the lensing deflection is

given by the multi-plane lens equation,

xj = x1 −
j−1∑
i=1

βijαi(xi), (3.1)

where x is an angular variable in plane j, αi is the deflection due to plane i, and

βij is the ratio of angular diameter distances between plane i, plane j, and the

source plane,

βij =
DijDs

DjDis

. (3.2)

The lensing deflection is not a simple sum of contributions from the individual

lens planes; there are nonlinear effects because each perturber acts on light rays

that have already been deflected by other perturbers at different redshifts. These

effects can all be calculated exactly using Equation 3.1 (Schneider et al., 1992;

Petters et al., 2001), although it is computationally expensive when accounting

for hundreds of perturbers at different redshifts along the LOS.
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Alternatively, one can treat the contribution to the lens potential by an individ-

ual perturber solely as second-order (shear and convergence) effects, neglecting

higher-order terms. This “shear approximation” is useful for capturing the ef-

fects of perturbers without having to treat them explicitly in the multi-plane lens

equation, greatly reducing the computation time needed to calculate the full lens

potential. We can compute the shear for each perturber treated with this approx-

imation and then combine them in a way that properly accounts for multi-plane

effects. When there is a single “main” plane (the lens galaxy in this case) and all

perturbers are treated with the shear approximation, the multi-plane lens equa-

tion can be written as

xs = Bsx1 −Clsαl(Blx1), (3.3)

where Bl, Cls, and Bs are matrices representing weighted sums over the shear

tensors (foreground, background, and total, respectively) that contain all of the

non-linearities (McCully et al., 2013). Transforming Equation 3.3 yields

x′s = (I− Γeff )x
′
1 −αl(x′1), (3.4)

where I is the identity matrix and the “effective shear tensor”, Γeff , is given by

I− Γeff = C−1
ls BsB

−1
l . (3.5)

The shear approximation is valid for weaker perturbers, typically galaxies that

are projected ∼> 30′′ from the main lens galaxy (McCully et al., 2013). More sig-

nificant perturbers must be treated explicitly, as their higher-order terms become

non-negligible.

For our lensing calculations in this paper, we define “significant” perturbers

to be those whose contribution to the image position offset at the location of

the main lens galaxy due to third-order terms, ∆x3, is greater than 0.1 mas (see
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§ 3.3.3.1). This is a conservative approximation, but leads to minimal biases in the

models. Weaker LOS perturbers are still accounted for individually, but we use

the shear approximation to combine their effects and get the overall shear.

3.3.2 Environment Characterization

We construct Monte Carlo (MC) realizations of the LOS environments for each

field using an updated version of the methodology used in Wong et al. (2011).

We refer the reader to that paper for most of the details, but we summarize this

methodology below with emphasis on the differences used in this work. By ex-

amining multiple lines of sight, we explore a range of possible lens environments

and ensure that our results are not biased by the peculiarities of any particular

field.

For LOS galaxies that we have spectroscopic redshifts for, we calculate their

luminosities using their measured redshifts and magnitudes. The PG1115 field

has photometric coverage from the Sloan Digital Sky Survey (SDSS). In this field,

we use photometric redshifts and their associated errors from the SDSS Data Re-

lease 9 (DR9; Ahn et al., 2012) for objects where a photo-z is available. The

overall completeness of the SDSS photo-z sample for our photometric galaxies

brighter than I = 21.5 and projected within 5′ of the lens galaxy varies between

∼ 45 − 65% from field to field. For objects in our photometric sample that lack

spectroscopy or SDSS photometric redshifts, we draw redshifts from smoothed

versions of the redshift distributions of the spectroscopic galaxies in bins of ap-

parent I-magnitude. This is done separately for each system to preserve LOS

structure in each particular field. Photometric errors are applied for each object

in the MC realizations and are assumed to be Gaussian distributed. We then use

the Faber-Jackson (FJ; Faber & Jackson, 1976) relation to determine the galaxies’

velocity dispersions. We adopt the FJ relation given by Bernardi et al. (2003a)
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for the Sloan Digital Sky Survey (SDSS) r-band, accounting for intrinsic scatter

in the relation. We then translate the velocity dispersion into an Einstein radius,

assuming a truncated singular isothermal sphere (TSIS) density profile for each

galaxy. The truncation radius is assumed to be r200, which is defined such that the

mean density inside the volume bounded by a sphere of radius r200 is 200 times

the mean matter density of the universe at that redshift.

We account for K-corrections and luminosity evolution using an elliptical

galaxy template generated by evolving a Bruzual & Charlot (2003) stellar pop-

ulation synthesis model. We assume an instantaneous burst of star formation at

z = 3 with a Salpeter (1955) IMF and solar metallicity. The model is passively

evolved to z = 0.1, which is roughly the median redshift of the SDSS sample

used by Bernardi et al. (2003a) in determining the FJ relation. The absolute r-

band magnitude of a galaxy at redshift z that we use in the FJ relation is then

given by

Mr − 5log10(h70) = Iobs −DM(z) + KI,r(z) + EI(z − 0.1), (3.6)

where DM(z) is the distance modulus to the galaxy, KI,r is the K-correction term,

and EI is the passive evolution term. Note that Bernardi et al. (2003a) assumes

h70 units, which is why we have the 5log(h70) term in Equation 3.6.

We treat the environments of lenses determined to be in galaxy groups in

a different manner to account for the presence of the group halo and galaxies.

The identification of group members is described in Momcheva et al. (2006) and

Momcheva et al. (in preparation). The total group mass is calculated from the

line-of-sight velocity dispersion of the member galaxies as determined from their

measured redshifts using a bi-weight estimator for scale (Beers et al., 1990). The

velocity dispersion is varied from trial to trial using a bootstrap resampling of the

group galaxies to account for its uncertainty. Williams et al. (2006) and Williams et
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al. (private communication) identify photometric red sequences for some of these

groups within a narrow range of colors (±0.05 mag) that could indicate potential

group galaxies. In each trial, we take the fraction of spectroscopically observed

red sequence galaxies that are confirmed group members and give each red se-

quence galaxy without spectroscopy that probability of being a group member

in that trial. The remaining red sequence galaxies that are not assigned group

membership are treated similarly to LOS galaxies, with the exception that their

redshifts (when photometric redshifts from SDSS are not available) are assigned

from parent distributions limited to z ≥ zlens to account for the fact that red se-

quence interlopers tend to be intrinsically bluer galaxies at higher redshift.

Once the group velocity dispersion and membership has been determined,

the total virial mass and radius of the group at the mean redshift of its members

is taken to be M200 and r200, respectively. This calculation is based on the for-

malism in Girardi et al. (1998), with halo concentrations taken from the median

halo properties as a function of mass determined from simulations by Zhao et al.

(2009). We then reapportion the mass between the group halo (assumed to be

a spherical NFW profile; Navarro et al., 1996) and the group galaxies by scaling

the galaxies’ truncation radii, as described in Wong et al. (2011). We use fhalo to

denote the fraction of the virial mass that is in the group dark matter halo, which

is assumed to be spherical. We assume a flat prior on fhalo, with an upper limit

set by the condition that the group galaxies cannot be truncated to less than twice

their effective radii. The halo concentration is then taken from the Zhao et al.

(2009) results for a halo of mass fhalo ×Mvir.

For the lenses in groups, we set the redshifts of the lens galaxy, the group

members (including the additional red sequence group members), and galaxies

that were assigned group membership but fell outside the virial radius to the
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mean redshift of the spectroscopically confirmed group members. This simplifies

the lensing calculation by treating multiple perturbers as a single lens plane and

eliminates redshift-space distortions due to the peculiar velocities of the group

members. We do not explicitly model groups/clusters in the field that are not

associated with the lens, but the galaxies within such structures are included as

individual LOS perturbers in our calculations.

3.3.3 Model Fitting

3.3.3.1 Fiducial Environment and Mock Lens Data

We start by generating a fiducial LOS environment for each field, which we take

to be the “true” environment. This fiducial environment is generated by running

an environment realization with the main sources of uncertainty in the properties

of individual galaxies – magnitude errors and scatter in the FJ relation – turned

off. Galaxies with SDSS photometric redshifts are set to their measured value

with no uncertainty applied. For galaxies without spectroscopy or SDSS photo-

metric redshifts, we perform a single iteration of our redshift assignment proce-

dure and assign those values to be the fiducial redshifts for those galaxies. For

fields in which the lens galaxy is in a group environment, we fix the group halo

velocity dispersion and centroid to the measured values. Gillis et al. (2013) find

that satellite galaxies in groups retain a fraction of ∼ 0.41 ± 0.19 of their halo

mass after tidal stripping has removed part of their dark matter halos, which cor-

responds to fhalo ∼ 0.59. While their results may not be directly applicable to

our groups due to various assumptions about satellite fractions, completeness,

and the mass profile of galaxies, we adopt this value of fhalo for our fiducial

group environments so that our results are not skewed by an extreme fiducial

value of fhalo. We fix the halo concentration to the value determined by the mass-

concentration relation without additional scatter. For groups with a photometric
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red sequence, we perform a single iteration of our procedure for assigning group

membership to these galaxies.

For each field, we create a mock lens galaxy with an ellipticity of ε = 0.3 and a

position angle of 0◦, an Einstein radius of θE = 1′′, and an isothermal mass profile

(α = 1). The lens redshift is set to that of the actual lens system in that particular

field, while the source redshift is fixed at zs = 2. Our assumed cosmology has h

= 0.71, which manifests in the time delay distance. We use identical mock lenses

across all fields rather than try to model the real lens data in each system (modulo

the lens redshift) so that we can isolate the effects of the lens environment. The

environment may affect different lens models in different ways, so to compare re-

sults across different fields, we want to ensure that there aren’t differences arising

from the choice of different input lens data.

We place the mock lens in our fiducial environment and generate an ensemble

of quad image configurations by placing a point source at 300 random locations

in the zs = 2 source plane weighted by the overall magnification. The errors on

the lens model constraints for the fitting procedure are assumed to be 0.003′′ for

image positions, 5% for image fluxes, and one day for time delays, which are typ-

ical of constraints for strongly lensed quasars. To check that our assumed fiducial

lens models give reasonable time delay measurements, we show the distribution

of ∆t for all 300 source positions in our fiducial environments in Figure 3.2. The

distribution is consistent with past time delay measurements (e.g., Eulaers & Ma-

gain, 2011) and can reasonably be measured by a monitoring campaign, given

our assumed ∆t uncertainty.

In our lens environment calculations, we treat LOS structures explicitly if

∆x3 ≥ 0.1 mas, with weaker LOS perturbers treated in the shear approxima-

tion (see § 3.3.1). This treatment of the environment is more accurate than either
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Figure 3.2 Distribution of time delays for the mock lens galaxy over all 300 source

positions in our fiducial environments. The longest time delay between images

is chosen here. The distribution of ∆t is consistent with past time delay measure-

ments (e.g., Eulaers & Magain, 2011) and what can reasonably be measured given

our assumed ∆t uncertainty of one day.
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ignoring the effects of weaker perturbers or treating them with an effective shear

in the lens plane (McCully et al., 2013). For galaxies in groups, the group halo is

always treated explicitly, although in practice it is usually one of the most signifi-

cant perturbers and would be treated explicitly due to the ∆x3 criterion anyway.

3.3.3.2 Varying the Environment and Lensing Constraints

We generate 1000 realizations of each lens environment using the Monte Carlo

procedure described in § 3.3.2. We then fit lens models to each of the 300 image

configurations in each of the 1000 environment realizations to optimize the lens

galaxy parameters, assuming that we measure the lens model constraints per-

fectly. The fitted parameters of these lens models across the ensemble of trials

therefore reflect the bias and scatter introduced by uncertainties in our character-

ization of the lens environment alone. We refer to these trials as the “environment

uncertainty” (hereafter “env err”) trials. We present the details of the Bayesian

framework used here in Appendix D.

We also run a set of 1000 trials where we assume the fiducial environment

but apply errors in the measurement of the lens model constraints. Whereas the

“env err” trials allows for error in our characterization of the environment while

assuming we measure the lens model constraints perfectly, this new set of trials,

which we refer to as the “lens model observational uncertainty” (hereafter “lens

err”) trials, assumes that we have modeled the environment perfectly but do not

know the observed image properties exactly. The results of the “lens err” tri-

als effectively represent a floor on how well we can recover physical parameters

through lens modeling. If the “env err” trials show smaller bias and scatter than

the “lens err” trials, then the primary limitation becomes our accuracy and preci-

sion in measuring the lensed images themselves rather than our understanding

of the environment. For these trials, we assume measured values for the image
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positions, fluxes, and time delays drawn from Gaussian distributions centered

on the true values. The distributions are assumed to have the same width as the

measurement uncertainties given in § 3.3.3.1. By isolating uncertainties due to

measurement errors, we can analyze their significance to the bias and scatter of

the lensing-derived parameters relative to the environment uncertainties. The

300 input source positions in the “env err” and “lens err” runs are identical for

each lens.

In reality, both environment and measurement uncertainties will affect the

lens model fit. Although our goal is to quantify the relative significance of each

by isolating their effects, we also run a set of 1000 trials where we apply both

sources of uncertainty (hereafter the “all err” trials). These are generated by tak-

ing each of the 1000 environment realizations from the “env err” trials and ap-

plying random observational errors to the constraints. We use the “all err” trials

to understand how well we can constrain the lens model-derived parameters for

realistic observations. For all of our simulations, we are always trying to fit the

imaging data. The purpose of the different sets of trials is to only consider uncer-

tainties coming from observational errors on the lensing constraints alone, uncer-

tainties in the environment characterization alone, and all sources of uncertainty

simultaneously.

While we want to treat the lens environments realistically, matching our en-

vironment characterization to the actual lens environments that our models are

based on in great detail is not crucial for our purposes. Since the fiducial environ-

ments are generated from the same data as our ensemble of Monte Carlo trials,

we are not accounting for systematic errors in our calculation of the environment.

Even if our characterization of the environment from the data does not capture

the true mass distribution of the real LOS, it will affect the fiducial environment
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as well as the other trials, so our comparison of the fiducial with the Monte Carlo

realizations is self-consistent.

3.3.3.3 Isolating Individual Sources of Environment Error

We are interested in understanding which sources of uncertainty in our character-

ization of the environment are the main contributors to uncertainty in the param-

eters derived from lens models. We isolate these cases by running additional sets

of 1000 Monte Carlo trials analogous to the “env err” trials, but where we only

apply individual sources of environment uncertainty while keeping other sources

of error fixed. For all systems, we can isolate galaxy redshift uncertainty, magni-

tude errors, and intrinsic scatter in the FJ relation. For systems where the lens is

in a group, we can additionally isolate scatter in the group halo velocity disper-

sion (σgrp), scatter in the group halo centroid position, scatter in the group halo

concentration (cvir), variation in fhalo, and variation in the red sequence group

membership assignment (when the group has a photometric red sequence as-

sociated with it). We do not isolate the sources of uncertainty arising from the

different lensing constraints in the “lens err” trials, as that is beyond the scope of

this paper.

For trials where the galaxy redshifts are not varied, the redshifts are set to

the values in the fiducial model. For lenses in group environments, fhalo is set to

the fiducial value in trials where fhalo is not varied, and the red sequence group

membership is the same as in the fiducial environment for trials where the mem-

bership is not varied. For trials where the red sequence membership is allowed

to vary, red sequence galaxies that do not get assigned group membership in a

particular trial still have their redshift drawn randomly as described above, even

if other galaxy redshifts are not being varied in that set of trials.
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3.3.3.4 Simple Shear Models

We also fit lens models with an external shear in the main lens plane (hereafter

the “simple shear” models to distinguish from our models that use the shear

approximation to treat individual perturbers) to the simulated lens data for each

of the 300 source positions for each lens. The parameterization and priors on

the models are the same as those for our environment models, except with the

shear amplitude (γ) and position angle (θγ) (or equivalently, the cosine and sine

components of the shear, γc and γs) added as free parameters. This approach does

not treat any of the perturbers individually, instead relying on the external shear

term to capture all LOS effects.

In Wong et al. (2011), we found that the shear calculated directly from the

environment was inconsistent with the shear determined from lens modeling in

three of the six lenses in group environments that were analyzed. We repeat this

test for the mock lenses we are considering in this analysis to investigate the na-

ture of this discrepancy. For our trials, we know that our environment models

account for all the mass along the line of sight and that the lens models can, in

principle, model the true mass distribution of the lens exactly. If there are still

discrepancies between the model and environment shears for these mock sys-

tems, it would indicate a flaw in ability of the lens models to accurately calculate

the external shear because we know that our environment shears encompass the

“true” value. On the other hand, if the shears are always in agreement, it would

show that the methodology of calculating the shears from both methods are con-

sistent. This would imply that the origin of the discrepancy in Wong et al. (2011)

is still unresolved – it could imply either an inability of lens models to accurately

characterize the detailed mass distribution of the lens galaxy, or that our charac-

terization of the mass along the LOS in these fields was inaccurate.
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We use a similar methodology to Wong et al. (2011) to quantify the level of

disagreement between the environment shear and model shears by constructing

the probability distribution for ∆γ, the offset between the shear distributions. If

we have probability distributions penv(γ) and pmod(γ) for the environment and

models shears respectively, the probability distribution of ∆γ is

p(∆γ) =

∫
penv(γ

′)pmod(γ
′ + ∆γ)dγ′. (3.7)

We have discrete samples of the environment shear rather than a continuous

distribution. The discrete estimator of the ∆γ probability distribution for each

source position is then

p(∆γ) =
1

NenvNmod

Nenv∑
i=1

Nmod∑
j=1

δ(∆γ + γenvi − γmodj )L(γmodj ). (3.8)

We take the 250 highest-likelihood points in (γc, γs) space from the simple shear

models and cross-correlate these points with the 1000 environment shears for

each source. When the likelihood is sufficiently low (as it typically is after the

first 250 points), the likelihood weighting causes the corresponding terms in the

sum to make essentially no contribution. The model shears are weighted by their

likelihoods and normalized such that the total likelihood of the 250 points for

each source position is equal to unity. The p(∆γ) distributions are then summed

over all 300 source positions for a given field. In other words, we have a collection

of Nsrc × Nenv × Nmod = 7.5 × 107 points at the locations ∆γij for all i and j

in both γc and γs separately for each source position. We plot these points in

(∆γc,∆γs) space and plot the isoprobability contours enclosing 68%, 95%, and

99.7% of the distributions. The P -value for ∆γ = 0, which represents perfect

agreement between the distributions, is the fraction of points lying outside the

isoprobability contour passing through the origin. We show these distributions

in Figure 3.3 and give the value of P (∆γ = 0) for each system.
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Figure 3.3 68%, 95%, and 99.7% contours for ∆γ in each of the four systems in our

sample. ∆γ represents the difference between the environment shears from our MC real-

izations (our “env err” trials) and the 250 highest-likelihood shear points from a simple

lens model fit (our “simple shear” models) to the data. ∆γc and ∆γs are the differences

between the cosine and sine components of the shears, respectively. The origin represents

perfect agreement between the shears. The P -value for ∆γ = 0 is given for each system.

The environment shear is consistent with the simple model shear for all of the systems.
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The results show that the environment shears and the lens models shears

agree to within the 68% contours for all four systems. These results show that our

characterization of the environment is producing consistent shear values when

we have accounted for all of the mass in the LOS and have lenses that can, in

principle, be modeled by a smooth simply-parameterized mass distribution. We

note that our simple shear models marginalize over the lens galaxy power law

index, whereas the lens models used in Wong et al. (2011) had fixed isothermal

profiles. However, we test simple shear models with fixed isothermal profiles and

find that our results for the shear comparison are qualitatively unchanged – all

four systems still show agreement between the environment and model shears.

Furthermore, PG1115 and RXJ1131 were in the original Wong et al. (2011) sample,

with RXJ1131 showing disagreement and PG1115 showing marginal agreement

at the 95% confidence level between the environment and model shears. Our

characterization of the lens environment has evolved slightly relative to Wong

et al. (2011) (see § 3.3.2), although these changes have only resulted in small shifts

of ∼ 0.01 in γc and γs in those systems. This indicates that the environment cal-

culation has not changed the results substantially and that it is primarily the lens

model shears that have changed. We note that more detailed lens model analy-

ses of RXJ1131 by Suyu et al. (2013a,b) find an external shear of γ ≈ 0.07 − 0.09

(depending on the parameterization of the lens galaxy), which is larger than both

the environment shears we have calculated here and the simple shears from the

lens models.

Given the agreement between the two shear calculations, we believe that the

disagreements in three of the six systems found in Wong et al. (2011), including

RXJ1131, do not arise from a fundamental flaw in our calculation of the effects

of lens environments. Rather, the disagreement may arise from the inability of
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simple lens models to properly account for complexities in the real mass distribu-

tions of the lens galaxies, or from characteristics of the real lines of sight that our

environment models do not capture. Lenses with nearby perturbers may have

a significant contribution to their lens potential from higher order terms, where

shear alone does not accurately describe the environment contribution, suggest-

ing that both methods may be flawed in such situations. However, as we show in

our results (§ 3.4.3), agreement between the shears does not imply that the con-

straints on parameters of interest (e.g., h) are recovered to a comparable level by

the two methods. In fact, our full environment treatment performs much better

than simple shear models, despite the comparable shear constraints. The tests we

perform using these simulations are entirely self-consistent, though there is still

an open question as to their applicability to the real lens data.

3.4 Results and Discussion

3.4.1 Errors from Environment vs. Errors from Lens Images

We present the complete posterior distributions of the important quantities de-

rived from lens modeling in Figures 3.4–3.7. The quantities are weighted by the

likelihoods of the model, L ∝ exp(χ2/2), which are normalized such that the sum

of the likelihoods over 1000 environment realizations for each source position is

equal to unity. The posterior distributions are then summed over all 300 source

positions and renormalized to give the P (x) distributions in these figures. Ap-

pendix D presents the Bayesian framework used here. The top row shows the

results of the “all err” trials. The next two rows show the results of the “lens err”

and “env err” trials, respectively. The subsequent rows show the results of tri-

als where we have isolated various sources of environment uncertainty, which

we discuss in § 3.4.2. In Table 3.2, we report the weighted median values of
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Table 3.2 Model Statistics
Field Parameter All Err Lens Err Env Err

B0712

h / 0.71 1.000+0.071
−0.062 0.999+0.056

−0.051 0.999+0.041
−0.040

b (arcsec) 0.982+0.069
−0.067 1.000+0.039

−0.037 0.985+0.057
−0.054

α 0.990+0.064
−0.068 1.000+0.037

−0.037 0.993+0.052
−0.054

ε / 0.3 1.006+0.091
−0.082 0.999+0.068

−0.064 1.002+0.054
−0.049

θε (deg) 1.973+2.713
−2.542 −0.001+0.531

−0.553 1.821+2.529
−2.183

HE2149

h / 0.71 1.009+0.091
−0.075 0.977+0.062

−0.053 1.015+0.067
−0.064

b (arcsec) 0.970+0.103
−0.092 1.018+0.048

−0.049 0.969+0.087
−0.080

α 0.978+0.100
−0.108 1.018+0.045

−0.049 0.975+0.088
−0.092

ε / 0.3 0.966+0.085
−0.082 0.981+0.053

−0.043 0.966+0.062
−0.060

θε (deg) 3.617+3.749
−3.046 0.317+0.569

−0.680 3.235+3.648
−2.528

PG1115

h / 0.71 0.986+0.083
−0.091 0.999+0.047

−0.043 0.995+0.058
−0.075

b (arcsec) 1.063+0.245
−0.114 1.001+0.022

−0.021 1.035+0.196
−0.068

α 1.039+0.155
−0.104 1.001+0.026

−0.026 1.013+0.138
−0.051

ε / 0.3 0.994+0.116
−0.085 1.000+0.015

−0.013 1.002+0.098
−0.042

θε (deg) −1.523+10.453
−7.149 −0.097+2.785

−2.646−3.538+7.966
−4.014

RXJ1131

h / 0.71 0.980+0.069
−0.060 1.000+0.060

−0.052 0.975+0.041
−0.040

b (arcsec) 0.990+0.080
−0.071 1.000+0.045

−0.042 0.993+0.063
−0.058

α 1.016+0.075
−0.076 1.000+0.043

−0.043 1.018+0.057
−0.061

ε / 0.3 1.039+0.089
−0.082 1.002+0.072

−0.067 1.029+0.048
−0.045

θε (deg) 4.468+3.583
−3.599 −0.131+0.669

−0.712 4.011+3.283
−3.314

Note. — Given values are likelihood-weighted medians of derived parameter distributions

over 1000 trials and summed over 300 source positions. The ranges represent the likelihood-

weighted 16% and 84% quantiles of the distributions.

these parameters along with the associated uncertainties, which we take to be

the weighted 16% and 84% quantiles. This is the broadest possible representation

of our results, showing the full range of recovered values for our parameters of

interest.

The “lens err” trials show that when the environment is perfectly character-

ized and only errors in measurements of the lensing constraints are considered,

there is almost no bias in the derived parameters. The errors are Gaussian and
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Figure 3.4 Histogram of (from left to right) h, Einstein radius (b), lens galaxy power law index (α), ellipticity (ε), and

position angle (θε) recovered from modeling of the mock lens data that has been lensed through the fiducial environment

(§ 3.3.3.1). The quantities are evaluated relative to the input values (with the exception of θε) so we can evaluate their

fractional bias and scatter. The values for each model are weighted by their likelihoods, L ∝ exp(χ2/2), which are

normalized such that the total likelihood of the 1000 realizations for each source position is unity. The histograms for

the 300 source positions are then summed and renormalized to give the P (x) distributions plotted here. The dashed line

represents the input (“true”) value. The top row shows the results of the “all err” where both error in the measurement

of the lensing constraints and error in the environment determination have been applied. The “lens err” (second row),

and “env err” (third row) trials show the results when error in the lensing constraints and error in the environment,

respectively, are applied separately. The next rows show the results of the trials are a breakdown of the “env err” trials

where individual sources of environment uncertainty have been applied in isolation – redshift uncertainty (fourth row),

magnitude errors (fifth row), and scatter in the Faber-Jackson relation (bottom row). Note that for clarity, the y-axis scale

is different for the histograms showing the results for the individual sources of error. The FJ scatter is the dominant source

of uncertainty in the environment.
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Figure 3.5 Same as Figure 3.4 but for HE2149.
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Figure 3.6 Same as Figure 3.4 but for PG1115. Additional rows show the results of trials where individual sources of environment uncertainty specific

to lenses in group environments have been applied in isolation – group halo centroid uncertainty (seventh row), scatter in the group halo concentration (eighth

row), group halo velocity dispersion uncertainty (ninth row), uncertainty in fhalo (tenth row), and incompleteness in group membership assignment (bottom

row). FJ scatter is still one of the largest sources of uncertainty in the environment, but error in the group halo centroid and in fhalo also contribute significant

sources of scatter.



107

   

0.05
0.10
0.15
0.20
0.25

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

 
 
 
 
 

A
ll

 E
rr

   

0.05
0.10
0.15
0.20
0.25

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

 
 
 
 
 

L
en

s 
E

rr

   

0.05
0.10
0.15
0.20
0.25

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

   

 
 
 
 
 

 
 
 
 
 

E
n

v
 E

rr

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

z

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

M
ag

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

F
J

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

C
en

tr
o

id

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

c v
ir

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

σ
g

rp

   

0.1

0.2

0.3

0.4

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

   

 

 

 

 

 
 
 
 

f h
al

o

   

0.1

0.2

0.3

0.4

0.9 1.0 1.1
h/0.71

   

 

 

 

 

0.9 1.0 1.1
b (arcsec)

   

 

 

 

 

0.9 1.0 1.1
α

   

 

 

 

 

0.9 1.0 1.1
ε/0.3

   

 

 

 

 

-5 0 5
θ

ε
 (deg)

 
 
 
 

R
S

"RXJ1131" Field

P
(x

)

Figure 3.7 Same as Figure 3.6 but for PG1115.
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should not have a preferred bias, although HE2149 is notable in this regard, as

there are ∼ 1 − 2% biases in each of the first four parameters of interest (h, b, α,

and ε). The other lenses typically have biases of order ∼ 0.1%. The “env err”

trials show biases that are generally larger than the “lens err” trials, but are still

relatively small (of order ∼ 1− 3%).

Comparing the environment uncertainty to the lens observational uncertainty

in Table 3.2, we can investigate their relative effects on the derived parameters

across all four systems. The scatter in b, α, and θε is higher for the “env err”

trials than the “lens err” trials. The scatter in h and ε is larger for the “lens err”

trials than the “env err” trials in B0712 and RXJ1131, while the opposite is true

for HE2149 and PG1115.

The “all err” trials, where both environment uncertainties and uncertainty in

the measured lensing constraints are considered, show bias and scatter consis-

tent with the quadrature sum of the “lens err” and “env err” results. For realistic

lens observations that will have both sources of uncertainty, our results show that

typical lenses in the types of environments we have considered here can gener-

ally constrain measurements of h, b, α, and ε to better than ∼ 10% precision,

with biases ∼< 5%. We note that the bias and scatter in the two group systems,

PG1115 and RXJ1131, are comparable to or larger than that of the non-group sys-

tems on average. A comparison of the “lens err” and “env err” trials shows that

this increased uncertainty arises primarily from uncertainties in the environment

characterization. Given the more complex nature of the local environment and

how it affects the lens potential when the lens is in a galaxy group, this trend

is not surprising. Collett et al. (2013) find that the lines of sight with the best-

constrained external convergences (which directly affects H0 measurements from

time delays) are those that are underdense, particularly within ≤ 2′ of the lens
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galaxy. Our results imply that the presence of nearby projected mass, which a

local group environment would strongly contribute to, also can contribute non-

negligible biases and increased scatter to the physical properties of the lens galaxy

inferred from lens modeling.

For systems in which scatter in a parameter is larger for the “lens err” trials

than the “env err” trials, the results suggest that we are already at a level where

our ability to measure the lens model constraints is the limiting factor for that

parameter. However, this is not generally the case, and the biases may be non-

negligible. The diversity of results – some cases where “lens err” uncertainties are

more important than “env err” uncertainties and vice versa – shows that an accu-

rate characterization of the mass distribution along the LOS cannot be assumed to

be unimportant. Given that observational uncertainties on the lensing constraints

are unlikely to improve significantly due to limiting factors such as substructure,

differential extinction, and time delay measurement cadence, improvements in

the precision and accuracy of the LOS environment is the likely path forward in

tightening the constraints on the parameters of interest, particularly H0.

3.4.2 Isolating Sources of Error in the Environment

The results of Figures 3.4–3.7 show the posterior distributions of the lens model

parameters for individual sources of uncertainty compared to the “env err” model,

which includes all of them. We also summarize these results for individual sources

of environment uncertainty in Table 3.3.

For the galaxy properties that apply to all systems, scatter in the FJ relation is

clearly the dominant source of uncertainty for all systems, contributing ∼ 5%

scatter to most parameters. Magnitude errors and redshift uncertainties con-

tribute a relatively small effect, although the latter is dependent on the spectro-

scopic completeness from field to field. We note that redshift and magnitude er-
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Table 3.3 Model Statistics for Individual Sources of Uncertainty
Field Parameter z Mag FJ Cen cvir σgrp fhalo RS

B0712

h / 0.71 1.000+0.017
−0.017 0.998+0.004

−0.005 0.998+0.040
−0.041 ... ... ... ... ...

b (arcsec) 1.001+0.014
−0.014 1.001+0.009

−0.008 0.982+0.054
−0.050 ... ... ... ... ...

α 1.001+0.015
−0.015 1.001+0.007

−0.005 0.989+0.052
−0.050 ... ... ... ... ...

ε / 0.3 0.992+0.028
−0.029 0.998+0.006

−0.009 1.009+0.046
−0.042 ... ... ... ... ...

θε (deg) 1.869+1.633
−1.862 −0.013+0.149

−0.130 0.263+1.302
−1.297 ... ... ... ... ...

HE2149

h / 0.71 1.023+0.051
−0.044 0.977+0.030

−0.040 0.972+0.047
−0.050 ... ... ... ... ...

b (arcsec) 0.970+0.046
−0.045 1.024+0.034

−0.026 1.016+0.081
−0.064 ... ... ... ... ...

α 0.968+0.047
−0.050 1.024+0.033

−0.024 1.026+0.074
−0.065 ... ... ... ... ...

ε / 0.3 0.961+0.034
−0.038 0.982+0.032

−0.033 1.004+0.048
−0.050 ... ... ... ... ...

θε (deg) 3.856+2.666
−2.410 0.423+0.732

−0.834 −0.074+1.852
−1.465 ... ... ... ... ...

PG1115

h / 0.71 1.001+0.009
−0.007 0.999+0.007

−0.008 1.001+0.044
−0.040 0.991+0.037

−0.052 0.999+0.021
−0.022 1.000+0.016

−0.019 1.002+0.026
−0.020 0.999+0.010

−0.006

b (arcsec) 0.999+0.005
−0.006 1.000+0.007

−0.007 0.988+0.041
−0.046 1.013+0.119

−0.069 1.002+0.032
−0.031 0.998+0.033

−0.029 0.994+0.033
−0.042 1.002+0.007

−0.005

α 0.998+0.006
−0.007 1.000+0.008

−0.007 0.992+0.045
−0.054 1.012+0.089

−0.055 1.002+0.029
−0.029 0.999+0.021

−0.021 0.995+0.027
−0.039 1.001+0.007

−0.007

ε / 0.3 1.007+0.007
−0.009 1.000+0.009

−0.009 1.012+0.048
−0.045 0.991+0.061

−0.052 0.998+0.041
−0.037 1.002+0.030

−0.031 1.006+0.041
−0.038 0.993+0.005

−0.008

θε (deg) −0.116+0.697
−0.569−0.109+0.583

−0.536−0.504+2.576
−2.814 0.440+2.730

−2.139 0.005+1.565
−1.433 −0.068+1.137

−1.170 0.014+1.711
−1.525 −0.155+0.829

−0.433

RXJ1131

h / 0.71 0.985+0.018
−0.020 0.999+0.008

−0.007 0.989+0.038
−0.038 0.990+0.020

−0.020 0.999+0.007
−0.006 0.995+0.010

−0.014 1.000+0.016
−0.014 0.992+0.013

−0.017

b (arcsec) 1.020+0.020
−0.019 1.001+0.005

−0.007 0.991+0.051
−0.051 1.007+0.021

−0.025 1.001+0.005
−0.006 1.004+0.011

−0.011 1.001+0.017
−0.016 1.005+0.016

−0.013

α 1.024+0.021
−0.020 1.002+0.005

−0.006 1.002+0.051
−0.054 1.011+0.023

−0.026 1.001+0.005
−0.005 1.005+0.014

−0.009 1.001+0.014
−0.015 1.008+0.019

−0.014

ε / 0.3 1.019+0.028
−0.025 0.999+0.010

−0.008 1.002+0.038
−0.036 1.000+0.019

−0.015 0.999+0.008
−0.007 1.000+0.014

−0.012 1.000+0.019
−0.019 0.999+0.016

−0.018

θε (deg) 3.042+3.604
−1.660 −0.145+0.407

−0.460−0.547+2.163
−2.034−0.422+1.307

−0.990−0.131+0.311
−0.301−0.322+0.623

−0.981−0.014+1.481
−1.453 0.156+0.817

−0.953

Note. — Given values are likelihood-weighted medians of derived parameter distributions.

The ranges represent the likelihood-weighted 16% and 84% quantiles of the distributions.
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rors have a much larger effect in HE2149 compared to the other fields, although

FJ scatter is still the dominant contribution to the scatter overall. This is likely

due to the presence of three galaxies projected near the lens (< 30′′), one which is

close to the lens in redshift and two that do not have spectroscopic redshifts.

For the systems where the lens is in a group environment, the properties of

the group halo that contribute the largest sources of uncertainty are the halo cen-

troid and, to a lesser extent, fhalo. These quantities are especially important in

cases such as PG1115 where the halo centroid is projected close to the lens galaxy,

resulting in scatter of ∼ 5 − 10% in the parameters of interest and making it the

dominant source of error. The non-Gaussianity of the “env err” distributions in

PG1115 also appear to arise from this fact – when uncertainty in the halo cen-

troid position is isolated, the resulting parameter distributions show distinctive

features rather than the relatively smooth distributions when other uncertainties

are isolated. This highlights the importance of constraining the properties of the

group halo in such cases and suggests that the environment error budget may

be different for lenses in different fields. Halo concentration, velocity dispersion,

and red sequence membership assignment are less important, although we note

that the latter two are dependent on the spectroscopic completeness of the group

member galaxies.

In order to characterize lens environments accurately, observational studies

should focus on reducing the uncertainties associated with the most significant

sources of error. For galaxy-scale perturbers, modeling their masses using scaling

relations such as the FJ relation or more sophisticated treatments (e.g. fundamen-

tal plane, stellar mass estimates) is an important consideration in understanding

their contributions to the lens potential and other physical properties derived

from lens models. When the lens is in a galaxy group or cluster, it is important
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to identify and properly model the group/cluster dark matter halo, particularly

when the lens is located near the central regions. Future surveys of the environ-

ments of strong lenses should focus on these sources of uncertainty to make the

most headway towards reducing the uncertainties arising from perturbers along

the LOS.

3.4.3 Correcting H0 for Environmental Effects

The utility of strong lensing time delay measurements for precision constraints

on cosmology ultimately depends on the ability to correct for the effects of LOS

structure. Simple lens models, which ignore direct constraints on the environ-

ment, have typically treated these effects with a simple external shear in the lens

plane. These simple shear models are unable to account for the mass sheet degen-

eracy and suffer from biases in the measured time delays (McCully et al., 2013).

More sophisticated treatments of LOS effects attempt to correct the time delays

by applying an external convergence in the lens plane (κ). This quantity can

be estimated either through modeling of LOS structures from observational con-

straints (e.g., Moustakas et al., 2007; Auger et al., 2008; Faure et al., 2011; Wong

et al., 2011; Eichner et al., 2012) or by comparison with the results of simulations

(e.g., Suyu et al., 2010, 2013b; Collett et al., 2013; Greene et al., 2013). Based on the

form of the multi-plane lens equation, we define an effective convergence in the

lens plane, κeff , that is our best approximation to this external convergence term

(McCully et al., 2013). κeff is defined from the trace of the effective shear tensor

(Equation 4.10),

Tr(Γeff ) = 2(1− κeff ). (3.9)

κeff does not treat the non-linear interactions between perturbers at different red-

shifts properly, while our approach of treating the most significant perturbers

along the LOS (or “beam”) explicitly and accounting for weaker perturbers in the
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shear approximation fully accounts for these effects.

In Figure 3.8, we show the h values recovered by these different approaches

relative to the input value of h = 0.71. For this comparison, we use the “env err”

trials to reflect realistic uncertainties of lens environments. The “Simple Shear”

value reflects the likelihood-weighted median of our simple shear model fits to

each of the 300 mock lenses in the fiducial environment (see § 3.3.3.4), with the

ranges reflecting the weighted 16% and 84% quantiles. Appendix D.2 describes

how we treat these models in our Bayesian framework. The “SS ×(1 − κeff )”

point is the same quantity, but the recovered h values have been corrected by a

factor of (1 − κeff ). The κeff values are drawn randomly from each of our 1000

“env err” trials in that particular system. The “beam” value is our recovered h

distribution over all 1000 environment realizations for each of 300 mock lenses in

our “env err” trials using our complete treatment of the LOS.

The simple shear models show a clear bias toward high h values. By not ac-

counting for additional mass along the LOS, the inferred h values are biased high

at the ∼ 5% level on average. Correcting for this by multiplying by a factor of

(1−κeff ) lowers the derived h values, but the resulting distribution is biased low

by ∼ 5%. This suggests that using κeff as the external convergence term may

not be correct and that we may need to reevaluate the appropriate external con-

vergence term to calculate in the case of multi-plane lensing (see McCully et al.,

2013). Additionally, there is a large scatter (∼ 20% on average) in h from these

models. The “beam” h values for the four independent fields, on the other hand,

all have a bias of∼ 1−2% with much less scatter. We note that the shears that were

compared in Figure 3.3 are the model shears from the “Simple Shear” bin and the

environment shears (“env err”) from the “Beam” bin in Figure 3.8. Although the

shears from the two methods are in agreement (§ 3.3.3.4), the recovered h values
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Figure 3.8 Likelihood-weighted median value of h/0.71 for different environment

treatments. The points represent our simple shear model (left), our simple shear

model with a (1 − κeff ) correction (see Equation 3.9) that attempts to correct for

an effective mass sheet in the lens plane, and our full environment treatment

with the shear approximation (referred to as the “beam” model; see “env err”

results in Table 3.2 and Figures 3.4– 3.7). The shears from the “simple shear” and

“beam” models were compared in Figure 3.3. The ranges shown for each point

represent the weighted 16% and 84% quantiles for each individual field. The open

circles represent lenses that are not in group environments, while the filled circles

represent lenses that are. These results show that the simple shear models, which

give h distributions that are biased high, are not properly corrected for using a

simple (1−κeff ) term. The (1−κeff ) term results in an overcorrection such that the

recovered h values are biased low, and the scatter across systems and individual

lenses remains large. Only by correcting for the environment using the full beam

model with the shear approximation is the bias and scatter substantially reduced.
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from both methods can be quite different.

Clearly, the simplistic treatment of the LOS by the simple shear models is

insufficient for precision measurements of H0. Only by properly accounting for

the environment (the beam models) can the bias be reduced to ∼ 1% and the

scatter minimized. Future studies of time-delay lenses to constrain cosmology

will need to treat individual perturbers in order to get the uncertainties down to

an acceptable level.

3.4.4 H0 Constraints from LSST

Over the next several years, deep wide-area photometric surveys such as the

PanSTARRS 1 3π survey, the Dark Energy Survey (DES), and the Hyper Suprime-

Cam (HSC) survey will identify hundreds of new strong lenses, greatly increasing

the number of potential time-delay systems. Ultimately, the Large Synoptic Sur-

vey Telescope (LSST) will discover ∼ 3000 − 4000 strongly lensed quasars (Coe

& Moustakas, 2009; Oguri & Marshall, 2010). Given the potential growth of this

field in the next few years as a result of these projects, understanding and mini-

mizing the uncertainties associated with line-of-sight environment effects, which

is currently the largest source of uncertainty in measurements of H0 from time-

delay lenses (Suyu et al., 2013b; Treu et al., 2013), will be crucial to fully leverage

these large samples that will be discovered in current and future wide-area imag-

ing surveys.

To estimate the accuracy and precision to which LSST will be able to mea-

sure H0 for an ensemble of strong lens systems, we apply our methodology to

the fiducial lens environments we have constructed here with environment un-

certainties set to a level realistically attainable by LSST photometry. We create a

new set of 1000 trials where we apply such uncertainties to our fiducial environ-

ments. For individual galaxies, there will be uncertainty in their redshifts and
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masses, which we simulate. The target precision for LSST photometric redshifts

is σz/(1 + z) ∼< 0.02 (LSST Science Collaboration et al., 2009), which we apply as a

Gaussian scatter to all LOS galaxies in our fields.

The results of § 3.4.2 show that one of the largest sources of environment un-

certainty is scatter in the FJ relation. Due to our lack of multi-band photometry,

we are unable to make more sophisticated estimates of the masses of galaxies

along the LOS. Additionally, we have systematic effects arising from the fact that

not all galaxies follow the scaling relations we have assumed, although the most

significant perturbers are likely to be massive early-type galaxies that follow the

FJ relation. LSST will have deep ugrizY imaging, which will allow for stellar

mass estimates through SED modeling. Uncertainties in the determination of the

total mass associated with LOS galaxies will arise from a combination of errors

in these stellar mass estimates from broadband photometry and scatter in the

stellar-to-halo mass (SHM) relation.

Uncertainties in modeling techniques, which include factors such as choice of

stellar population synthesis models, assumptions about star formation histories,

and choice of dust attenuation models, contribute a ∼ 0.25 dex intrinsic scatter

in stellar mass estimates (Behroozi et al., 2010). These modeling uncertainties

are the dominant source of error, although modeling techniques may improve

by the time LSST observes and characterizes these new fields. Observational

constraints from CFHTLenS galaxy-galaxy weak lensing measurements find a

scatter in stellar mass estimates of ∼ 0.3 dex for galaxies at 0.2 ∼< z ∼< 0.4 (Ve-

lander et al., 2013), although this includes photometric redshift errors, which we

account for independently. The scatter in stellar mass at fixed halo mass is ∼ 0.15

dex (Behroozi et al., 2010), while the inverse relation (halo mass at fixed stellar

mass) is this value multiplied by the logarithmic slope of the SHM relation. This
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slope can be large for the highest stellar mass galaxies (M∗ ∼> 1011M�), corre-

sponding to scenarios where they may be the central galaxy of a group or cluster

(Leauthaud et al., 2011). Although we neglect this scenario, we do investigate

situations where the lens galaxy is in a group environment that is not explicitly

accounted for (see below). The measurement error in the SHM relation varies

with stellar mass and redshift out to z ∼ 1, but it is smaller at lower redshift and

higher stellar mass (Leauthaud et al., 2012), where the most important perturbers

in our environment models will be. Like stellar mass estimates, better constraints

on the SHM relation may be determined by the time LSST surveys and character-

izes this new sample of time delay lenses. As the total uncertainty is dominated

by the intrinsic uncertainty in stellar mass estimates and scatter in the SHM re-

lation, we assume a scatter of 0.3 dex in galaxy mass in our simulations to be a

reasonable estimate of the precision attainable with LSST. For our LOS galaxies

with assumed isothermal profiles, where σ ∝ M
1/3
200 ∝ θ

1/2
E ∝ r

1/3
200, we apply this

uncertainty as a 0.1 dex scatter in velocity dispersion, which propagates to scatter

in θE and r200.

For the lenses in group environments, identifying the group and characteriz-

ing its properties is challenging without spectroscopic data. While more massive

groups or clusters may be identified in LSST photometry through their red se-

quences, smaller groups will be undetected and group/cluster membership will

suffer from contamination and incompleteness. This may be an important sys-

tematic in determinations of H0 from a large ensemble of strong lenses, as at least

∼ 25% of these lenses lie in group environments (Keeton et al., 2000). To investi-

gate the effect of mischaracterizing the local environment in this way, we run two

separate sets of trials for the fields in which the lens is in a group. In the first set,

we assume that we have not identified the group and treat everything as an LOS
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galaxy, applying the assumed galaxy redshift and mass uncertainties (see above).

This will not properly account for the group halo, but the individual galaxies will

still contribute to the effects on the lens potential. In the second set of trials, we

treat the group halo and galaxies in the same way as in the “env err” trials from

our own spectroscopic and photometric data. LSST will not be able to constrain

the group properties as well as we have with our spectroscopic data, so these

constraints represent a scenario where the group has been identified and follow-

up spectroscopy has characterized the properties and membership of the group.

For simplicity, we keep group membership the same as in the fiducial model and

treat everything else as a LOS galaxy with the assumed LSST-level uncertainties.

While follow-up spectroscopy of hundreds or thousands of lens environments is

unlikely, we show these trials to represent a best-case scenario for LSST where

such spectroscopy is available.

We plot the results of these trials in Figure 3.9. The “Beamphot” points rep-

resent the case where we only have LSST photometry, and thus have treated all

galaxies as LOS perturbers as in our environment models, ignoring the group

halo. The “Beamphot+spec” points represent the case where follow-up spectroscopy

has identified and characterized the group environment of the lens for the sys-

tems where such an environment exists. These results are summarized in Ta-

ble 3.4.

Our results show that LSST photometry alone, combined with our treatment

of LOS perturbers using our multi-plane lensing framework, will be able to place

constraints on h at the∼ 5−10% level for individual lens systems. This treatment

of the environment performs much better than simple shear models, and an en-

semble of new strong lenses can be combined to reduce the precision on h by a

factor of ∼
√
N if the distribution is Gaussian. Comparing the cases where we
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Figure 3.9 Same as Figure 3.8 (note that the y-axis range is smaller), but for trials

where we have assumed environment errors similar to those expected from LSST

environment constraints (see Table 3.4). The “Beamphot” bin represents our “beam

model” where all galaxies are treated as LOS, analogous to what will be pos-

sible with LSST photometry alone. The “Beamphot+spec” represents our “beam”

model for the lenses in groups where the group environment has been properly

accounted for and characterized with follow-up spectroscopy. The dotted lines

bound the region within 1% of the input h value, which is the predicted preci-

sion to which ∼ 3000− 4000 time delay lenses from LSST will constrain h (Coe &

Moustakas, 2009; Oguri & Marshall, 2010).



120

Table 3.4 Model Statistics for LSST-Like Uncertainties
Field Parameter LSST Phot LSST Phot+Spec

B0712

h / 0.71 0.995+0.052
−0.047 ...

b (arcsec) 0.971+0.062
−0.064 ...

α 0.985+0.057
−0.069 ...

ε / 0.3 1.014+0.063
−0.051 ...

θε (deg) 0.141+2.810
−2.824 ...

HE2149

h / 0.71 0.964+0.056
−0.056 ...

b (arcsec) 0.997+0.103
−0.075 ...

α 1.016+0.095
−0.084 ...

ε / 0.3 1.003+0.058
−0.065 ...

θε (deg) −0.647+2.732
−2.522 ...

PG1115

h / 0.71 0.939+0.100
−0.076 0.983+0.089

−0.084

b (arcsec) 1.198+0.150
−0.186 1.085+0.128

−0.064

α 1.118+0.091
−0.142 1.041+0.111

−0.073

ε / 0.3 0.902+0.168
−0.084 0.979+0.074

−0.083

θε (deg) 0.618+9.536
−6.863 −2.878+9.172

−5.448

RXJ1131

h / 0.71 0.982+0.050
−0.047 0.996+0.052

−0.055

b (arcsec) 0.946+0.063
−0.069 0.969+0.073

−0.068

α 0.983+0.062
−0.082 0.983+0.074

−0.077

ε / 0.3 0.998+0.064
−0.060 0.994+0.054

−0.053

θε (deg) 2.713+2.711
−3.507 0.905+3.610

−3.804

Note. — Given values are likelihood-weighted medians of derived parameter distributions

over 1000 trials and summed over 300 source positions. The ranges represent the likelihood-

weighted 16% and 84% quantiles of the distributions.
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have LSST photometry alone to cases where follow-up spectroscopy has identi-

fied a galaxy group, the photometry alone is able to recover a median value of h

to ∼ 2% in RXJ1131, but with a bias of ∼ 6% in PG1115. When the group envi-

ronment is treated properly in the “Beamphot+spec” trials, we attain a bias of < 1%

in RXJ1131 and < 2% in PG1115.

Given a sample of ∼ 3000 − 4000 new time delay lenses from LSST, of which

∼ 14% will be quad lenses (Oguri, 2007), we use our simulations to predict

whether LSST will be able to attain sub-percent level precision in an ensemble

measurement of h (e.g., Coe & Moustakas, 2009). We randomly draw 500 sources

with replacement from the full sample of 1200 source positions across the four

systems we have analyzed such that 75% are drawn from the non-group sys-

tems and 25% are drawn from the group systems (Keeton et al., 2000). We then

calculate an ensemble average of h/0.71 from these 500 mock lenses, where the

individual h distributions for a particular source have been weighted by likeli-

hood, but each source is weighted equally. The resulting P (h/0.71) distribution

from this ensemble measurement is roughly Gaussian with a weighted median of

∼ 0.98 and a standard error (defined as the half-width of the central 68% quantile

interval multiplied by 1.253/
√
N ) of ∼ 0.003. Momcheva et al. (in preparation)

find a larger fraction of lenses in groups (nearly half of the 28 fields surveyed),

but the median bias changes by∼< 0.003 when the fraction of group systems in our

calculation is increased to 50%. Using the distributions from the simulations as-

suming follow-up spectroscopic observations for the group systems only changes

the median by a similar amount (∼< 0.003).

With the current predicted lens samples, the precision on h from environmen-

tal effects alone will be ∼ 0.3%, but the level of bias is still ∼ 2%, making it the

limiting factor in our analysis. Additional uncertainty in h due to the time delay
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measurement precision will likely dominate the statistical error budget, but the

environment can still add a ∼ 2% level bias that needs to be taken into consid-

eration. Additional constraints from two-image lenses, which will comprise the

majority of newly-discovered time delay lenses from LSST, may reduce the bias

to the ≤ 1% level, provided that lens models will be able to place meaningful

constraints on the time delay distance in these systems.

While our estimate of this residual∼ 2% bias might be improved with a larger

sample of lens environments from which to draw from for this test, it also high-

lights the importance of understanding the dominant sources of uncertainty that

will affect precision cosmology measurements from new LSST lenses. Detecting

the presence of a group environment for the lens galaxy has a small effect on the

ensemble measurement of H0 compared to the case where all galaxies are treated

as LOS perturbers. We conclude that in order to reduce biases from environment

effects on H0 measurements from time delay lenses, it will be most important to

improve the characterization of the halo mass associated with individual galax-

ies, as the photometric redshift errors will be relatively small. These improve-

ments may come from improved stellar mass determinations from broadband

photometry, as well as a better understanding of the relationship between stellar

mass (or other observable galaxy properties) and the masses of their dark mat-

ter halos. Follow-up spectroscopy may provide supplemental information (e.g.

internal velocity dispersions), but multi-object spectroscopic observations for an

ensemble of hundreds to thousands of new fields may not be feasible.

3.5 Conclusions

We generate an ensemble of mock lenses and place them in four realistic lines

of sight based on spectroscopic and photometric data in real fields with known
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strong lenses. We quantify the effect of uncertainties in the characterization of

the mass distribution along the LOS on quantities derived from lens modeling,

including H0, as well as the Einstein radius, mass profile slope, and elliptic-

ity/orientation of the lens galaxy. We compare these uncertainties to those re-

sulting purely from noise in the measurement of the lensing constraints to deter-

mine which sources of uncertainty is the limiting factor. For all four systems, the

environment uncertainties contribute larger scatter in the recovered Einstein ra-

dius, mass profile slope, and position angle of the lens galaxy relative to the input

value. For two of the systems, there is a larger scatter in h and ε due to environ-

ment uncertainties, while for the other two systems, there is a larger scatter due

to uncertainties in the observational lens constraints. The two fields where the

lens is in a galaxy group environment have larger uncertainties, on average, than

the two fields where it is not in a group. The environment uncertainties result

in a typical bias of ∼ 1 − 3% in the various parameters, demonstrating that en-

vironment effects cannot, in general, be assumed to be unimportant to the error

budget of lens modeling results.

We also isolate individual sources of uncertainty in our characterization of

the environment to determine which aspects are the most important to constrain

for future lens samples. For galaxy-scale perturbers, scatter in the Faber-Jackson

relation is the dominant source of uncertainty in the derived lens model param-

eters, contributing ∼ 5% scatter to most parameters. Redshift and magnitude

uncertainties are relatively unimportant. For lenses in group environments, un-

certainties in the determination of the group halo centroid position can have a

large effect (up to∼ 5− 10% when the centroid is projected near the lens), as well

as the apportionment of mass between the halo and group galaxies. The detailed

environment error budget for lensing studies can be different depending on the
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specific field.

We run a series of lens models with a simple external shear term to compare

the results with those when we apply our full environment treatment. These

models of our mock lenses can match the shears computed directly from our en-

vironment models to within the likelihood-weighted 68% confidence contours,

including RXJ1131 which was shown in Wong et al. (2011) to have a disagreement

between the environment and model shear. This test shows that our methodol-

ogy can consistently determine the shear when we have accounted for all mass

components in the field and have a “true” lens galaxy that can be accurately de-

scribed by our parameterization. We conclude that the source of the disagreement

in Wong et al. (2011) could arise from either our environment model not properly

capturing all of the significant mass perturbations along the line of sight, or an

inability of our parameterized lens models to accurately describe the mass distri-

bution of the real lens galaxy.

We compare the distributions of recovered h values from our environment

simulations to the distributions recovered from our simple shear models. The

simple shear models result in distributions that are biased to high values of h by

roughly ∼ 5% with large (∼ 20%) scatter. Even correcting these models with a

(1 − κeff ) term derived from our environment simulations does not improve the

situation – the resulting h values are biased low at the ∼ 5% level, and the scatter

is comparable. While the ability of our environment reconstruction to adequately

reproduce real lines of sight remains an open question, our simulations here are

self-consistent and demonstrate that treating the full environment and consider-

ing individual perturbers in the way we have in this paper leads to recovered

parameter distributions with minimal bias and scatter relative to the simplistic

methods used by many previous lens model analyses.
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We run simulations based on the environment constraints that will be attain-

able with LSST to estimate the extent to which new time delay lenses discovered

by LSST can be used to constrain H0. We predict that with an ensemble of quad-

image time delay lenses, the statistical uncertainty on h from environment effects

will be ∼< 0.3%, but bias at the ∼ 2% level will remain the limiting factor. Being

able to identify and characterize the properties of groups in which lenses may

be embedded does not change the ensemble results significantly compared to the

case where such a group is not identified and all galaxies are treated as LOS per-

turbers. The largest improvements in H0 biases due to the environment are likely

to come from an improved understanding of the relationship between galaxy ob-

servables (e.g. stellar masses) from LSST broadband photometry and the dark

matter halos of individual galaxies. These improvements may include more ac-

curate stellar mass estimates and tighter constraints on the stellar-to-halo mass

relation.
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CHAPTER 4

OPTIMAL MASS CONFIGURATIONS FOR LENSING HIGH-REDSHIFT GALAXIES

We investigate the gravitational lensing properties of lines of sight containing

multiple cluster-scale halos, motivated by their ability to lens very high-redshift

(z ∼ 10) sources into detectability. We control for the total mass along the line of

sight, isolating the effects of distributing the mass among multiple halos and of

varying the physical properties of the halos. Our results show that multiple-halo

lines of sight can increase the magnified source-plane region compared to the sin-

gle cluster lenses typically targeted for lensing studies, and thus are generally bet-

ter fields for detecting very high-redshift sources. The configurations that result

in optimal lensing cross sections benefit from interactions between the lens po-

tentials of the halos when they overlap somewhat on the sky, creating regions of

high magnification in the source plane not present when the halos are considered

individually. The effect of these interactions on the lensing cross section can even

be comparable to changing the total mass of the lens from 1015M� to 3× 1015M�.

The gain in lensing cross section increases as the mass is split into more halos,

provided that the lens potentials are projected close enough to interact with each

other. A nonzero projected halo angular separation, equal halo mass ratio, and

high projected halo concentration are the best mass configurations, whereas pro-

jected halo ellipticity, halo triaxiality, and the relative orientations of the halos are

less important. Such high mass, multiple-halo lines of sight exist in the SDSS.

4.1 Introduction

Detecting very high-redshift galaxies and determining their abundance and star-

formation properties is one of the foremost challenges in observational cosmol-
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ogy today. These early galaxies contain the first generation of stars in the uni-

verse, and their UV emission is thought to contribute to the reionization of neu-

tral hydrogen during this epoch. However, observing these faint objects is ex-

tremely difficult. Past observational studies of z ∼> 7 galaxies in blank fields us-

ing the Lyman-break dropout technique (e.g., Bouwens et al., 2004, 2008, 2010a,b,

2011a,b; Labbé et al., 2006, 2010a,b; Henry et al., 2007; Oesch et al., 2009, 2010b,

2012a,b; Bunker et al., 2010; Castellano et al., 2010; Ouchi et al., 2009; Wilkins et al.,

2010, 2011a,b; Capak et al., 2011; Lorenzoni et al., 2011; Trenti et al., 2011, 2012;

Yan et al., 2011, 2012; Hsieh et al., 2012), narrow-band searches for Lyman-α emis-

sion (e.g., Ota et al., 2008; Sobral et al., 2009; Hibon et al., 2010, 2012; Tilvi et al.,

2010; Krug et al., 2012), or full SED fitting to broadband photometry (e.g., Finkel-

stein et al., 2010, 2012; McLure et al., 2010, 2011) have required a large investment

of observing time on HST and/or large (∼> 4-m) ground-based telescopes and

have detected only a handful of candidates.

Gravitational lensing by galaxy clusters aids in the detection of these sources

by magnifying the background source population. A number of surveys toward

known lensing clusters have revealed a few high-redshift galaxy candidates (e.g.,

Kneib et al., 2004; Pelló et al., 2004; Schaerer & Pelló, 2005; Richard et al., 2006,

2008; Stark et al., 2007; Bradley et al., 2008, 2012; Zheng et al., 2009; Laporte et al.,

2011; Hall et al., 2012). While lensing makes background sources easier to detect

by mapping regions from the source plane to a larger area in the lens plane, there

is a corresponding loss of volume probed in the source plane. These two effects

(gain in depth, loss in volume) affect the efficiency of searches for high-redshift

galaxies in different ways. Addressing the effects of lensing magnification on the

detectability of high-redshift sources (e.g., Bouwens et al., 2009; Maizy et al., 2010)

is subject to uncertainties in the source properties, such as the poorly-constrained
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shape of the z ≥ 7 galaxy luminosity function (LF), the lens properties, and the

observational strategy. The efficiency of massive cluster-scale halos at magnify-

ing a background source population is affected by halo mass, ellipticity, orien-

tation, and substructure, as well as by uncorrelated structures along the line of

sight (LOS; Wambsganss et al., 2005; Hilbert et al., 2007; Puchwein & Hilbert,

2009).

The lensing properties of a given LOS, or “beam”, depend not only on the

total integrated mass along the beam, but also on the distribution of that mass.

Ideally, that mass should be distributed in a way that maximizes the étendue, the

area in the source plane over which significant magnification occurs. Selection of

cluster-scale lenses through X-ray observations and weak lensing studies, among

other methods, has often yielded fields where a single massive structure domi-

nates the beam, while any smaller LOS structures are ignored. Yet, beams could

exist where multiple cluster-scale structures maximize the contribution to the lens

potential, enhancing the detectability of lensed background sources over that of

a single lensing cluster, even if the total integrated mass in the beam is the same.

A few studies have explored the theoretical lensing properties of lines of sight

containing multiple clusters (Crawford et al., 1986; Bertin & Lombardi, 2001), of-

ten focusing on cluster-cluster strong lensing (e.g. Cooray et al., 1999), but few

such configurations have been observed and characterized in terms of the prop-

erties that maximize their lensing strength. Possible chance alignments in cluster

observations were also suggested by Molinari et al. (1996) and Wang & Ulmer

(1997). Serendipitous discoveries have since shown that chance alignments of

clusters exist in the observable universe (Blakeslee, 2001; Athreya et al., 2002;

Zitrin et al., 2012b). However, the lensing properties of such multi-cluster beams

relative to single clusters have not been well-studied, and the likelihood of these
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alignments is not well-known. Distributing the mass in a beam among multiple

projected lensing halos may lead to beneficial interactions of the lens potentials

and thus higher étendue. If these beams are better at magnifying distant sources

than typical lensing clusters, it is important to identify the characteristics that

make them powerful lenses and to quantify their frequency in the universe.

The physical properties of the halos in multi-halo beams can also impact their

ability to lens high-redshift sources. Several past studies have examined the ef-

fects of halo concentration, shape, and substructure, although in the context of

lensing z ∼ 1 − 2 galaxies into arcs. Dalal et al. (2004) and Mandelbaum et al.

(2009) find a strong correlation between halo mass and the lensing cross section,

consistent with arcs in galaxy clusters and not in lower mass systems. As a re-

sult of numerical studies of halo concentration, ellipticity, and triaxiality, several

groups (e.g., Bartelmann et al., 1995; Meneghetti et al., 2003; Oguri et al., 2003)

find that the lensing cross section increases as the mass distribution of the halo

becomes more centrally concentrated (either through a steepening of the inner

density slope or an increase in the projected halo concentration). These studies

have focused on single halos and generally do not seek to identify the properties

of the very best and realistic lensing configurations for very high-redshift galax-

ies.

In this paper, we perform a Monte Carlo analysis to model beams containing

multiple cluster-scale halos and evaluate their lensing properties in comparison

with single cluster lenses of equivalent total mass. By controlling for total mass,

we isolate the gain due purely to the mass configuration − the number of halos

and their physical properties. We apply physically-motivated priors to ensure

that our beams are realistic.

We describe the details of our lensing analysis and outline our methodology
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for characterizing the best lensing beams in § 4.2. In § 4.3, we describe the models

we use to represent various mass configurations and test their lensing properties.

We present our results in § 4.4. We discuss the interpretation of our results in § 4.5,

as well as possible caveats and sources of uncertainty. In addition, we discuss

the implications of our findings on the detection of high-redshift sources and

the likelihood of finding such mass configurations in the universe. Our main

conclusions are summarized in § 4.6. Throughout this paper, we assume a ΛCDM

cosmology with Ωm = 0.274, Ωb = 0.045, ΩΛ = 0.726, and H0 = 71 km s−1 Mpc−1.

4.2 Characterizing the Best Mass Configurations for Lensing

The lensing properties of a particular mass configuration for a high-redshift source

plane can be influenced by several physical characteristics. The total mass along

the line of sight clearly is important, as well as the manner in which that mass is

distributed, both in projection and redshift. In addition, the structural properties

of the halos containing the mass will have an effect on the lensing. In this section,

we describe our lensing calculations and our metric for evaluating the lensing

properties of our simulated beams, as well as introduce our tests for looking at

the effects of the various physical properties of their mass configurations.

4.2.1 Lensing Analysis

All of our lensing calculations are performed using an updated version of the

software described in Keeton (2001a). Here, we describe methodology for deter-

mining the lensing properties of a given mass configuration. We select a source

redshift of zs = 10, which is close to the current limits of what is currently feasible

with existing observatories (Bouwens et al., 2011a).

To study the lensing properties of various mass configurations on a z = 10

source plane, we construct a uniform 5′×5′ grid of small circular sources at 1′′ in-
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tervals on the source plane. In principle, we could use elliptical sources (Keeton,

2001b), but this adds an additional complication, so we assume circular sources.

We then trace these sources through the mass configuration. The result is a dis-

tribution of image positions that will always contain a number of points greater

than or equal to the original source plane grid due to multiple imaging of sources

within the lensing caustics. For each source, we tabulate the images associated

with it, as well as the elements of the magnification tensor, M(x), for each image.

The total image magnification at x is just the determinant of M(x).

The axis ratio of the image (assuming an intrinsically circular source) can be

approximated as the ratio of the eigenvalues of the magnification tensor (e.g.,

Schneider et al., 1992; Fedeli et al., 2006), a/b ≈ λ1/λ2, where a and b are the

major and minor axes of the lensed image and λ1 and λ2 are the maximum and

minimum eigenvalues of M(x), respectively. This approximation should be valid

for small circular sources, but can break down for extended sources when the

magnification tensor changes appreciably over the area of the source (Fedeli et al.,

2006).

The magnification tensor at each image position is calculated numerically, ac-

counting for the effects of multiple lensing planes. We provide a brief discussion

of the lensing formalism behind these calculations since we are often dealing with

multiple halos at different redshifts (see also Kochanek & Apostolakis (1988) and

McCully et al. in preparation). Angular positions in the source plane and image

plane are denoted u and x, respectively.

For simplicity, first consider the case of two halos at the same redshift so they

can be treated as being in the same lens plane. The lens potential is the superpo-

sition of the potentials of the two halos,

φtot(x) = φ1(x) + φ2(x). (4.1)
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The lens equation is

u = x−∇φtot

= x−α1(x)−α2(x),
(4.2)

where α1 = ∇φ1 and α2 = ∇φ2 are the deflections for the two halos. The inverse

magnification tensor is

M(x)−1 =

1− κ1 − κ2 − γc1 − γc2 −γs1 − γs2

−γs1 − γs1 1− κ1 − κ2 + γc1 + γc2

 , (4.3)

where κ indicates the convergence (the isotropic magnification term) while γc

and γs indicate the two components of shear (the anisotropic magnification term).

In general, these three quantities will have similar amplitudes − not necessarily

identical, but within a factor of a few of each other. The magnification at a given

image position is then

µ = det(M(x)) =
1

det(M(x)−1)

=
[
(1− κ1 − κ2)2 − (γc1 + γc2)2 − (γs1 + γs2)2

]−1
.

(4.4)

The convergence and shear terms from both halos enter the equation at the same

lowest order.

Consider a scenario where the two halos are separated enough that their caus-

tics are distinct. We would like to examine how the lens potentials of the halos

interact with each other and affect the magnification in regions near one of them.

Suppose we are reasonably close to halo #1. Equation 4.4 indicates that the change

in the magnification across the field due to the presence of halo #2 can be due to

both its density profile and shear effects. If halo #2 is far enough away that its

convergence and shear are relatively small, we can do a Taylor series expansion

in the quantities from halo #2,

µ ≈ µ1 + 2µ2
1 [(1− κ1)κ2 + γc1γc2 + γs1γs2] + . . . , (4.5)
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where µ1 = [(1 − κ1)2 − γ2
c1 − γ2

s1]−1 is the magnification from halo #1 alone. The

extra term in Equation (4.5) does not have the form of the magnification expected

from halo #2 alone. This is the statement that − unlike the lens potentials, de-

flections, convergence terms, and shear terms − magnifications do not simply

add linearly because magnification is a nonlinear function of the potential. This

term is not necessarily positive since γc and γs can have either sign, although in

practice the presence of halo #2 generally increases the magnification rather than

decreases it.

Now consider the case of two halos at different redshifts. Let halo #1 be in

the foreground and halo #2 be in the background. Now the lens equation has the

form

u = x−α1(x)−α2(x− β12α1(x)), (4.6)

where β12 is a ratio of angular diameter distances between combinations of the

observer, the two lens planes, and the source plane:

β12 =
D12Ds

D2D1s

. (4.7)

Note in Equation 4.6 that α1 appears inside the argument of α2. This occurs be-

cause the location where a light ray intersects plane #2 is shifted from the position

of the light ray in the image plane due to the presence of the foreground lens. The

inverse magnification tensor is

M(x)−1 =

1− (κ1 + γc1) −γs1

−γs1 1− (κ1 − γc1)


−

κ2 + γc2 γs2

γs2 κ2 − γc2

1− β12(κ1 + γc1) −β12γs1

−β12γs1 1− β12(κ1 − γc1)


(4.8)

This is actually even more complicated than it appears because (likeα2) the func-

tions κ2, γc2, and γs2 are all evaluated at the position x− β12α1(x). The expression
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for µ is similarly complicated.

The formalism can be extended to an arbitrary number of lens planes (Schnei-

der et al., 1992; Petters et al., 2001). The inverse magnification tensor for the jth

lens plane of a given line of sight can be calculated through the recursion relation

M(x)−1
j = I−

j−1∑
i=1

βijΓiM(x)−1
i , (4.9)

where I is the 2 × 2 identity matrix, M(x)−1
1 = I, and Γi is the “shear tensor” for

plane i,

Γi =

 κi + γci γsi

γsi κi − γci

 . (4.10)

The inverse magnification tensor for the entire mass distribution is given by

Equation 4.9 evaluated at the source plane, M(x)−1
s , and the image magnifica-

tion and axis ratio can then be evaluated. We will revisit this formalism when

interpreting our results.

4.2.2 Quantifying the Lensing Properties of Different Mass Configurations

There are a number of quantities we can use to determine how good a particular

line of sight is for lensing. The relative merits of each quantity depends on our

ultimate objective. For the purposes of this work, we are primarily interested in

finding the lines of sight that are most effective at magnifying very high-redshift

sources (z ∼ 10) into detectability.

A simple and useful metric for evaluating the lensing power of a particular

mass configuration is the cross section for magnifying a source above some min-

imum threshold value. This cross section, which we denote σµ, is the area in the

source plane over which a lensed source’s brightest image is magnified above

the chosen threshold magnification. σµ is a convenient quantity because it makes

no assumptions about the properties of the source population (aside from its red-
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shift) or the observational setup, but is dependent only on the mass configuration.

We choose to define σµ in terms of source plane area rather than image plane area

because the former is a better metric for evaluating the quality of a particular line

of sight in terms of maximizing the potential number of high-redshift detections.

Although area in the image plane with high µ may be a relevant quantity, its

usefulness depends on the specific details of the observations designed to study

these lines of sight due to source size effects, and is therefore less general.

We define σµ in terms of the magnification of the brightest source image rather

than total magnification because it is the detectability of individual images that

interests us. If a source is multiply imaged such that it has a high total magni-

fication but no individual image is magnified enough to be detectable, it is of

no use. Throughout this paper, we define σµ as the source plane area where a

source’s brightest image has a magnification µ ≥ 3. This value is somewhat arbi-

trary, although there are indications that the number of high-redshift detections

in lensing fields, while relatively flat as a function of magnification, broadly peaks

in regions with µ ∼ 3 (Ammons et al. in preparation). We ultimately find that

our general conclusions are not affected by our choice of magnification thresh-

old, and we discuss the implications of changing this threshold in Appendix E.

Formally, σµ is defined as

σµ =

∫
Ω

H (max(µ)− µt) dΩ, (4.11)

where Ω is area in the source plane, H is the Heaviside step function, max(µ) is

the highest magnification of any individual image associated with a given source

position, and µt is the threshold magnification, which we choose to be µt = 3.

σµ can be thought of as étendue − the area in the source plane that would get

magnified above a certain value of interest.

Figure 4.1 shows σµ as a function of mass for a single spherical NFW halo
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(Navarro et al., 1996) at z = 0.5, with structural properties at each mass given by

the median relations of Zhao et al. (2009). The halo mass is defined as M200, the

mass enclosed within a sphere whose mean density is 200 times the mean matter

density at that redshift. The mass range is chosen to represent realistic sizes for

massive cluster lenses. As expected, the cross section increases monotonically

with mass, changing by ∼>3× for a corresponding factor of 3 change in mass over

this range. This reflects the fact that more massive halos are generally better

lenses. This figure also gives a sense of the value of σµ expected for massive

clusters and how it changes with the addition of more mass. We later use this

model to roughly compare gains in σµ arising from the mass configuration alone

to those from the addition of more total mass.

4.3 Line-of-Sight Mass Models

The halos used in our analysis are parameterized as NFW profiles, an assumption

that facilitates comparison with past and on-going work on massive cluster lenses

and is supported by several observational studies (e.g., Kneib et al., 2003; Katgert

et al., 2004; Comerford et al., 2006; Shu et al., 2008). We neglect the effects of

substructure and baryonic matter in our calculations, although we comment on

this in § 4.5.2.

4.3.1 Priors on Halo Properties

We generate halos with redshifts drawn from a distribution in the range 0.1 ≤

z ≤ 0.9. We choose this range because we expect the majority of massive cluster-

scale lenses to be at these low-to-intermediate redshifts due to the evolution of

the halo mass function. At very low redshift (z ∼< 0.1), there is little volume

and the surface density of cluster halos becomes small (assuming a shallower-

than-isothermal mass profile), making these halos less effective lenses. At higher
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Figure 4.1 The lensing cross section, σµ, as a function of mass for a spherical halo

at z = 0.5. The cross section increases monotonically with mass, reflecting the

fact that more massive halos are better lenses.
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redshifts (z ∼> 1), the lensing geometry works against gains in magnification be-

cause the angular diameter distance ratios among the observer, lens, and source

become unfavorable for lensing high-redshift sources. Furthermore, cluster-scale

halos are more rare and the evolution of cluster properties has not been well con-

strained by observations at these redshifts. Our redshift range encompasses the

theoretical peak in the lens redshift distribution for clusters lensing giant arcs

(z ∼ 0.3 − 0.4; Bartelmann et al., 1998), as well as the observed peak in the red-

shifts of arc-producing lensing clusters from the RCS2 dataset (z ∼> 0.6; Gladders

et al., 2003; Hennawi et al., 2007). The redshift distribution from which we draw

is weighted by the number of halos with masses greater than 1014M� expected

within a comoving volume element defined by the solid angle of our fiducial

aperture of 3.′5 (see below). This procedure ends up populating the full redshift

range (0.1 ≤ z ≤ 0.9), although not uniformly. Our procedure includes the possi-

bility that multiple halos lie at the same redshift, as would subclusters in clusters

of galaxies, although we do not account for physical interactions among the halos

as might occur in subcluster mergers.

The number density of halos at a given mass and redshift is determined us-

ing the publicly-available halo mass function code of Tinker et al. (2008), which

assumes the Eisenstein & Hu (1998) matter transfer function as the default. In

this calculation, we also assume our fiducial cosmological parameters, along with

σ8 = 0.8, δcrit = 1.686, and a primordial power spectrum index of 0.963. We define

halos to have an overdensity of ∆ = 200 relative to the mean background density

at that redshift. We assign each halo a mass drawn from the mass function at its

given redshift, requiring that the halo has a mass of at least 1014M�, roughly the

mass of a Virgo-scale galaxy cluster.

We perform a Monte Carlo analysis to generate lines of sight that contain N
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halos, where N is the number of distinct halos that we are testing in that par-

ticular set of trials. We examine a control sample of beams containing N = 1

halo (§ 4.3.2), then explore beams with multiple halos for comparison (§ 4.3.3 and

§ 4.3.4). For each trial, we randomly draw redshifts for N halos using the pro-

cedure described above. We then randomly assign masses to these halos using

the mass function at each halo redshift until we find a realization where the total

mass across all N halos is within 1% of some fiducial beam mass. We choose this

fiducial mass to be 2×1015M� which is roughly the virial mass of massive clusters

like Coma (Kubo et al., 2007) and Abell 1689 (Umetsu & Broadhurst, 2008).

The angular positions of the halos in a particular realization are drawn ran-

domly to approximate the distribution of physically uncorrelated halos in such a

line of sight within a fixed aperture. We choose an aperture size of 3.′5 in diameter,

which is a separation large enough that halos with our chosen range of properties

generally behave as independent lenses and do not gain from interactions with

other halos (see § 4.4.1). We place one halo at the origin and randomly distribute

the remaining N−1 halos uniformly across a disk of radius 3.′5. We then calculate

the centroid and diameter of the minimum enclosing circle of the distribution. If

the diameter is less than 3.′5, we retain that configuration, otherwise we repeat the

procedure. After finding a suitable configuration for a particular trial, the field

across which we perform our lensing analysis is re-centered on the centroid of

the minimum enclosing circle.

For beams containing multiple halos, this procedure assumes that the posi-

tions of cluster-scale halos on the sky are uncorrelated on scales smaller than a

few arcminutes. In detail, there may be correlations between halos at small red-

shift separation due to large scale structure (e.g. filaments, superclusters). How-

ever, accounting for this would require detailed knowledge of the evolution of
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the cluster correlation function on ∼arcminute scales with redshift, which is not

well-constrained. Such correlations will be investigated in a future work using

cosmological simulations (French et al. in preparation), but we ignore this effect

for our analysis.

To determine the relevant physical properties of the halos for our lensing cal-

culations, we use the publicly-available halo evolution code based on the models

of Zhao et al. (2009). Using this code, we determine the median virial radius rvir,

concentration parameter cvir, scale radius rs, and characteristic density ρs as a

function of halo mass and redshift and apply these to our halos, assuming the

same cosmological parameters as described above. We note that recent results

suggest a possible reversal in the halo mass-concentration relation at the clus-

ter scale (e.g., Klypin et al., 2011; Prada et al., 2012), which we do not account

for. However, such a trend would affect both our control sample and multi-halo

beams in similar ways, so the relative properties of these lines of sight should

not be significantly affected. We include an intrinsic scatter in cvir of σlog c = 0.14

(Bullock et al., 2001), which affects the values of rs and κs (the characteristic sur-

face density) that go into the lensing calculation but keeps virial mass and radius

fixed.

Lensing clusters have been found to have an orientation bias such that the ma-

jor axis of lensing-selected halos tends to be preferentially aligned with the line of

sight from the observer. This has the effect of increasing their projected concen-

tration in the plane of the sky (Corless & King, 2007; Hennawi et al., 2007; Broad-

hurst & Barkana, 2008; Oguri & Blandford, 2009). We are not looking specifically

at lines of sight that have been predetermined to be good lenses, but triaxiality

and projection effects can certainly affect the lensing properties of these mass con-

figurations. For this reason, we assume that our halos are triaxial, with axis ratios
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drawn from Gaussian distributions determined from simulations performed by

Shaw et al. (2006). We use the results from their simulations that include mass

structures just beyond the virial radii of their halos, which give axis ratios of

b/a = 0.79± 0.121 and c/a = 0.678± 0.113, where a, b, and c are the major, inter-

mediate, and minor semi-axes of the halo. We then give our halos a random ori-

entation in a spherical coordinate system and project the mass distributions onto

the plane of the sky to get their projected ellipticities and position angles. We can

also determine the effects of this projection on the relevant physical quantities for

lensing (see Appendix F for details). We note that our assumed NFW halos have

elliptically symmetric density profiles (as opposed to elliptically symmetric lens

potentials) for which the potentials do not have analytic solutions and are instead

computed numerically.

Any values of lensing quantities given here are specific to the mass models

with the properties used in our analysis. In general, the diversity of possible

mass configurations in the universe likely results in a large range of possible lens-

ing properties and implied effects on the detection of high-redshift sources. We

have imposed several physically-motivated priors to reflect realistic mass distri-

butions, but we caution against using the absolute numbers derived in this anal-

ysis, instead focusing on comparing the relative values of the lensing properties

of the multiple-halo lensing beams to that of the single-halo case.

4.3.2 Single Halo Control Sample

We generate a sample of fields containing a single halo as a control sample with

which to compare the multi-halo mass distributions. These fields contain a single

NFW halo with a virial mass within 1% of our fiducial mass of 2 × 1015M� with

properties described in § 4.3.1. A source-plane magnification map for a typical

one of our Monte Carlo trials is shown in the top left panel of Figure 4.2, with the
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corresponding image-plane map shown in the top left panel of Figure 4.3. Cross-

sections are evaluated in the source plane. We will also investigate the properties

of the best mass configurations that are ranked within the top 10% by σµ, so we

plot analogous maps in the top left panels of Figures 4.4 and 4.5 for one such

configuration.

4.3.3 Two Halos

Our first multi-halo test is to look at lines of sight with a total mass of 2× 1015M�

divided between two separate cluster-scale halos. Sample magnification maps for

one of our typical trials are shown in the top right panels of Figures 4.2 and 4.3,

with the same plots for a top 10% trial show in the top right panels of Figures 4.4

and 4.5. Although the total mass in the beam remains fixed to within 1%, we can

quantify the differences in their lensing properties compared to the single-halo

beams of similar total mass, as well as investigate the effects of varying other

properties such as the halos’ angular separation, relative mass ratio, and redshift

distribution.

Although we account for the halo mass function and its redshift evolution

when assigning relative halo properties in our analysis, we are, by construction,

forcing lines of sight to have both a fixed number of halos and a fixed amount

of total mass, not accounting for the likelihood of finding a high-mass beam con-

taining multiple halos projected nearby on the sky. Oguri & Blandford (2009)

find that chance superpositions of two cluster halos that together create a large

Einstein radius are rare compared to single clusters with similar lensing prop-

erties. However, we are by design investigating the properties of lines of sight

that contain rare mass configurations that are favorable to lensing. We address

the likelihood of these chance projections existing in the universe in § 4.5.4. The

frequency of such fields will be analyzed in more detail using cosmological sim-
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Figure 4.2 Sample z = 10 source plane magnification maps over a 300′′ × 300′′ field for lines of

sight with close to median σµ values containing a single halo (top left), two halos (top right), three

halos (bottom left), and five halos (bottom right). The colors correspond to the magnification of

the single most magnified image of a small source at each position on the map. The color map is

logarithmic in the magnification. The values of σµ (arcsec2) for these particular configurations are

indicated in the top right corner of each panel. These median configurations show that increasing

the number of halos results in an increase in σµ.
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Figure 4.3 Same as Figure 4.2 but the maps in the image plane are now shown.

The magnification maps shown here correspond to the same mass distributions

as in Figure 4.2.



145

     

-100

-50

0

50

100
1 σµ = 2302

     

 

 

 

 

 
2 σµ = 2802

-100 -50 0 50 100

-100

-50

0

50

100
3 σµ = 3478

-100 -50 0 50 100

 

 

 

 

 
5 σµ = 4979

   1    4    9   17   27   38   51   66   82  100

∆
δ
 (

a
rc

se
c)

∆α (arcsec)

µ

Figure 4.4 Sample z = 10 source plane magnification maps over a 300′′ × 300′′ field for lines

of sight ranked near the top decile in σµ with a single halo (top left), two halos (top right), three

halos (bottom left), and five halos (bottom right). The colors correspond to the magnification of

the single most magnified image of a point source at each position on the map. The color map is

logarithmic in the magnification. The values of σµ (arcsec2) for these particular configurations are

indicated in the top right corner of each panel. The increase in σµ as the number of halos increases

is similar to the result shown in Figure 4.2.
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Figure 4.5 Same as Figure 4.4 but the maps in the image plane are now shown.

The magnification maps shown here correspond to the same mass distributions

as in Figure 4.4.
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ulations in a future work (French et al. in preparation). We note, however, that

we have identified several such lines of sight in the SDSS but will leave analyses

of their properties to future work (Ammons et al. in preparation).

4.3.4 More Than Two Halos

We generalize the tests performed in § 4.3.3 to allow for the total mass in the

beam to be redistributed among three or more halos projected along the LOS.

For a trial with N distinct halos, we draw N halos until we find a beam with a

total integrated mass within 1% of our fiducial single halo. We test lines of sight

containing N = 3 and N = 5 halos. Sample magnification maps for typical 3-

halo and 5-halo cases are shown in the bottom row of Figures 4.2 and 4.3, with

a top 10% case shown in the bottom row of Figures 4.4 and 4.5. Further trials

of beams containing even more distinct halos are possible, but calculating their

lensing properties becomes computationally intensive. Since these lines of sight

are increasingly rare in the real universe as more cluster-scale halos are added,

we do not explore beams with more than five halos.

4.4 Results

We present the results of our analysis of the lensing properties of the single-halo

and multi-halo lines of sight and look into the physical properties driving the

differences between them. In addition, we assess the frequency of various prop-

erties of the mass configuration and investigate the parameters that lead to the

very best lensing configurations, independent of frequency.

4.4.1 The Effect of Multiple Halos On Lensing

The results of our Monte Carlo analysis are presented in Figure 4.6, where we

show the distribution of σµ for all 5000 trials of each LOS mass distribution.



148

Table 4.1 Lensing Properties
Number of Halos 〈σµ〉a(arcsec2) Median(σµ) (arcsec2) Top 10% Decile in σµ (arcsec2)

1 1965 ± 5 1990 2300

2 2268 ± 6 2262 2799

3 2747 ± 8 2708 3470

5 3939 ± 11 3859 4972

2 (individual)b 1835 ± 5 1868 2190

1Errors given are standard errors on the mean.

2Each of the beams in the 2-halo trials were split into individual halos and the lensing cross sections

of each were summed.

These results indicate that the multi-halo beams are, on average, better at mag-

nifying high-redshift galaxies into detectability than single-halo beams of similar

integrated mass. Furthermore, this effect becomes more prominent as the mass

is redistributed over more distinct halos. The statistics of the distributions are

quantified in Table 4.1.

The typical improvement in the average lensing cross section of the 2-halo

beams over the single-halo beams of equivalent mass is roughly ∼ 15%. The

improvement for the 3-halo and 5-halo beams are roughly ∼ 40% and ∼ 100%,

respectively. These gains are specific to our chosen fiducial mass and parameter

ranges and will differ for various mass and separation range, but the overall effect

remains similar.

It may be the case that splitting a single massive halo into multiple smaller

halos increases the lensing cross section simply by virtue of covering a larger area

in the sky. It is not immediately obvious that it is the combined effect of multiple

halos nearby in projection that is creating this effect. To check this, we run a

test where for each 2-halo trial, the two halos are analyzed as if they were each
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Figure 4.6 Histogram showing comparisons of σµ for the single halo lines of sight

to those of the multi-halo lines of sight from our Monte Carlo analysis. 5000

beams of each configuration were generated for each case. The beams containing

multiple halos have, on average, larger cross sections than the single-halo beams.
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individual clusters, and their total lensing cross sections are summed. Figure 4.7

shows histograms of σµ for these trials compared to both the single-halo beams

and the 2-halo beams. Table 4.1 also shows the mean and median values of the

cross section for these trials. The results show that simply dividing a single halo

into two smaller independent halos does not result in the same gain that is seen

when it is split into two halos acting in combination along the same line of sight.

In fact, doing so actually decreases the lensing power of the mass distribution.

It is the combination of the two halos in projection acting together that results in

the increase seen in Figure 4.6. We discuss this effect further in § 4.5.1.

Additionally, one can compare the gain in cross section due to configuration

to the gain due to an increase in total mass, as shown in Figure 4.1. While this

basic comparison only represents the scaling for one simplified scenario, a gen-

eral sense of how much the configuration can affect the cross section compared

to a change in the total integrated mass can be inferred. For example, comparing

the mean cross section in the single halo case to that of the 5-halo case shows an

increase of a factor of∼2, which is roughly comparable to changing the total mass

of the single halo by a factor of ∼2. This demonstrates that the effect of config-

uration is non-negligible compared to the effect of total mass, and may even be

comparable over this range in total mass.

4.4.2 Halo Properties Important for Lensing

It is important to determine what parameters drive correlations between the phys-

ical properties of the multi-halo mass distributions and their lensing properties.

We focus on the 2-halo beams for this discussion, as many of the relevant physi-

cal properties of these lines of sight can be represented by a single quantity, and

2-halo beams will be more common than lines of sight containing three or more

cluster-scale halos.
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Figure 4.7 Same as Figure 4.6, but comparing only the single-halo and 2-halo lines

of sight, as well as the sum of the quantities in each trial determined from each of

the individual halos separately in the 2-halo cases. The beams containing two ha-

los have, on average, larger cross sections compared to the two halos considered

separately.
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The results of § 4.4.1 show that the lines of sight comprising multiple halos

tend to be better lenses than the total of each of their constituent halos considered

individually, assuming fixed total mass. This suggests that for a given set of

halos, there is an optimal configuration in the plane of the sky that maximizes

the lensing signal. For the 2-halo case, this corresponds to an optimal angular

offset given two particular halos. In the left panel of Figure 4.8, we plot σµ for

each trial as a function of the angular separation between the two halos. Due to

the angular positions of the halos relative to one another, there is a higher overall

frequency of beams at larger projected separations, as we would expect if the

halo positions on the sky are uncorrelated. Despite the fact that this visualization

marginalizes over all other parameters, it is clear that σµ rises gradually, peaks at

a separation of ∼100′′, and then decreases at higher separations.

The dropoff at large separation appears to be sensible in the context of the

results of Figure 4.7, since we are approaching the limit where the regions around

each halo can be treated as independent fields. The peak at nonzero separation is

more interesting, and can be explained by the distribution of surface mass density

when multiple mass components are spread apart. We discuss the interpretation

and implications of this result further in § 4.5.1.

We perform a similar test to examine the effect of varying the relative masses

of the halos in the beam. The right panel of Figure 4.8 shows σµ as a function of

the log of the ratio of the two halo masses (defined such that the mass ratio is al-

ways ≤ 1). The trend shows that mass ratios closer to unity results in larger cross

sections. As the mass ratio becomes more extreme, we are approaching the limit

of the single-halo case, so this result makes sense intuitively. As an additional

check of these results, we run 2-halo trials where we both increase and decrease

the minimum mass allowed for our halos (see § 4.5.2). Both of these tests show
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Figure 4.8 σµ as a function of angular separation (left) and mass ratio (right) of

the halos in the 2-halo trials. The grey points represent individual trials, and the

black points are averages in each bin. The error bars represent standard errors

on the mean. Left: σµ rises with separation and peaks around ∼100′′, then drops

off at larger separations. This is consistent with the understanding that at large

separations, the halos approach the limit where the regions around them can be

treated as independent lensing fields. Right: The mass ratio is defined as the mass

of the smaller halo divided by the mass of the larger halo. Mass ratios closer to

unity produce larger lensing cross sections, with σµ generally decreasing with

smaller mass ratio. At low mass ratio, we approach the limit of the single-halo

fields, which have lower cross sections on average than the 2-halo case.
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the same trend of σµ with mass ratio, and the mean σµ across all trials increases

as the minimum mass (and thus, the mean mass ratio) increases, supporting our

conclusion.

We note that Figure 4.8 indicates a large number of trials with extreme mass

ratios where there is a single dominant halo. Due to the steepness of the halo

mass function above 1014M� within our redshift range, drawing N halo masses

that add up to our fiducial mass is much more likely to select one massive halo

along with N − 1 halos close to our minimum mass of 1014M� than it is to select

N similarly massive halos, which results in this skewed distribution. One may

wonder in this case whether the lensing properties of the multi-halo beams are

dominated by the physical properties of the more massive halo. To check this, we

look at how the properties of the single-halo beams affect the lensing cross section

and compare any trends or features to those in the multi-halo beams where only

the properties of the more massive halo are considered.

In the top row of Figure 4.9, we plot σµ for the single-halo lines of sight as a

function of various fundamental parameters. We see that halos at redshifts higher

than z ∼ 0.3 tend to be better lenses, which is due to the fact that the critical den-

sity for lensing, Σc, has a broad minimum centered at z ∼ 0.8, resulting in an

optimal geometry for lensing z = 10 sources. We also see that halos with higher

projected concentration, c′, tend to have larger cross sections, which is expected

due to the increase in surface density that this implies. c′ is determined both by

the intrinsic concentration of the halo, as well as density enhancements due to tri-

axiality and projection effects (see Appendix F). This results in additional scatter

in c′, with halos that have their major axis aligned with the line of sight tending

to have larger concentrations, and therefore larger cross sections. We use ω to

denote this angle, which is defined to be zero when there is perfect alignment



155

between the major axis and line of sight direction. The effect is small in compar-

ison to the intrinsic concentration of the halo, but we see in the third panel of

Figure 4.9 that it is not negligible.

Other physical parameters do not show a statistically significant correlation

with σµ, so we do not plot these quantities. These parameters include projected

ellipticity and triaxiality, as well as relative ellipticity position angles between

both halos or between the more massive halo and the angle to its companion.

Given that there is a trend with ω, one might have expected a possible trend with

halo triaxiality. However, because ω is defined by the direction of the major axis,

regardless of halo shape, this is not the case. Likewise, multiple combinations of

axis ratios and viewing angles can result in similar projected ellipticities, so there

are no obvious dependencies on ellipticity alone.

We also plot σµ as a function of the projected scaled surface density for NFW

halos, κ′s (see Appendix F), in the upper rightmost panel of Figure 4.9. κ′s is depen-

dent on other fundamental parameters, but we show it here because this relation

shows an interesting shape. Very low values of κ′s correspond to small σµ, which

occurs when the halo is at a low redshift such that it has a large angular size and

therefore a small surface density. One might expect that the cross section would

monotonically increase as the surface density increases, but instead, σµ reaches

a point where it plateaus and eventually turns over. This unexpected behavior

has to do with our definition of the cross section. As κ′s increases, the area in the

source plane interior to the inner caustic grows. Any sources that fall within the

caustic get multiply imaged, but the maximum magnification of any individual

image is sometimes lower than our threshold magnification, µt. Therefore, this

area does not count toward the cross section as we have defined it. Obviously, dif-

ferent magnification thresholds will change the turnover point, but adding more
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Figure 4.9 σµ as a function of (from left to right) redshift, projected concentration,

angle between the major axis and the line of sight (denoted ω), and projected

scaled NFW surface density κ′s of the halos in the single-halo sample (top) and

the more massive halo in each trial in the 2-halo sample (bottom). Other parame-

ters, including projected ellipticity and triaxiality, are not plotted because they do

not show a statistically significant trend. σµ is larger in general at redshifts z ∼> 0.3

compared to lower redshifts, but is fairly constant with redshift on average be-

yond that point. σµ also increases with larger projected halo concentration and

decreasing ω. σµ rises sharply with κ′s at low values, then plateaus due to the way

we have defined the cross section in our analysis (see text for details). The results

in the two-halo case show that the properties of the more massive halo affect the

cross section in the same way as the single-halo case because most trials have a

single dominant halo. We note that c′ and κ′s are the projected concentration and

scaled surface density after accounting for triaxiality and projection effects (see

Appendix F).
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surface density in general will increase this area but will not increase σµ once a

certain point has been reached. We note that the traditional strong lensing cross

section, defined as the area in the source plane where a source is multiply-imaged,

does increase monotonically with κ′s as expected.

We examine whether these results also hold true for the multi-halo distribu-

tions where only the properties of the more massive halo are considered. In the

bottom row of Figure 4.9, we plot σµ for the 2-halo lines of sight as a function of

the same parameters for the more massive halo in each trial. The properties of

the dominant halo affect the cross section in a similar way as in the single-halo

case, as we would expect when one halo dominates the mass distribution. While

1:1 mass ratios generally produce higher σµ, even the far more numerous ≥ 10:1

mass ratios can generate high σµ. One implication of Figure 4.8 is that in studies

of known strong lensing clusters where LOS structures are typically ignored, any

massive structures in the beam that go undetected are more likely to be small

clusters rather than one with a mass equivalent to the main lens. As such, not

accounting for these structures is unlikely to result in a large error on the cross

section of these beams. However, the effects of these structures on the derived

2-D magnification maps, which we do not analyze here, may result in systematic

uncertainties that will cause the magnification errors in the field to be underesti-

mated.

4.4.3 Properties of the Best Lensing Configurations

In addition to identifying the general trends of lensing cross section with various

parameters, we also examine how the mass configurations resulting in the very

best σµ values behave. The results of Figures 4.8 and 4.9 show considerable scatter

about the mean relation, so there may be parameters that can cause particular

mass configurations to scatter to a high cross section. These mass configurations,
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though likely very rare in the universe, could potentially be the very best lines of

sight for lensing high-redshift galaxies.

We examine the frequency of 2-halo lines of sight that are ranked in the top

10% when sorted by σµ as a function of various parameters. The values of σµ

corresponding to the top 10% decile are given in Table 4.1. In Figure 4.10, we

plot the fraction of trials that fall within the top 10% in σµ in each bin for both

projected separation and mass ratio. This plot represents the excess (or deficit)

of high σµ mass configurations in each parameter bin. By plotting the results in

this manner, we can see if the parameter ranges that generate the very best mass

configurations for lensing are similar to what would be expected from the mean

trends for the full sample. In addition, this visualization removes the effects of

our priors on the parameter being plotted such that we are not inherently biased

toward a region of that parameter space that was just sampled more frequently

and would therefore tend to have a larger raw number of configurations that

fell in the top 10% due to scatter. We are effectively examining what values of a

particular parameter result in the best lensing configurations regardless of their

actual likelihood, provided that likelihood is not vanishingly small.

We see that the angular separation and mass ratio dependencies are consis-

tent with the mean results, with the separation bin around ∼100′′ and mass ratio

bins near unity containing a larger fraction of top 10% configurations. The de-

pendence on angular separation demonstrates that our choice of a 3.′5 maximum

separation is justified, as the very best mass configurations tend to have separa-

tions smaller than this.

We make similar plots for the physical properties of the halos in the single-

halo case in the top row of Figure 4.11. Interestingly, the frequency of top 10%

mass configurations peaks at low redshifts (z ∼ 0.2 − 0.3) and decreases with
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Figure 4.10 Fraction of 2-halo beams in each separation (left) and mass ratio

(right) bin ranked in the top 10% of the entire sample by σµ. The dotted line

represents a frequency of 10%, which would be expected if there were no excess

of top σµ configurations in a particular bin. These relations match what would

be expected based on the mean relations − there is an optimal nonzero angular

separation where the best mass configurations lie, and mass ratios closer to unity

generally produce good lensing configurations. The error bars are larger in bins

with fewer samples.
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increasing redshift. This is in contrast with the mean trend for the entire sam-

ple, which shows lower σµ at low redshift with a subsequent rise and plateau

at higher redshift. Revisiting the upper left panel of Figure 4.9, there is a subset

of trials with the very highest cross sections located at low redshifts, but there

is also a large subset of trials in these bins that have very low σµ values. What

is happening is that at these low redshifts, the NFW scale radius, rs, becomes

large in angular size, even though its physical scale radius may be comparable

to higher redshift halos of similar mass. This implies a decrease in the surface

density, which decreases the lensing strength of the halo. In addition, the criti-

cal density, Σc, is larger at lower redshift, further decreasing the lensing strength.

However, halos that have an unusually high concentration at these redshifts will

have a large surface density over a large angular area, creating a favorable lens.

Indeed, an inspection of the high-cross section trials at low redshift reveals a dis-

proportionate amount of halos with high concentration. In general, a halo at

low-redshift will have an unfavorable lensing geometry compared to a similar

halo at higher redshift, but in certain rare cases, the concentration can be high

enough that the halo becomes a very good lens. An example is Abell 1689, which

has a redshift of z = 0.18, but has an unusually high concentration compared

to expectations from cosmological simulations (Broadhurst et al., 2005; Halkola

et al., 2006; Zekser et al., 2006; Limousin et al., 2007; Umetsu & Broadhurst, 2008;

Coe et al., 2010; Sereno & Umetsu, 2011), making it one of the best lensing clusters

known.

The other physical parameters that we found relevant, namely the projected

concentration and angle between the major axis and the line of sight, behave in

the way expected from the mean trends − higher concentration and better align-

ment with the LOS results in better lenses, and thus a higher chance of attaining
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Figure 4.11 Top: Fraction of single-halo beams in each redshift (left), concentration (center), and

orientation angle (right) bin ranked in the top 10% in σµ. Bottom: Fraction of 2-halo beams in each

bin of the same parameters for the more massive (black solid line) and less massive (red dashed

line) halo in each trial that is ranked in the top 10% in σµ. The dotted line represents a frequency

of 10%, which would be expected if there were no excess of top σµ configurations in a particular

bin. This visualization eliminates the effect of the frequency of certain mass configurations in the

parameter being plotted on the x-axis. The concentration and ω relations for the single halo and

more massive halo in the 2-halo case match what would be expected from the mean relations in

Figure 4.9. Low redshift bins (z ∼ 0.2) contain a larger fraction of top 10% mass configurations,

despite the mean trend tending to disfavor low redshift. The physical properties of the less mas-

sive halo in the 2-halo case are generally unimportant since there is usually a single dominant

halo, even in the top 10% trials. There is a preference for the lower mass halo to be at low redshift,

but this arises at least in part from a selection effect where such configurations are also likely to

have the higher mass halo at low redshift, and the solid line indicates that having the higher mass

halo at low redshift is more likely to result in a top 10% σµ configuration.
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a very high cross section.

We make similar plots in the bottom row of Figure 4.11, but we now plot the

relative fractions for the 2-halo beams as a function of the physical parameters

of both the more massive and less massive halo in each trial. If the properties

of the more massive halo dominate the effect on the lensing properties, as was

suggested by Figure 4.9, then we would expect to see similar trends with the

properties of the more massive halo, but essentially no trend with those of the

less massive halo. This is true for the concentration and for ω, as the trends with

the more massive halo are similar to those in the single-halo case, and the trends

with the less massive halo are flat. However, there is a trend with redshift of the

less massive halo that is qualitatively similar to that with both the redshift of the

high mass halo and of the single-halo case. This result arises at least in part from

the shape and evolution of the halo mass function. In roughly 3/4 of our 2-halo

trials, the more massive halo in a pair is at lower redshift than the less massive

one. In other words, when the less massive halo is at a low redshift, it is more

likely for the other, more massive halo, to also be at low redshift. Furthermore,

such configurations tend to have less extreme mass ratios. Since low redshift

halos show a higher frequency of top 10% σµ values, it appears that the redshift

of the less massive halo is having an effect, but in fact, this trend is primarily an

artifact of the mass function and our requirement that the lines of sight have a

fixed total mass rather than a real lensing effect.

The dominance of a single massive halo in most of the 2-halo case initially

appears to be inconsistent with the trend showing that more equal mass ratios

are more likely to result in a good configuration. In fact, the fractions shown

in the right panel of Figure 4.10 indicate that there are still many excellent mass

configurations that do not follow the trend, especially considering that the bins
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representing the most extreme mass ratios contain far more trials compared to

the bins of more equal mass ratio. The point is that none of these parameters are

required to be optimized in order to produce a good mass configuration. Given a

fixed total mass, there are certainly parameter values that increase the likelihood

of this occurring, but there are multiple ways and combinations of parameters

that can result in a large cross section.

4.5 Discussion

4.5.1 Lensing Interactions Between Halos

Our results show that there is a gain in the lensing cross-section when a mas-

sive halo is split into two or more cluster-scale halos projected close on the sky.

However, the results presented in § 4.4.1 indicate that it is not simply the lensing

properties of the individual halos that sum up to produce a more powerful lens

than a single halo of equivalent total mass. In fact, the values shown in Table 4.1

and Figure 4.7 demonstrate the opposite effect. Instead, the gain in cross-section

for the multi-halo beams over the single-halo case of equivalent mass arises from

interactions between the lens potentials of the halos, even if the halos are not

physically interacting. The results presented in this paper are specific to our cho-

sen fiducial mass and range of halo separations, but some general statements can

be inferred.

There is an optimal separation (∼ 100′′ for our chosen fiducial total mass) be-

tween halos that maximizes the cross-section (Figure 4.10). One can understand

this conceptually as follows. Much of the contribution to σµ comes from regions

of the source plane that are outside the strong lensing caustics but still signifi-

cantly magnified (see Figures 4.2 and 4.4). Outside the caustics, the magnifica-

tion produced by a given halo generally decreases with distance from the halo.
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When two or more halos are placed in proximity to each other on the sky (even if

they are at different redshifts), their magnification regions in the source plane can

overlap and create areas where no halo individually exceeds our chosen magni-

fication threshold but the joint lensing effects boost µ above the threshold. While

this notion of overlap is useful heuristically, recall from § 4.2.1 that the net mag-

nification is not simply the sum of the magnifications from individual halos. As

indicated by Equations 4.4–4.10, we need to consider not only the overlap of the

halos’ surface density profiles (the κ terms), but also the combined effects from

shear (the γ terms). In other words, the “lensing interaction” between the halos

is mediated by both convergence and shear.

As the halos’ angular separation decreases, the boost from the lensing inter-

action begins to increase. At some point, however, the separation becomes small

enough that the caustics begin to merge on the sky, which may increase the area

where the magnification is very large (e.g., µ ∼> 10–100) at the cost of reducing

regions where the magnification is more modest but still significant (e.g., µ ∼ 3–

10). In other words, finite separations can maximize the area that produces mod-

est magnification, whereas smaller separations could be more relevant if we were

interested in larger magnifications (see Appendix E).

A related effect explains why having multiple halos helps. As a beam con-

taining a fixed total mass is split into multiple halos, each halo’s average mass

decreases and so its magnification region shrinks. At the same time, the average

projected separation between halos also decreases (when the beam size is fixed).

For the beam sizes and masses we have considered, the decrease in σµ from the

dilution of mass is more than offset by the increase in σµ from the proximity of

halos, so the cross sections tend to increase when we consider beams with more

halos but the same total mass. The étendue of the mass configuration, defined as
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magnification over a large area, is increased as the mass is dispersed, provided

that it is not spread out so thin that regions in between the halos drop below the

magnification of interest.

We have examined multi-halo trials where we have changed the total inte-

grated mass, and while the optimal offset may change, our general conclusion

that splitting the mass into multiple halos holds true, provided that the typical

angular separation between halos is roughly comparable to the size of their re-

gion of influence.

4.5.2 Additional Sources of Uncertainty

We have generated mass configurations that are physically motivated by the rel-

ative frequencies and properties of cluster-scale halos as determined from simu-

lations, with the exception that we have constrained these lines of sight to have

a large total mass to represent powerful lensing configurations. Although our

treatment of these massive halos accounts for much of the diversity seen among

such halos with regard to properties such as redshift and mass distribution, con-

centration, and shape/orientation, among other things, there are some details

that we have not considered.

While we allow for multiple dark matter halos at similar redshift in our mod-

els, we do not account for substructure in our halos. This includes the effects of

galaxies and higher-order details in the halo models (e.g. misaligned isodensity

contours, mass-shape correlations; Schneider et al., 2012). Hilbert et al. (2008) find

that the lensing cross sections for halos more massive than 1014M� increases by at

most 40% for a source redshift of z = 5.7 and is more significant for lower masses

when the effects of galaxies are included, although their definition of cross section

is somewhat different from ours. The galaxies will affect both the single-halo and

multi-halo cases, and in fact could have a larger impact on the multi-halo fields
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where the typical halo mass is less than the fiducial mass, so our assumption of

no substructure due to a galaxy component may be conservative. The effects of

baryonic cooling can increase the lensing cross section of these halos (Rozo et al.,

2008), but this should affect both single-halo and multi-halo lines of sight in a

similar fashion. We also assume that our halos follow an NFW density profile,

and deviations from NFW could alter the calculated cross sections. However, as

noted earlier, this assumption makes our analysis compatible with previous work

and is suggested by some observational results (Kneib et al., 2003; Katgert et al.,

2004; Comerford et al., 2006; Shu et al., 2008).

Although we allow for the possibility of halos being at the same redshift, we

do not account for physical interactions between halos that will alter the dark

matter distribution, such as mutual tidal effects, density enhancements in the

baryonic components (e.g., the Bullet Cluster (Clowe et al., 2006) or Abell 2744

(Merten et al., 2011)), and multiple subclusters sharing a common dark matter

halo. These effects may lead to an overall underestimate of the lensing cross

section, but should not preferentially affect a given multi-halo configuration.

We also do not account for smaller uncorrelated structures along the line

of sight. These low-mass structures, which include field galaxies and smaller

groups, should have small effects on the lensing cross section of the main clus-

ter(s) in these fields if the results of Figure 4.8 are extrapolated to lower mass

ratios. We do not expect such structures to be more prevalent in beams with

fewer halos, so it will not affect our general conclusions about multi-halo fields.

We have required that the halos in our analysis have a minimum mass of 1014M�,

but less massive halos down to the group scale (∼ 1013M�) are more common

and are more likely to be found in multi-halo configurations. We run a test where

we set the minimum halo mass in the 2-halo case to 5×1013M� and find that σµ is
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still larger for these cases on average than for the single-halo case. This also can

be seen from the trend in mass ratio, where a larger difference between the two

halo masses results in a smaller σµ.

4.5.3 Implications for Detection of High-Redshift Sources

Gravitational lensing is effectively a mapping from a given area in the source

plane to an area in the image plane, which aids in the detection of faint sources

by increasing the solid angle subtended with no loss in surface brightness. How-

ever, this magnification comes at the cost of a decreased area being probed in the

source plane. As a result, the gains achieved from lensing in terms of detecting

high-redshift galaxies depends very strongly on the shape of the source galaxy

luminosity function (LF). The LF is typically assumed to be of the form first pro-

posed by Schechter (1976), which is parameterized by a characteristic magnitude

M∗, a faint-end slope α, and a normalization factor φ∗ representing the number

density at the characteristic luminosity. For galaxies fainter than M∗, the LF is

approximately a power law with slope α. For galaxies brighter than M∗, the LF

declines exponentially with increasing luminosity.

Since the loss in area probed is inversely proportional to the lensing magni-

fication, lensing increases the likelihood of detecting a galaxy at a given source

redshift if the LF at that galaxy’s luminosity is declining more steeply than a

power law of index −2 (not accounting for finite source size effects; see Am-

mons et al. in preparation). Therefore, lensing is mainly beneficial for detecting

the most luminous sources (Broadhurst et al., 1995; Santos et al., 2004; Bouwens

et al., 2009), unless the faint-end slope is steep. The shape of the LF is not well

constrained at z ∼> 7, so it is not immediately obvious how σµ would translate to

an enhancement in the detectability of high-redshift sources.

We have presented our results in terms of lensing cross-section or étendue.
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Observational studies of the high-redshift universe have a variety of science ob-

jectives that may require different observing strategies in terms of depth versus

area or volume. For example, given a fixed amount of observing time, constrain-

ing the LF faint-end slope requires a very deep observation, while constraints

on the bright-end are optimized with shallower observations over a wider area.

Lensing will detect fainter sources than a similar blank field observation within

the same integration time. Here, we examine the specific case of detecting z ∼ 10

galaxies and the extent to which multi-halo beams provide an increase in the fre-

quency and depth of detected sources relative to blank fields and single lensing

clusters.

The detailed calculation depends on several variables, including the source

size and ellipticity distribution, the instrument PSF, the depth and field of view

of the observing program, and the source luminosity function. The only observa-

tional constraint on the LF at z ∼ 10 is based on ∼ 0.8 detections (Bouwens et al.,

2011a) with ultra-deep HUDF observations using HST/WFC3. Because of these

weak constraints, a calculation of the number of z ∼ 10 detections that would be

expected in fields containing multiple cluster-scale halos is extremely uncertain.

However, we can make some simplifying assumptions and estimate the number

of detections at different luminosities relative to a blank field of equivalent size.

The enhanced detectability of high-redshift sources due to lensing does not

scale linearly with magnification due to the effects of finite source size (Ammons

et al. in preparation). z ∼> 7 sources are marginally resolved in high-resolution

space-based imaging (Barkana & Loeb, 2000; Ferguson et al., 2004; Bouwens et al.,

2008; Oesch et al., 2010a) and become smaller at higher redshifts if a scaling of

Reff ∝ (1 + z)−1.1 is assumed (Bouwens et al., 2006). For unresolved sources, the

effects of lensing magnification can increase their solid angles to sizes larger than
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the detector PSF. For a lensed source resolved in one, two, or neither directions

on the sky, the fractional increase in its S/N compared to an unlensed source, or

“signal-to-noise boost” (SNB), can scale differently with magnification in differ-

ent regimes. This effect must be considered when calculating the detectability of

high-redshift sources.

We focus on the case of a hypothetical space-based search for high-redshift

galaxies and assume a PSF full-width at half-maximum of 0.15′′, approximately

the size of the HST/WFC3 PSF in the H160W filter. We assume a population of

sources with a Gaussian shape at z = 10 with a normal distribution of effective

radii with a mean of 0.12′′ and standard deviation of 0.04′′. This angular size

distribution is determined by applying a size evolution of (1 + z)−1.1 (Bouwens

et al., 2006) to the half-light radius distribution of z ∼ 7 sources, which is 0.75 ±

0.23 kpc for galaxies with luminosities in the range 0.3L∗ < L < L∗ (Oesch et al.,

2010a). We assume a normal distribution of intrinsic major-to-minor axis ratios

with a mean of 1.2 and a standard deviation of 0.3, which can be folded into the

SNB calculation using the formalism in Keeton (2001b). The effect of intrinsic

shape on the detectability of a source is much smaller than the effect of source

size.

The field of view and observational depth will also affect the number of de-

tected sources. We calculate the number of sources in our source plane area that

have at least one image detected in a 5′ × 5′ area mosaic survey of comparable

depth to that of Bouwens et al. (29.8 mag in WFC3 H160W ; 2011a) relative to a

similar observation in a blank field of equivalent area. We assume the z ∼ 10

luminosity function constraints of Bouwens et al. (2011a), who chose fixed values

of φ∗ = 0.0012 Mpc−3 and α = −1.74 and derived a constraint ofM∗ = −18.3±0.5

mag.
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In Figure 4.12, we plot the number of detections per unit magnitude as a func-

tion of source luminosity for both blank fields and our model mass configura-

tions. The blank field observation can detect more objects at the bright end due

to the larger volume probed in the source plane. The faint end, on the other hand,

is beyond its reach, but can be detected in the lensing fields. The relative trade-

off between these two detected source populations favors faint end detections as

the number of halos increases, reflecting the gain in the lensing cross section for

these mass configurations. Therefore, the mass configurations with more halos,

in addition to having larger cross sections, also probe larger source plane vol-

umes at the faint end of the LF. The effects of changing various halo properties

are generally smaller than the effect of changing the number of halos.

As a result of the large uncertainty in M∗ (±0.5 mag), the uncertainties in the

curves in Figure 4.12 due to error in the LF are comparable to the differences

among the various curves. For example, in the particular case of M∗ = −18.3,

the 1-halo and 5-halo beams result in a factor of ∼3.5 and ∼4 increase, respec-

tively, in the number of detections fainter than M∗ over the blank field. However,

changing M∗ by 1σ to −17.8 results in a factor of ∼23 and ∼37 increase, respec-

tively, over the number of faint blank field detections. These large deviations

result from the fact that there are very few faint-end detections expected from

blank field observations. Better constraints on both the luminosity and size dis-

tributions of high-redshift sources are clearly needed, and can in fact be provided

by observations of such multi-halo beams.

We caution against using these numbers as more than rough estimates due

to the large LF uncertainties and the strong dependence on the details of the

observing program. For example, ground-based surveys, while still inferior to

high-resolution space-based imaging, will benefit more from lensing due to the
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Figure 4.12 Number of z = 10 detections per unit magnitude for hypothetical

5′ × 5′ space-based blank field (black lines) and lensing field (colored lines) ob-

servations. The luminosity function of Bouwens et al. (2011a) is assumed. The

blank field observation can detect more objects at the bright end due to the larger

volume probed in the source plane, while the faint end is only detectable in the

lensing fields. The tradeoff between the bright and faint end tends more toward

faint end detections as the number of halos increases, reflecting the gain in the

cross section. The mass configurations with more halos, in addition to having

larger cross sections, also probe larger source plane volumes at magnifications

needed to detect the faint end of the LF, resulting in more detections of objects

fainter than M∗.
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larger PSFs of current ground-based detectors. Large uncertainties arise because

the assumed depth of the observation only reaches a luminosity that is still in the

exponential part of the LF, so a change in M∗ leads to a large change in the gain

due to lensing. Nevertheless, the improvement due to splitting the beam’s mass

into more than one halo is clear.

4.5.4 Likelihood of Multiple Clusters in Projection

Although we have demonstrated that lines of sight containing multiple cluster-

sized halos nearby in projection can be better at lensing high-redshift galaxies into

detectability than those containing a single cluster, it is reasonable to consider the

likelihood of such fields existing in the real universe. A handful of serendipitous

discoveries of cluster-cluster lenses have been reported in the literature (Blakeslee,

2001; Athreya et al., 2002; Zitrin et al., 2012b), albeit with smaller total integrated

masses than our simulated fields, so their existence is not simply a theoretical

construct. Here, we perform a simple calculation using our assumed halo mass

function to estimate the number of fields in the universe that contain two cluster-

scale halos with a total integrated mass of at least 2× 1015M�.

We begin by performing the calculation of 2-halo beams in general terms, then

examine specific cases that are relevant in the context of our simulations. We

focus on the case of two halos for simplicity, requiring that each halo has at least

a minimum mass, Mmin, and lies within the redshift range zmin ≤ z1 ≤ z2 ≤ zmax.

Multi-cluster lines of sight will be strongly biased toward low masses due to the

declining mass function, so we also require that the two masses sum to some

minimum total mass, Mtot. We define the quantity

n(M, z) =

∫
Ω

dN

dMdV
= 4π

H(z)

c

dN

dMdz
(4.12)

to be the number of halos with mass M at redshift z across the entire sky, where
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H(z) is the Hubble parameter at redshift z. Using the halo mass function to de-

termine dN/dMdz, we then calculate the number density of foreground halos,

n(M1, z1), and the number density of background halos, n(M2, z2), by evaluating

the mass function at the appropriate masses and redshifts. We account for the

maximum separation range of the two halos by requiring that the second halo

lies within a circle of angular radius Rsep. This is a fixed quantity for all redshifts,

and therefore is a constant that factors out of the integral. If we had chosen a

geometry-dependent maximum separation (e.g., the Einstein radius of the fore-

ground lens), we would need to include the solid-angle term when integrating

over z2. Our restrictions on both the minimum halo mass and total mass restricts

the minimum value ofM2 to eitherMmin or (Mtot−M1), whichever is greater. With

these assumptions, the total number of 2-halo lines of sight that have a mass of at

least Mtot is given by

N =

(
πR2

sep

4π ster

)∫ ∞
Mmin

dM1

∫ zmax

zmin

dz1∫ ∞
max(Mmin,Mtot−M1)

dM2

∫ zmax

z1

n(M1, z1)n(M2, z2)dz2.

(4.13)

With this general calculation, we can then examine specific cases. We look at

the 2-halo case analyzed in our Monte Carlo trials by setting Mmin = 1014M�,

Mtot = 2 × 1015M�, zmin = 0.1, zmax = 0.9, and Rsep = 3.′5. Based on this cal-

culation, we expect there to be ∼10 such lines of sight in the sky. This indicates

that there exist ∼1 field similar to the top 10% of just the 2-halo beams analyzed

in § 4.4.3, so it is reasonable to expect that such powerful lensing beams do ex-

ist. The frequency of multi-halo lines of sight also increases dramatically if our

requirements on total mass or minimum halo mass are relaxed.

The calculation is very sensitive to our assumed cosmology, particularly σ8.

The uncertainty in σ8 from the seven-year WMAP results suggests a factor of
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∼ 2 uncertainty. This simplistic calculation is likely conservative, as it does not

account for mass due to smaller structures along the line of sight, the possibil-

ity of more than two cluster-scale halos in projection, or the effects of large-scale

structure that could lead to correlations among mass peaks. Accounting for these

effects could increase the predicted total number of massive multi-halo fields. A

more detailed analysis of the frequency of these high-mass lines of sight using the

Millenium Simulation will be presented in French et al. (in preparation). Addi-

tionally, we have identified several high-mass lines of sight containing multiple

structures from spectroscopic observations of selected SDSS fields. An ongoing

spectroscopic and photometric observing program has discovered and confirmed

at least two lines of sight that contain multiple halos each with dynamical masses

greater than∼ 1014M� as inferred from the relative velocities of the cluster galax-

ies. The total integrated masses in these fields are estimated to be ∼> 3 × 1015M�.

The details of these observations will be presented in Ammons et al. (in prepara-

tion).

4.6 Conclusions

We have compared the lensing properties of lines of sight containing chance

alignments of multiple cluster-scale halos on the sky to single-halo lenses, isolat-

ing the effects of more projected halos and the detailed properties of those halos.

We examine the implications for magnifying very high-redshift (z ∼ 10) galaxies.

Our main conclusions are as follows.

• Lines of sight containing multiple cluster-scale halos have larger cross-sections

for lensing high-redshift galaxies above a given magnification threshold

than single halos of equivalent total integrated mass. This effect is driven by

interactions among the lens potentials of the halos, arising from non-linear
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combinations of both their convergence and shear profiles. The gain in the

lensing strength due to the presence of multiple halos is maximized at some

finite projected separation. For a beam with a total mass of 2× 1015M�, this

separation is ∼100′′. At larger separations, the configuration approaches

the limit where the halos are independent fields. At smaller separations,

the mass distribution is inefficient at maximizing the field’s étendue (the

area containing large magnifications), resulting in a lower cross section.

• For a line of sight containing the same total integrated mass split between

two cluster-scale halos, the gain in lensing cross section is larger in those

rare cases where the halo masses are comparable.

• The physical properties of a halo that drive an increase in the lensing cross

section are a high concentration, the major axis aligned with the line of

sight, and an intermediate redshift (∼> 0.4), which optimizes the scaled sur-

face density of the halo. The triaxiality and projected ellipticity of the halo,

and the relative orientations of multiple halos, are relatively unimportant.

For beams with two cluster-scale halos, one halo typically dominates the

mass due to the shape of the halo mass function. In such cases, the proper-

ties of the dominant halo determine the lensing characteristics of the field.

One implication of this result is that analyses of known single-halo lensing

beams, which rarely account for other structures along the line of sight, are

unlikely to have a second massive halo in the beam that would significantly

alter the overall lensing cross section, but errors in the derived 2-D magni-

fication map may still be underestimated.

• The same factors that increase the lensing cross section in typical 2-halo

beams generally produce the best (top 10%) of 2-halo beams. One exception
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is that halos at low redshifts that scatter to large concentrations, resulting in

an increased surface density over a large area, can have unusually large

lensing cross sections. This is opposite to the overall trend for halos at low

redshift to have smaller cross sections.

• We have isolated the effects of mass configuration −multiple halos and the

properties of those halos−while controlling for total integrated mass in the

beam. These effects are non-negligible and can be comparable to increasing

the total mass in the beam from ∼ 1015M� to ∼ 3× 1015M�. Actual lines of

sight in the universe containing multiple halos have the additional benefit

that they are likely to contain more total mass than those with just a single

massive cluster (French et al. in preparation).

• We have conservatively estimated the number of lines of sight that contain

two cluster-scale halos within 0.1 ≤ z ≤ 0.9 as ∼10 in the sky. A more

detailed constraint using cosmological simulations will be presented in a

future work (French et al. in preparation). We have identified several fields

in the SDSS with large integrated masses and multiple cluster-scale halos in

projection. Detailed observations of these fields will be presented in Am-

mons et al. (in preparation).

The results of our analysis can be used to identify ideal lines of sight in the real

universe for magnifying very high-redshift galaxies into detectability once the

masses, redshifts, centroids, and certain physical properties (e.g., concentration)

of multiple cluster-scale halos are constrained from observational data. This work

shows that focusing on reducing the uncertainties in these parameters will most

limit the errors in the resulting magnification maps, which in turn will improve

constraints on the luminosity function of lensed sources at z ∼ 10 identified in
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these fields.
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CHAPTER 5

A NEW APPROACH TO IDENTIFYING THE MOST POWERFUL GRAVITATIONAL

LENSING TELESCOPES

The best gravitational lenses for detecting distant galaxies are those with the

largest mass concentrations and the most advantageous configurations of that

mass along the line of sight. Our new method for finding such gravitational

telescopes uses optical data to identify projected concentrations of luminous red

galaxies (LRGs). LRGs are biased tracers of the underlying mass distribution, so

lines of sight with the highest total luminosity in LRGs are likely to contain the

largest total mass. We apply this selection technique to the Sloan Digital Sky Sur-

vey and identify the 200 fields with the highest total LRG luminosities projected

within a 3.′5 radius over the redshift range 0.1 ≤ z ≤ 0.7. The redshift and angular

distributions of LRGs in these fields trace the concentrations of non-LRG galax-

ies. These fields are diverse; 22.5% contain one known galaxy cluster and 56.0%

contain multiple known clusters previously identified in the literature. Thus, our

results confirm that these LRGs trace massive structures and that our selection

technique identifies fields with large total masses. These fields contain 2−3 times

higher total LRG luminosities than most known strong-lensing clusters and will

be among the best gravitational lensing fields for the purpose of detecting the

highest redshift galaxies.

5.1 Introduction

Gravitational lensing by galaxy clusters is an important tool for studying the

high-redshift universe. Galaxies at redshifts 1 ∼< z ∼< 3 can be magnified into

extended arcs, enabling studies of these sources at spatial resolutions beyond



179

what is feasible in similar unlensed objects (e.g., Brammer et al., 2012; Frye et al.,

2012; Livermore et al., 2012; Sharon et al., 2012; Yuan et al., 2012). Lensing by

foreground galaxy clusters can also magnify very high-redshift (z ∼> 7) sources

into detectability, allowing us to measure their physical properties (e.g., Kneib

et al., 2004; Pelló et al., 2004; Schaerer & Pelló, 2005; Richard et al., 2006, 2008;

Stark et al., 2007; Bradley et al., 2008, 2012; Zheng et al., 2009, 2012; Laporte et al.,

2011; Bouwens et al., 2012; Hall et al., 2012; Coe et al., 2013) and making them

ideal targets for spectroscopic follow-up (e.g., Bradač et al., 2012). Such studies

are particularly important for characterizing objects on the faint end of the galaxy

luminosity function at these redshifts, as even the deepest HST observations in

blank fields require too large a time investment to probe to such depths.

The lensing power of foreground clusters depends on a variety of physical

properties. The total mass of the cluster is very important, as the lensing strength

depends on the surface mass density of the lens. Wong et al. (2012) found that

distributing the mass among multiple cluster-scale halos along the line of sight

(LOS) can increase the lensing cross section compared to having the same mass

in a single rich cluster. This effect results from interactions among the multiple

lens potentials, boosting the magnification in the field. Analysis of the Millen-

nium (Springel et al., 2005) and Millennium XXL (Angulo et al., 2012) simulations

shows that lines of sight with large total masses may contain multiple massive

(∼> 1014M�) halos and produce some of the highest lensing cross sections in the

universe (K. D. French et al. 2013, in preparation). Individual halo properties,

including concentration, ellipticity, orientation, and redshift also affect lensing

cross sections (e.g., Bartelmann et al., 1995; Meneghetti et al., 2003; Wong et al.,

2012).

State-of-the-art lensing analyses focus on fields identified by a single massive
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cluster (e.g., Postman et al., 2012). Even X-ray surveys (e.g., Böhringer et al., 2000;

Vikhlinin et al., 2009) and Sunyaev & Zeldovich (SZ; 1972) effect surveys (e.g.,

Vanderlinde et al., 2010; Marriage et al., 2011; Williamson et al., 2011) for great

lensing fields are biased toward lines of sight with a dominant cluster-scale halo

because the signal is not proportional to projected mass. In other words, a line

of sight with a single massive cluster looks identical in X-ray or SZ observations

to a similar cluster with additional smaller projected halos whose masses may

not be sufficient to have a detectible hot X-ray gas component. In X-ray or SZ

observations, the scaling of the signal with halo mass is faster than linear (e.g.,

Bonamente et al., 2008; Vikhlinin et al., 2009), so a line of sight with multiple

structures will have a lower signal than if the same total mass were concentrated

in a single cluster. Additional lower mass halos, which may not have detectable

hot gas components, may be missed entirely in the field. Thus, these studies do

not necessarily select for the largest total mass and/or the most advantageous

mass configuration. The gravitational lenses explored to date may not in fact be the

best directions on the sky to look.

We explore a new optical selection technique to identify the best lines of sight

(hereafter referred to as “beams”) for gravitational lensing. By selecting fields

that have the greatest total luminosity in luminous red galaxies (LRGs; e.g., Eisen-

stein et al., 2001), which are biased tracers of the underlying matter distribution

(Zehavi et al., 2005; Li et al., 2006; Ho et al., 2009; White et al., 2011) and detectable

to high redshifts, we are likely to find beams with the largest single massive halos

(galaxy clusters) and with chance alignments of multiple group and cluster-scale

halos. This technique requires a wide-field multi-band photometric dataset with

accurate redshifts, photometric or spectroscopic. In essence, we are using fewer,

but more biased, tracers of the mass along the LOS than methods like the Cluster
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Red Sequence technique (CRS; Gladders & Yee, 2000) and the Gaussian Mixture

Brightest Cluster Galaxy algorithm (GMBCG; Hao et al., 2009, 2010) that exploit

the relationship between halo mass and red galaxy counts within the halo (Lin

et al., 2004). Zitrin et al. (2012a) derived mass models of clusters in the Hao et al.

(2010) GMBCG sample, including some of the most powerful lenses (Einstein ra-

dius > 30′′). Like X-ray and SZ surveys, these approaches may not be sensitive

to multiple projected halos, as smaller structures (i.e., poor clusters) may be hard

to identify as galaxy overdensities in color-magnitude space. In contrast, even

individual LRGs can be indicative of cluster-scale structures (Ho et al., 2009).

The Sloan Digital Sky Survey (SDSS), with its large sky coverage and pho-

tometric LRG selection out to z ∼ 0.7, is ideal for identifying the best lensing

beams using LRGs. Most arc-producing lensing clusters are at intermediate red-

shift (0.3 ∼< z ∼< 0.8; Bartelmann et al., 1998; Gladders et al., 2003; Hennawi et al.,

2007), although higher-redshift lensing clusters have been found (e.g., Huang

et al., 2009; Gonzalez et al., 2012). The SDSS is deep enough to probe a volume-

limited sample of very bright LRGs (Mi − 5log10(h) ∼< −22.5) out to z ∼ 0.7.

The 5-band optical photometry provides LRG selection, luminosities, colors, and

photometric redshifts for over 106 galaxies (e.g., Padmanabhan et al., 2005, 2007;

Ross et al., 2011).

We present our beam selection method and apply it to the SDSS, identify-

ing the 200 beams with the highest LRG luminosity concentrations and therefore

likely to contain the largest total masses projected within a radius of 3.′5. The

LRG photometric redshift distributions show that many of these beams have

multiple structures along the line of sight. Follow-up galaxy spectroscopy in

the first fields selected using this method has revealed a diversity of structures,

including chance alignments of multiple cluster-scale halos and total masses ∼>
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2× 1015h−1M� (S. M. Ammons et al. 2013, in preparation).

We describe our method of selecting massive beams in § 5.2. In § 5.3, we apply

it to the SDSS, list the highest-ranked beams and their properties, and discuss ap-

plications of this method to future surveys. We summarize our main conclusions

in § 5.4. Throughout this paper, we assume a ΛCDM cosmology with Ωm = 0.274,

ΩΛ = 0.726, and H0 = 100 h km s−1 Mpc−1 with h = 0.71. All magnitudes given

are on the AB magnitude system (Oke & Gunn, 1983).

5.2 Selection of Massive Beams

Our approach to selecting lines of sight with large total masses is based on using

LRGs as indicators of massive halos. LRGs are strongly clustered and are biased

tracers of massive structure (e.g., Zehavi et al., 2005; Li et al., 2006; Ho et al., 2009;

White et al., 2011). They are among the most luminous galaxies in optical light

(L ∼> L∗; Ho et al., 2009) and thus are visible to large distances. LRGs show little

variation in their SEDs (Eisenstein et al., 2003; Cool et al., 2008), making them

easy to identify through their optical colors in broadband imaging data. They

have been surveyed over large regions of the sky, making them useful probes of

the evolution of large scale structure over a cosmologically interesting volume

(e.g. Eisenstein et al., 2001; Padmanabhan et al., 2005). Projected concentrations

of LRGs on the sky are therefore indicative of either an extremely rich galaxy

cluster or a superposition of multiple group and cluster-scale halos, given that

each individual LRG is likely to occupy an overdense region.

Our selection technique makes use of this relationship between LRGs and

massive structures, identifying beams that have the highest total LRG luminosity.

The stellar mass-to-light (M∗/L) ratios of LRGs are strongly correlated with their

rest-frame colors (Bell & de Jong, 2001), which, given their homogeneous SEDs,
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implies that they have similar M∗/L ratios. Indeed, Kauffmann et al. (2003) find

that the M∗/L ratio of galaxies flattens at high luminosities with smaller scatter

for redder rest-frame optical wavelengths, and that the most luminous galax-

ies have the highest M∗/L ratios (see also Zaritsky et al., 2006). As a result, the

optical/near-IR luminosities of LRGs can be used to estimate their stellar masses.

Relating the LRG luminosity to the mass of its host halo is complicated by

the relatively flat slope and substantial scatter of the stellar-to-halo mass (SHM)

relation for halo masses above ∼ 1012M� (e.g., Mandelbaum et al., 2006; Yang

et al., 2008; Conroy & Wechsler, 2009; More et al., 2009; Behroozi et al., 2010, 2012;

Moster et al., 2010; Leauthaud et al., 2012). While this scatter is smaller than for

the luminosity to halo mass relation (e.g., Yang et al., 2008; Cacciato et al., 2009),

stellar mass is still not a precise tracer of halo mass for individual massive galax-

ies above this threshold. There is a scaling between the mass and luminosity

of a galaxy cluster (e.g., Lin et al., 2003, 2006; Tinker et al., 2005; Cacciato et al.,

2013a,b), although central galaxies contribute fractionally less to the stellar mass

for larger halo masses (Lin & Mohr, 2004; Gonzalez et al., 2007; Leauthaud et al.,

2012; Lidman et al., 2012), further suggesting that individual LRGs may not give

a good estimate of halo mass. On the other hand, this effect should be mitigated

when estimating the total mass in a particular field by integrating over all LRGs

in the field and in redshift space. Furthermore, many of these galaxies are satel-

lite galaxies of higher mass clusters, which increases the total LRG luminosity

in the most massive halos (White et al., 2011; Behroozi et al., 2012). Therefore,

lines of sight containing high total LRG luminosities are likely to have large to-

tal masses, either distributed in multiple, projected cluster halos or dominated

by a single massive cluster. The former configurations are more challenging to

identify through other selection methods.



184

Simple number counts of LRGs also can be useful, as there is a relationship

between number of LRGs and halo mass. However, the relation has large scatter

for individual clusters (0.21 dex for M ∼ 1015M� clusters; Ho et al., 2009). Using

total luminosity is likely to be a better tracer of total mass due to the SHM rela-

tion, despite its shallow slope at high masses. In addition, the small number of

LRGs in clusters leads to large Poisson errors, whereas we are unlikely to miss

the brightest galaxies that contribute the most to the total luminosity. We per-

form a simple test that demonstrates that using total LRG luminosity provides

a better contrast to the field galaxy population than simple number counts (see

Appendix G). For completeness, we list there the additional beams that would

have been selected using number counts instead.

5.3 Results and Discussion

In this section, we apply our massive beam selection technique to the SDSS. The

SDSS is currently the survey that has the best characteristics for our selection

technique. The latest data release includes imaging of roughly a third of the sky

in five optical broadband filters. The depth of the photometric observations is

sufficient to detect and classify LRGs within 0.1 ≤ z ≤ 0.7 (Padmanabhan et al.,

2005), where we expect a large number of lensing clusters to lie. The SDSS also

includes spectroscopic redshifts for roughly a third of the LRGs. We examine

the LRG redshift distributions in a comparison sample of known lensing clusters,

comparing these fields to the 200 best beams in the SDSS as ranked by their in-

tegrated LRG luminosity. Our top beams have higher total LRG luminosity and

potentially more mass than even these known lensing clusters. Roughly 75% of

our beams contain known galaxy clusters, confirming the power of our selection

technique. We also discuss possible applications of this technique to current and
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future surveys.

5.3.1 Defining the LRG Sample

We select our sample of LRGs from the SDSS Data Release 9 (DR9; Ahn et al.,

2012). We identify LRGs using a modified version of the photometric selection

criteria of Padmanabhan et al. (2005, 2007). The criteria consist of two sepa-

rate cuts, denoted “Cut I” and “Cut II”, which are designed to select LRGs at

z ∼< 0.4 and z ∼> 0.4, respectively. The details of the LRG selection are given in

Appendix H.

The photometric redshifts in the DR9 catalog are computed using the method

in Csabai et al. (2003). We limit our sample to LRGs at redshifts 0.1 ≤ z ≤ 0.7. At

z ∼< 0.1, the Cut I criteria are too permissive, resulting in a large fraction of inter-

lopers and causing biases in the photometric redshifts when compared to spec-

troscopic redshifts. At z ∼> 0.7, most objects are at the faint edge of our sample,

resulting in larger photometric errors. We do not have enough spectroscopically

observed objects to assess the quality of the photometric redshifts beyond this

point.

We find good agreement of the photometric redshifts with the DR9 spectro-

scopic redshifts between 0.1 ≤ z ≤ 0.7 (Figure 5.1). We define the photometric

redshift accuracy to be the normalized median absolute deviation, σz/(1 + z) ≡

1.48 × median(|∆z|/(1 + z)). For objects with 0.1 ≤ zphot ≤ 0.7, we calculate

σz/(1 + z) = 0.017, with catastrophic outlier rates of 4.2% with |∆z|/(1 + z) > 0.05

and 0.3% with |∆z|/(1 + z) > 0.1. The photometric redshifts are unbiased to

within ∆z/(1 + z) ≤ 0.01 for most of the redshift range probed. There is a slight

bias at the ∆z/(1 + z) ≤ 0.02 level at 0.6 ≤ z ≤ 0.7, which affects less than 10%

of our sample. The subsample of objects at the faint end of our magnitude range

show the same behavior as the full sample and do not contain additional biases.
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Figure 5.1 Comparison of SDSS DR9 photometric redshifts with SDSS DR9 spectroscopic red-

shifts. The contours enclose 68% and 95%, respectively, of the galaxies that appear in both sam-

ples, with the remaining objects plotted individually (grey points). The red lines represent the

1-to-1 line (solid) and the 5% (dashed) and 10% (dotted) deviations in ∆z/(1 + z). We plot all

galaxies, but only calculate statistics for objects with 0.1 ≤ zphot ≤ 0.7, represented by the black

dotted lines. We expect the most powerful lenses to lie within this redshift range. We exclude

objects at redshifts z ≤ 0.1 due to biases in the photometric redshifts and the unfavorable lensing

geometry. We exclude objects at z ≥ 0.7 due to large photometric errors and a lack of spectroscop-

ically observed objects to assess directly the quality of the photometric redshifts. The number of

objects, redshift accuracy, and fraction of outliers greater than 5% and 10% in |∆z|/(1 + z) are

given in the top left corner. We find good agreement with the spectroscopic redshifts between

0.1 ≤ zphot ≤ 0.7, suggesting that our chosen redshift range is reasonable.
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To improve the redshift accuracy of our sample, we replace the LRG photo-

metric redshifts and errors with SDSS spectroscopic redshifts and errors where

available, which is roughly for one-third of the LRG sample. The redshift un-

certainties and outlier rates given in Figure 5.1 are thus upper limits. Hereafter,

when referring to an LRG’s redshift and its uncertainty, we mean the spectro-

scopic redshift when available and the photometric redshift otherwise.

In deriving the LRG luminosities, we account for K-corrections and luminos-

ity evolution using an elliptical galaxy template generated by evolving a Bruzual

& Charlot (2003) stellar population synthesis model. De Lucia et al. (2006) find

that massive elliptical galaxies in dense environments have roughly solar metal-

licities and stellar populations with a median formation redshift of z ∼ 2.5 for

M∗ ∼> 1011M�, with higher formation redshifts for more massive systems. Similar

formation redshifts for massive ellipticals are supported by observational studies

(e.g., van Dokkum & Stanford, 2003; Treu et al., 2005a,b; Pérez-González et al.,

2008). There is evidence that massive early-type galaxies are well-characterized

by a Salpeter (1955) initial mass function (e.g., Auger et al., 2010b; Treu et al.,

2010) or even more bottom-heavy IMFs (e.g., Cappellari et al., 2012; Conroy & van

Dokkum, 2012; Spiniello et al., 2012; van Dokkum & Conroy, 2012). Therefore, we

generate the template SED assuming an instantaneous burst of star formation at

z = 3 with a Salpeter IMF and solar metallicity.

We perform K-corrections using the template SED at the age of the galaxy

at its observed redshift, and the model is then passively evolved to z = 0. All

galaxy luminosities are normalized to z = 0 quantities to ensure a fair compar-

ison of their luminosities. We use a single model instead of fitting templates to

the observed photometry (e.g., Eisenstein et al., 2001), as LRGs are typically red,

quiescent galaxies with little recent star formation and very homogeneous SEDs
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(Eisenstein et al., 2003; Cool et al., 2008). Furthermore, we are interested in correc-

tions to the rest-frame i-band, which for the template fitting method can only be

determined beyond z ∼ 0.2 by extrapolating the fits to redder rest-frame wave-

lengths than are covered by the SDSS photometry. We choose the i-band because

it is less affected by extinction and tends to trace stellar mass, and thus total mass,

better than bluer filters as a result of being less sensitive to recent star formation.

We also only include objects with derived absolute magnitudes within the

broad range −24.7 < Mi − 5log10(h) < −21 to eliminate objects with spurious

photometric redshifts or aberrant inferred luminosities, while retaining the most

luminous LRGs. We visually inspect objects at the bright end of this range to en-

sure that we include the brightest LRGs in our sample. Our final sample contains

1,151,117 LRGs, of which 361,438 have spectroscopic redshifts.

5.3.2 Characteristics of the LRG Sample

Here, we investigate the properties of our final SDSS LRG sample. The redshift

and i-band luminosity (after accounting for K-corrections and luminosity evolu-

tion) distributions of our sample are shown in Figure 5.2.

In the left panel of Figure 5.2, the spike in the LRG redshift histogram at

z ∼ 0.35 and trough at z ∼ 0.4 arise from the combination of several effects.

z ∼ 0.35 is roughly the redshift at which the 4304 Å G-band absorption feature

is redshifted into the SDSS r-band, which can masquerade as the 4000 Å break in

color-redshift space. As a result, the photometric selection criteria select an excess

of galaxies around this redshift. This bias also affects our spectroscopic subsam-

ple and in spectroscopic LRG samples with similar photometric selection criteria

(e.g., Zehavi et al., 2005). Secondly, the transition between galaxies selected by the

Cut I and Cut II criteria is roughly at z ∼ 0.4. Cut I has an apparent magnitude

cut at r < 19.7, whereas Cut II has a cut at i < 20. This results in a sharp decrease
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Figure 5.2 Distribution of redshift (left) and i-band absolute magnitude (right)

for our LRG sample. The open histogram shows the distribution for all LRGs,

while the shaded histogram shows the LRGs with spectroscopic redshifts. The

spike in the redshift histogram at z ∼ 0.35 and trough at z ∼ 0.4 arise from the

combination of several effects, including misidentification of the 4000 Å break

in the photometric selection criteria, the transition between the Cut I and Cut II

criteria, and photometric redshift biases.
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in the number of Cut I-selected LRGs around z ∼ 0.4 because we hit the r < 19.7

magnitude limit. Meanwhile, Cut II, while probing fainter objects, is optimized

to select LRGs at z ∼ 0.5 and is less efficient at z ∼ 0.4. This results in a deficit of

LRGs around z ∼ 0.4, accentuating the z ∼ 0.35 peak.

In addition to these selection effects, there is a small photometric redshift bias

in the range 0.3 ∼< z ∼< 0.4 at the |∆z|/(1+z) < 0.01 level that pulls galaxies toward

z ∼ 0.35, despite the fact that the photometric redshifts remain unbiased overall.

The spectroscopic LRG subsample is not affected by this problem. Around this

redshift, LRGs transition nearly orthogonally in color-color space, leading to a

degeneracy that makes the photometric redshifts less precise, as was also noted

by Padmanabhan et al. (2005). This bias, while still small, conspires with the

other effects to “sharpen” the spike at z ∼ 0.35, which was already present due

to the selection effects discussed above. This feature is not in the photometric

redshift distribution of the Padmanabhan et al. (2005) LRG sample due to known

biases in their photometric redshifts that drive some objects with true redshifts

near z ∼ 0.35 to photometric redshifts of z ∼ 0.4, smoothing out the feature.

For ∼ 62% of the galaxies with photometric redshifts in the range 0.3 ≤ z ≤

0.4 and a measured spectroscopic redshift, the absolute difference between the

photometric and spectroscopic redshift is smaller than the photometric redshift

error given in the SDSS catalog.

In Figure 5.3, we plot the distribution of LRG absolute i-band magnitudes as

a function of redshift. The redshift axis has been rescaled so that it is linear in

the enclosed comoving volume within a survey area of π steradians. The sharp

edge at the lower right where LRG selection is truncated represents the apparent

magnitude cut at i < 20 for the Cut II objects. The sharpness of this cutoff is due

to our single-model method of handling K-corrections and luminosity evolution.
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Applying a template-fitting method to the observed photometry (e.g., Eisenstein

et al., 2001) would result in scatter about this cutoff. The “sawtooth” feature at

z ∼ 0.4, which is also in the LRG redshift-luminosity distribution of Padmanab-

han et al. (2007), results from the r < 19.7 apparent magnitude cut for the Cut I

objects and corresponds to the trough in the redshift distribution (see Figure 5.2).

This visualization shows that our LRG selection is approximately volume-limited

out to z = 0.4 for Mi − 5log10(h) ∼< −21 and to our upper redshift limit of z = 0.7

for Mi − 5log10(h) ∼< −22.5, with the caveat that our selection is less efficient

around z ∼ 0.4.

5.3.3 LRG Properties of Known Lensing Cluster Fields

We examine the LRG properties of a sample of known strong lensing clusters

from Hennawi et al. (2008) and the Cluster Lensing and Supernova Survey with

Hubble (CLASH; Postman et al., 2012) that lie within our chosen redshift range

and overlap the sky coverage of our SDSS LRG sample. Our goal is to identify

the best lensing fields using our new selection technique, and this set of known

lensing clusters provides a calibration to which we can compare the LRG prop-

erties of our new beams (§ 5.3.4). If our beams have more total LRG luminosity

(∼mass) than known strong lenses, as well as multiple lensing planes in some

cases, it is likely that they comprise a better sample of strong lenses. Hennawi

et al. (2008) select their sample from the SDSS using the CRS selection method

to identify clusters between 0.1 ∼< z ∼< 0.6. We only use those systems labeled

by Hennawi et al. (2008) as “definite” or “tentative” lensing clusters from visual

identification of lensed arcs. The CLASH sample is a mostly X-ray selected sam-

ple of 20 massive clusters with an additional five known lensing clusters. Abell

2261 is in both samples, but we treat it as a part of the CLASH sample here.

We identify LRGs in these fields within an aperture of 3.′5 (as we do for our
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Figure 5.3 Absolute i-band magnitude as a function of comoving volume en-

closed within a survey of π steradians at the redshift of each LRG. The con-

tours include 68% and 95% of the LRGs, respectively, with the remaining LRGs

plotted individually. The redshift is indicated by the upper x-axis. This visu-

alization shows that our LRG selection is approximately volume-limited out to

z ≈ 0.4 for Mi − 5log10(h) ≤ −21 and to our upper redshift limit of z = 0.7 for

Mi − 5log10(h) ∼< −22.5, with the caveat that our selection is less efficient around

z ∼ 0.4.
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SDSS beams in § 5.3.4) and show their redshift distributions in Figure 5.4. In

many fields, even the massive lensing cluster is marked by only a few LRGs.

By selecting beams from SDSS that have a larger total luminosity in LRGs than

these fields, we maximize the chance of finding mass concentrations that can act

as powerful lenses. While these comparison fields tend to be single mass con-

centrations, several show non-negligible mass concentrations projected along the

line of sight that are unassociated with the main cluster. Thus, the lens modeling

of these known clusters should account for LOS mass concentrations. Such ef-

fects have not been explicitly treated in most past analyses, but can influence the

inferred mass model (e.g., Hoekstra et al., 2011).

5.3.4 Selection of SDSS Beams

To find beams with high total LRG luminosity, we search a fixed angular radius

around each LRG in our sample. In principle, this selection can be performed

with an arbitrary search radius. For our search, we choose an aperture of radius

3.′5. Chance projections of the most massive clusters (∼ 1015M�) tend to benefit

from interactions among their lens potentials (Wong et al., 2012), even in regions

beyond their Einstein radii. In particular, the boost at intermediate magnifica-

tions (µ ∼ 3−10) due to lensing interactions at larger radii is critical in increasing

the detectability of very high-redshift lensed galaxies. Beyond 3.5’, the strength of

these interactions fall off to the point where the halos can be treated as indepen-

dent lensing fields. Furthermore, typical ground-based near-infrared detectors

that are well suited for follow-up observations of lensed high-redshift galaxies

have fields of view roughly this size or larger.

For each beam centered on an LRG, we tabulate the total number of LRGs

within the aperture, as well as the integrated rest-frame i-band luminosity of

those LRGs as a proxy for total mass in the beam. We rank all the beams cen-
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Figure 5.4 Redshift histograms for the LRGs in 33 Hennawi et al. (2008) (top

group) and nine CLASH (bottom group) known lensing clusters. The bin size

is ∆z = 0.02, roughly the median photometric redshift uncertainty of the LRG

sample. The open histograms show the distribution for all LRGs in the beam,

while the shaded histograms show those LRGs with spectroscopic redshifts. The

redshift of the known cluster is indicated by the dotted red line. Most fields are

dominated by a single massive structure, although several have multiple struc-

tures distributed throughout redshift space. In most fields, even the massive lens-

ing cluster is marked by only a few LRGs.
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tered on an LRG in descending order by the total LRG luminosity in the beam.

Overlapping beams containing the same LRGs but that are centered on different

LRGs are further ranked by the luminosity of the LRG at the beam center. This

choice makes it more likely that in beams with single dominant clusters, we select

the central galaxy, which is often the most luminous (Lin & Mohr, 2004), though

not always (e.g., von der Linden et al., 2007; Coziol et al., 2009; Skibba et al., 2011;

Hikage et al., 2012). Starting from the beam with the highest total luminosity and

moving down this ranked list, we construct our list of top beams. If a beam is

centered on an LRG that has already been included as part of a previous beam,

we skip over that beam, but allow LRGs within it to be counted in beams further

down the list. This method makes it possible for an LRG to be part of multi-

ple beams, but minimizes overlap among beams in dense regions. There will

always be some beams adjacent to or overlapping one another whose centers are

separated by slightly more than the selection radius. While these beams could

be counted as a single field for follow-up purposes, we count them as separate

beams for consistency. In our final catalog of the top 200 beams, there are 28 that

overlap another beam in the top 200.

This method can find beams containing dense concentrations of LRGs (e.g.,

clusters), but may not necessarily be centered on a cluster center. This can occur

if an LRG in the outer parts of a cluster has other LRGs within 3.′5 of it that are

not within 3.′5 of the more central LRGs of that cluster. This is not a flaw in the

methodology as we are not specifically looking for fields centered on a single

dense cluster. Rather, our selection is more likely to find lines of sight containing

multiple mass concentrations. We do not account for the boundaries of the survey

region when performing our beam selection. This is conservative because we can

only underestimate the total luminosity of LRGs in a given field by ignoring these
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edge effects.

We compare the total luminosity and total number of LRGs in our full sample

of beams to that of the comparison sample of lensing clusters from Hennawi et al.

(2008) and CLASH in Figure 5.5. Both the Hennawi et al. (2008) and CLASH sam-

ples tend to have lower total LRG luminosity and number counts compared to the

SDSS beams, suggesting that our beams at the extreme tail of these distributions

contain larger total masses.

We present a list of the 200 best beams as ranked by their total LRG luminosity

in Table 5.1. We choose a sample size of 200 because this is roughly the beam rank

above which our beams exceed the total LRG luminosities of massive lensing

clusters. These top 200 beams have total LRG luminosities 2 − 3 times greater

than the average total LRG luminosity of the comparison sample. We do recover

five of the Hennawi/CLASH clusters in our sample, although our beams may be

centered on different coordinates that include more LRGs in the field. We find

that ∼ 60% of our selected beams overlap with the top 200 beams selected by

LRG number counts. For completeness, we provide a separate list of beams in

Appendix G that would have been in the top 200 (or had an equal number of

LRGs to beams in our top 200) if we had chosen to sort by LRG number counts

instead.
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Figure 5.5 Left: Histogram of total i-band luminosity of LRGs in each of our SDSS

beams (blue). For comparison, we show the same quantity for similar size beams

centered on the coordinates of 33 definite and tentative lensing clusters from

Hennawi et al. (2008) (red) and nine X-ray and lensing-selected clusters from

the CLASH (Postman et al., 2012) survey (green). The shaded blue histogram

shows the distribution of total LRG luminosity for our top 200 beams as ranked

by total LRG luminosity. Right: Histogram of total number of LRGs in each of

our selected beams compared to the Hennawi and CLASH beams. The shaded

blue histogram represents the LRG number count distribution of the same top

200 beams ranked by total LRG luminosity. Our top 200 beams generally contain

larger total LRG luminosity and number counts than even these known lensing

clusters. Most of the high-luminosity beams are also the beams with the largest

number of LRGs.
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Table 5.1 List of SDSS LRG Beams
Rank RA Dec NLRG

log10(Li)a MC log10(Li)a,b
MC Rank

c

Comments
d

Known Clusters
e

(h−2 L�) (h−2 L�)
1 11:23:53.231 +50:52:53.458 15 12.10 12.08+0.02

−0.04 1 ... 3

2 12:44:02.713 +16:51:53.185 16 12.09 11.99+0.05
−0.05 6 ... 4

3 21:28:25.929 +01:33:15.508 13 12.07 12.06+0.03
−0.03 3 overlaps with 2128+0137 ...

4 11:42:24.777 +58:32:05.333 14 12.06 12.07+0.02
−0.02 2 ... 3

5 00:53:29.221 +16:40:29.335 13 12.05 11.90+0.06
−0.07 52 overlaps with 0053+1637 ...

6 23:22:36.940 +09:24:08.046 18 12.04 11.93+0.08
−0.08 25 overlaps with 2322+0922 ...

7 09:49:58.602 +17:08:24.240 14 12.04 11.99+0.03
−0.04 7 overlaps with 0950+1704 5

8 15:26:13.832 +04:40:30.109 15 12.04 11.96+0.05
−0.06 17 overlaps with 1526+0439 2

9 10:53:30.330 +56:41:21.327 17 12.02 11.99+0.03
−0.03 5 ... 3

10 02:18:39.886 –00:12:31.752 15 12.02 11.99+0.03
−0.05 10 ... 3

11 10:06:11.170 +08:03:00.487 11 12.01 11.99+0.04
−0.04 9 ... 2

12 11:05:34.246 +17:35:28.209 12 12.00 11.95+0.05
−0.06 22 overlaps with 1105+1737 2

13 15:10:15.493 +51:45:25.444 13 12.00 11.97+0.04
−0.04 13 ... ...

14 16:16:11.888 +06:57:44.695 14 12.00 11.99+0.02
−0.02 8 overlaps with 1615+0655 5

15 14:17:45.068 +21:18:27.860 12 11.99 11.98+0.03
−0.03 11 ... 3

16 14:01:09.485 –07:50:57.943 14 11.99 11.97+0.04
−0.04 14 ... ...

17 02:39:53.126 –01:34:55.980 12 11.99 12.05+0.03
−0.03 4 ... 1

18 08:16:58.695 +49:33:42.953 13 11.99 11.96+0.03
−0.03 16 ... 2

19 01:04:33.196 +12:51:14.258 16 11.99 11.92+0.05
−0.06 32 ... ...

20 08:19:53.827 +31:59:57.660 15 11.98 11.91+0.04
−0.05 37 ... 3

21 11:52:08.844 +31:42:35.278 12 11.98 11.95+0.03
−0.04 20 ... 3

22 00:28:32.205 +09:01:02.414 15 11.98 11.88+0.05
−0.06 71 ... ...

23 10:50:03.460 +28:29:58.080 12 11.97 11.98+0.03
−0.03 12 overlaps with 1050+2828 4

24 12:09:15.992 +26:43:33.237 14 11.97 11.92+0.04
−0.04 33 ... 1

25 13:40:46.678 –02:51:50.541 11 11.97 11.94+0.03
−0.05 24 ... 1

26 11:39:26.649 +47:04:27.608 13 11.96 11.94+0.02
−0.03 23 overlaps with 1139+4704b 3

27 13:51:32.691 +52:03:33.346 14 11.96 11.85+0.07
−0.07 123 ... 2

28 14:37:40.295 +30:12:00.275 12 11.96 11.95+0.03
−0.03 18 ... 3

29 12:43:08.915 +20:22:51.768 14 11.96 11.88+0.05
−0.05 69 ... 3

30 17:43:22.152 +63:42:57.575 11 11.96 11.90+0.05
−0.06 55 ... 3

31 02:02:01.333 –08:29:02.252 12 11.96 11.89+0.07
−0.08 62 ... 4

32 09:10:41.968 +38:50:33.710 13 11.96 11.91+0.03
−0.04 42 ... 3

33 09:42:55.372 +14:27:20.611 13 11.95 11.95+0.03
−0.03 19 ... 2

34 14:33:25.780 +29:27:45.979 15 11.95 11.93+0.02
−0.02 26 ... 4

35 13:06:54.628 +46:30:36.691 11 11.95 11.95+0.03
−0.03 21 overlaps with 1307+4633 5

36 10:51:34.352 +42:23:29.626 11 11.95 11.97+0.02
−0.02 15 ... 3

37 01:37:26.699 +07:52:09.305 15 11.95 11.90+0.03
−0.03 54 overlaps with 0137+0755 3

38 17:22:13.049 +32:06:51.773 8 11.95 11.93+0.02
−0.03 27 ... 3

39 12:52:58.597 +23:42:00.034 11 11.95 11.92+0.04
−0.04 31 ... 4

40 01:19:56.788 +12:18:34.735 15 11.95 11.91+0.03
−0.04 41 ... 1

41 00:36:44.118 –21:03:56.989 10 11.95 11.92+0.04
−0.05 34 ... ...

42 10:35:35.605 +31:17:47.478 10 11.95 11.86+0.07
−0.11 92 ... 5

43 23:34:23.927 –00:25:00.606 13 11.95 11.91+0.03
−0.04 36 ... 3

44 23:22:53.938 +09:22:51.440 16 11.95 11.82+0.07
−0.06 155 overlaps with 2322+0924 ...

45 15:26:26.690 +04:39:04.707 11 11.95 11.90+0.04
−0.05 56 overlaps with 1526+0440 1

46 00:01:58.481 +12:03:58.021 7 11.94 11.72+0.04
−0.04 195 ... 2

47 14:39:56.246 +54:51:14.221 15 11.94 11.86+0.05
−0.06 106 ... 3

48 09:43:29.460 +33:18:49.403 13 11.94 11.91+0.03
−0.05 43 ... 5

49 13:22:06.243 +53:53:26.158 10 11.94 11.91+0.05
−0.06 40 ... ...

50 22:43:28.058 –00:25:58.808 13 11.94 11.89+0.04
−0.03 65 ... 3

1Total rest-frame i-band luminosity in LRGs.

2Median of Monte Carlo total luminosity distribution. The error bars represent the difference between the median and the 16/84% quantiles of the distribution.

3Rank when ordered by median of Monte Carlo total luminosity distribution.

4“Overlap” with another beam means that the beam centers are separated by< 7′ and can have LRGs in common.

5See Appendix I for details of known clusters in each beam.
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Table 5.1 Continued.
Rank RA Dec NLRG

log10(Li)a MC log10(Li)a,b
MC Rank

c

Comments
d

Known Clusters
e

(h−2 L�) (h−2 L�)
51 15:01:56.456 +33:20:41.059 12 11.94 11.90+0.04

−0.05 47 ... 1

52 02:20:56.845 +06:52:09.157 10 11.94 11.93+0.05
−0.05 28 ... 1

53 01:48:08.231 +00:00:59.692 14 11.93 11.81+0.06
−0.07 165 ... 2

54 09:55:05.022 +28:57:41.137 13 11.93 11.83+0.08
−0.08 146 ... ...

55 23:32:19.553 +09:08:21.028 10 11.93 11.92+0.05
−0.05 35 ... ...

56 10:39:51.501 +15:27:25.227 10 11.93 11.90+0.04
−0.06 49 ... 3

57 16:15:59.965 +06:55:18.520 15 11.93 11.91+0.03
−0.03 45 overlaps with 1616+0657 1

58 22:58:30.947 +09:13:49.117 11 11.93 11.80+0.07
−0.10 167 overlaps with 2258+0915 ...

59 01:59:59.711 –08:49:39.704 12 11.93 11.89+0.04
−0.05 68 ... 3

60 10:56:14.771 +28:22:23.064 13 11.93 11.87+0.04
−0.06 80 ... 2

61 09:14:23.778 +21:24:52.512 12 11.93 11.90+0.03
−0.03 48 ... 2

62 09:43:34.462 +03:45:19.979 7 11.93 11.77+0.13
−0.21 186 ... ...

63 09:02:16.490 +38:07:07.073 15 11.92 11.84+0.04
−0.06 127 ... 2

64 21:28:19.511 +01:37:42.682 10 11.92 11.92+0.04
−0.04 30 overlaps with 2128+0133 ...

65 16:54:24.482 +44:42:10.793 11 11.92 11.86+0.04
−0.04 104 ... 1

66 09:26:35.472 +29:34:22.128 14 11.92 11.86+0.05
−0.05 94 ... 5

67 15:03:01.311 +27:57:48.781 10 11.92 11.91+0.03
−0.04 38 ... 1

68 00:59:42.039 +13:10:48.304 13 11.92 11.85+0.04
−0.05 115 overlaps with 0059+1315 ...

69 14:33:54.319 +50:40:45.173 11 11.92 11.87+0.04
−0.05 83 ... 2

70 08:53:00.399 +26:22:13.805 11 11.92 11.88+0.03
−0.04 72 ... 2

71 01:25:00.069 –05:31:22.841 15 11.92 11.89+0.04
−0.05 64 ... ...

72 11:00:10.270 +19:16:17.104 12 11.92 11.90+0.03
−0.04 57 ... 2

73 23:26:37.180 +11:57:48.578 7 11.92 11.63+0.21
−0.12 198 ... ...

74 13:26:36.060 +53:53:57.959 13 11.91 11.87+0.04
−0.04 76 ... 2

75 01:19:34.439 +14:52:08.957 12 11.91 11.80+0.09
−0.22 169 ... 3

76 20:54:38.816 –16:48:57.240 8 11.91 11.81+0.08
−0.11 164 ... ...

77 11:56:12.252 –00:21:02.814 11 11.91 11.90+0.03
−0.04 53 ... 2

78 23:17:33.137 +11:51:58.264 12 11.91 11.80+0.07
−0.09 173 ... ...

79 12:12:08.759 +27:34:06.919 8 11.91 11.92+0.03
−0.03 29 ... 3

80 16:16:27.616 +58:12:38.798 9 11.91 11.89+0.03
−0.03 67 ... 1

81 12:58:32.002 +43:59:47.314 8 11.91 11.90+0.03
−0.04 46 ... 1

82 08:07:56.920 +65:25:07.350 6 11.91 11.56+0.30
−0.07 199 ... 1

83 10:50:20.408 +28:28:04.966 10 11.91 11.90+0.03
−0.03 50 overlaps with 1050+2829 2

84 23:19:33.487 –01:19:26.377 10 11.91 11.90+0.04
−0.04 51 ... 2

85 09:21:11.999 +30:29:24.946 14 11.91 11.86+0.04
−0.04 97 ... 2

86 13:04:10.776 +46:37:48.615 8 11.91 11.85+0.04
−0.09 110 ... ...

87 12:06:57.409 +30:29:22.828 15 11.91 11.86+0.04
−0.05 95 ... 3

88 15:48:35.149 +17:02:22.535 10 11.91 11.77+0.12
−0.12 184 ... 1

89 09:11:06.757 +61:08:18.085 6 11.91 11.91+0.04
−0.05 39 ... 3

90 02:09:44.322 +27:17:09.282 11 11.91 11.86+0.04
−0.05 99 ... ...

91 08:22:49.875 +41:28:12.007 11 11.91 11.86+0.05
−0.06 103 ... 2

92 23:03:44.474 +00:09:38.406 11 11.91 11.85+0.05
−0.06 124 ... 1

93 09:16:14.956 –00:25:31.237 14 11.91 11.89+0.04
−0.04 63 ... 5

94 12:01:25.380 +23:50:58.316 7 11.90 11.86+0.06
−0.16 93 ... 4

95 12:20:34.594 +23:01:06.765 8 11.90 11.88+0.04
−0.05 70 ... ...

96 12:42:19.077 +40:23:40.425 10 11.90 11.87+0.03
−0.04 85 ... 2

97 11:59:04.900 +51:11:15.803 13 11.90 11.85+0.03
−0.04 116 ... 1

98 11:11:23.230 +26:01:58.357 12 11.90 11.90+0.03
−0.03 59 ... 3

99 11:23:08.271 +54:01:58.928 10 11.90 11.67+0.05
−0.06 197 ... 1

100 14:32:40.352 +31:41:36.116 7 11.90 11.76+0.15
−0.09 187 ... 2
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MC Rank

c

Comments
d

Known Clusters
e

(h−2 L�) (h−2 L�)
101 12:45:04.700 +02:29:08.618 10 11.90 11.90+0.03

−0.04 58 ... 2

102 02:22:47.925 +06:28:11.294 4 11.90 11.85+0.07
−0.22 113 ... ...

103 09:15:50.686 +42:57:08.567 13 11.90 11.84+0.03
−0.03 134 ... 2

104 13:41:08.628 +12:33:45.316 9 11.90 11.81+0.07
−0.11 161 ... 1

105 12:25:49.069 +08:24:48.700 11 11.89 11.88+0.03
−0.03 74 ... 1

106 08:31:34.886 +26:52:25.307 13 11.89 11.86+0.04
−0.05 100 ... 3

107 10:14:11.602 +22:31:53.131 12 11.89 11.73+0.03
−0.04 193 ... 3

108 15:36:44.604 +02:46:50.702 12 11.89 11.87+0.04
−0.05 87 ... 2

109 14:54:16.517 +04:34:40.491 8 11.89 11.86+0.04
−0.07 96 ... 1

110 15:27:45.828 +06:52:33.629 12 11.89 11.89+0.03
−0.04 60 ... 3

111 00:06:11.544 –10:28:19.512 13 11.89 11.87+0.05
−0.05 84 ... 4

112 00:46:43.567 –01:52:23.434 13 11.89 11.81+0.05
−0.06 158 ... ...

113 00:53:37.578 +16:37:29.457 8 11.89 11.74+0.09
−0.08 191 overlaps with 0053+1640 ...

114 00:15:23.386 –09:18:51.103 12 11.89 11.86+0.05
−0.06 108 ... 2

115 11:16:01.248 +18:24:23.300 9 11.89 11.91+0.04
−0.04 44 ... 1

116 02:04:17.610 –12:34:03.800 10 11.89 11.83+0.05
−0.06 144 ... ...

117 00:59:28.085 +13:15:48.171 10 11.89 11.86+0.04
−0.04 91 overlaps with 0059+1310 ...

118 10:42:47.206 +33:12:17.845 11 11.89 11.73+0.07
−0.08 192 ... 1

119 15:33:49.313 +02:38:36.105 11 11.89 11.81+0.05
−0.06 163 ... 2

120 17:52:27.692 +60:10:12.774 10 11.89 11.83+0.05
−0.05 143 ... 1

121 12:08:19.794 +61:22:03.732 10 11.89 11.84+0.05
−0.09 132 ... 1

122 01:19:07.658 –09:34:02.693 13 11.89 11.82+0.05
−0.05 153 ... 2

123 09:38:11.613 +27:35:43.705 8 11.89 11.89+0.03
−0.03 66 ... 3

124 23:02:14.123 +06:49:30.820 11 11.89 11.80+0.05
−0.05 175 ... ...

125 14:52:00.837 +01:06:56.447 12 11.88 11.86+0.03
−0.05 107 ... 4

126 12:24:45.458 –00:39:14.796 10 11.88 11.85+0.06
−0.06 122 ... 3

127 15:54:59.348 +51:37:23.214 10 11.88 11.80+0.05
−0.07 176 ... 2

128 22:43:27.197 +20:39:48.807 11 11.88 11.79+0.05
−0.05 181 ... ...

129 12:19:21.841 +50:53:28.236 11 11.88 11.84+0.05
−0.05 139 ... 3

130 09:51:40.088 –00:14:20.218 6 11.88 11.86+0.03
−0.04 90 ... 3

131 00:51:24.585 –10:49:09.758 12 11.88 11.79+0.05
−0.08 179 ... 1

132 22:26:27.277 +00:53:29.136 12 11.88 11.87+0.02
−0.02 86 ... 1

133 15:12:31.251 +17:12:15.057 8 11.88 11.80+0.06
−0.09 166 ... ...

134 15:50:36.108 +39:48:56.718 9 11.88 11.84+0.04
−0.04 133 ... 3

135 11:33:41.604 +39:52:25.291 9 11.88 11.85+0.03
−0.03 114 ... 5

136 13:01:02.878 +05:35:29.711 10 11.88 11.84+0.04
−0.05 131 ... 2

137 21:55:56.718 +05:49:22.752 12 11.88 11.84+0.03
−0.04 130 ... ...

138 11:33:37.447 +66:24:44.842 11 11.88 11.81+0.05
−0.06 162 ... 2

139 01:57:54.644 –00:57:11.347 12 11.88 11.79+0.07
−0.10 180 ... 1

140 11:13:46.352 +56:40:34.462 14 11.88 11.80+0.07
−0.07 168 ... 3

141 14:44:19.496 +16:20:12.303 10 11.88 11.84+0.04
−0.05 135 ... 3

142 01:54:36.729 –19:31:19.437 10 11.88 11.80+0.03
−0.04 170 ∼20% outside survey edge ...

143 22:24:24.708 –02:39:33.138 11 11.88 11.85+0.04
−0.06 118 ... ...

144 10:27:02.072 +09:16:40.107 8 11.88 11.79+0.05
−0.07 177 ... 1

145 16:48:00.199 +33:40:03.887 11 11.88 11.83+0.03
−0.04 145 ... 2

146 10:22:32.057 +50:07:07.870 8 11.88 11.87+0.03
−0.03 88 ... 2

147 09:26:51.422 +04:58:17.559 12 11.88 11.88+0.04
−0.05 75 ... 6

148 12:17:31.158 +36:41:11.240 11 11.88 11.85+0.03
−0.06 117 ... 3

149 11:53:05.648 +41:45:20.510 9 11.87 11.82+0.04
−0.08 147 ... 2

150 14:33:05.416 +51:03:16.905 12 11.87 11.75+0.07
−0.08 190 ... 1
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151 09:01:04.594 +39:54:49.063 10 11.87 11.84+0.04

−0.05 136 ... 1

152 10:50:38.567 +35:49:12.425 13 11.87 11.80+0.05
−0.05 174 ... 1

153 20:55:07.146 –11:44:38.837 10 11.87 11.87+0.03
−0.03 78 ... ...

154 08:50:07.915 +36:04:13.650 12 11.87 11.87+0.02
−0.03 79 ... 3

155 17:24:47.122 +32:02:10.676 10 11.87 11.83+0.03
−0.04 141 ... ...

156 08:45:43.999 +30:10:07.090 9 11.87 11.84+0.04
−0.05 140 ... 4

157 14:55:07.993 +38:36:04.879 11 11.87 11.82+0.04
−0.05 150 ... 4

158 02:27:57.609 +03:09:16.489 14 11.87 11.76+0.05
−0.06 188 ... ...

159 11:07:19.334 +53:04:17.938 9 11.87 11.86+0.04
−0.06 98 ... 2

160 15:38:02.025 +39:27:39.159 8 11.87 11.87+0.03
−0.03 82 overlaps with 1538+3922 4

161 01:03:24.248 +00:55:37.011 9 11.87 11.84+0.05
−0.05 126 ... 2

162 10:40:17.611 +54:37:08.607 9 11.87 11.86+0.03
−0.04 109 ... 3

163 12:28:58.786 +53:37:27.671 11 11.87 11.84+0.03
−0.04 125 ... 1

164 15:38:04.005 +39:22:32.253 8 11.87 11.86+0.03
−0.03 101 overlaps with 1538+3927 1

165 01:39:10.116 +07:03:09.893 8 11.87 11.82+0.05
−0.04 151 ... ...

166 09:50:00.059 +17:04:27.060 12 11.87 11.82+0.03
−0.03 154 overlaps with 0949+1708 4

167 10:29:10.561 +33:22:35.618 5 11.87 11.40+0.30
−0.24 200 ... ...

168 12:34:49.804 +23:03:42.109 11 11.87 11.85+0.04
−0.05 111 ... 3

169 01:27:10.589 +23:14:19.797 11 11.87 11.86+0.03
−0.03 105 ... 1

170 13:15:23.033 –02:50:35.192 11 11.87 11.77+0.06
−0.07 185 ... 1

171 11:39:02.869 +47:04:43.290 12 11.87 11.81+0.04
−0.05 159 overlaps with 1139+4704a 2

172 14:31:48.010 +09:00:15.869 13 11.86 11.72+0.07
−0.09 194 ... 1

173 09:47:14.189 +38:10:22.088 11 11.86 11.85+0.04
−0.05 112 ... 3

174 12:17:05.124 +26:05:18.445 13 11.86 11.84+0.04
−0.05 129 ... 1

175 13:26:25.383 +53:24:58.472 12 11.86 11.82+0.04
−0.05 156 ... 1

176 01:53:42.190 +05:35:44.062 10 11.86 11.87+0.04
−0.03 77 ... 1

177 10:54:40.435 +55:23:56.307 7 11.86 11.85+0.02
−0.03 119 ... 2

178 09:58:25.077 +42:39:44.430 9 11.86 11.82+0.07
−0.03 152 ... ...

179 00:36:09.793 +23:37:17.923 9 11.86 11.75+0.05
−0.06 189 ... ...

180 23:33:42.330 +24:41:06.662 8 11.86 11.79+0.09
−0.10 178 ... ...

181 00:40:36.695 +25:29:12.961 10 11.86 11.80+0.04
−0.05 171 ... ...

182 14:37:17.666 +34:18:22.187 12 11.86 11.85+0.04
−0.04 121 ... 5

183 14:15:08.392 –00:29:35.680 10 11.86 11.82+0.03
−0.02 148 ... 3

184 20:53:55.128 –06:34:51.054 8 11.86 11.81+0.04
−0.06 160 ... 1

185 12:35:44.353 +35:32:47.968 12 11.86 11.83+0.05
−0.06 142 ... 1

186 11:52:35.385 +37:15:43.111 9 11.86 11.86+0.00
−0.03 102 ... 2

187 14:45:34.036 +48:00:12.417 10 11.86 11.84+0.04
−0.05 128 ... 2

188 08:40:08.745 +21:56:03.214 10 11.86 11.85+0.04
−0.05 120 ... 1

189 13:48:53.073 +57:23:46.617 11 11.86 11.82+0.04
−0.04 149 ... 3

190 13:07:03.631 +46:33:47.849 9 11.86 11.87+0.03
−0.03 81 overlaps with 1306+4630 6

191 11:40:40.199 +44:07:40.291 9 11.86 11.84+0.04
−0.03 137 ... 5

192 14:48:20.246 +20:43:31.168 10 11.86 11.82+0.04
−0.05 157 ... 2

193 12:41:56.529 +03:43:59.760 5 11.86 11.86+0.02
−0.02 89 ... 2

194 08:41:23.880 +25:13:05.204 9 11.86 11.84+0.03
−0.04 138 ... 2

195 22:58:17.244 +09:15:12.899 9 11.86 11.78+0.07
−0.07 182 overlaps with 2258+0913 ...

196 00:24:59.715 +08:26:16.778 12 11.86 11.71+0.06
−0.06 196 ... 1

197 15:50:16.987 +34:18:33.901 10 11.86 11.89+0.03
−0.03 61 ... 3

198 01:37:18.176 +07:55:44.482 13 11.86 11.88+0.03
−0.04 73 overlaps with 0137+0752 1

199 11:05:20.978 +17:37:16.830 10 11.86 11.78+0.05
−0.06 183 overlaps with 1105+1735 3

200 03:33:12.198 –06:52:24.614 10 11.86 11.80+0.06
−0.07 172 ... 1
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The redshift distributions of the LRGs in the top 200 beams are shown in Fig-

ure 5.6. The beams show a wide diversity of configurations, including beams

dominated by a single massive peak, as well as beams with multiple structures

along the line of sight. The latter configurations indicate chance alignments of

galaxy clusters or groups in these fields, which can lead to advantageous lensing

configurations for magnifying very high-redshift (z ∼> 7) galaxies (Wong et al.,

2012). Even single LRGs can trace massive lensing clusters (see Figure 5.4).

We show color images of our top 20 beams in Figure 5.7 to give a sense of

the nature of these fields. The images are taken from the SDSS DR9 SkyServer1

and show 7′×7′ fields centered on the coordinates of each beam to roughly match

our circular selection aperture. The contours overplotted on the images trace the

projected galaxy overdensities as determined from the full catalog of primary

SDSS photometric galaxies brighter than r = 22. The contours generally trace

the LRGs, confirming that the LRGs mark the densest structures in these fields.

Like the redshift distributions of these beams, the angular distributions show a

large diversity. Some beams are dominated by a single concentration of galaxies,

whereas others have multiple clumps projected on the sky.

We perform a search in the NASA/IPAC Extragalactic Database (NED) for

galaxy clusters that have been identified by past studies within our selected beams.

We find that 22.5% of our beams contain one known cluster, and 56.0% contain

multiple clusters, confirming the high mass concentrations projected along these

lines of sight. We list the number of known clusters in each beam in Table 5.1 and

present a list of these clusters in Appendix I.

We visually inspect the SDSS SkyServer images of each of our top 200 fields.

The majority show large concentrations of spheroidal galaxies indicative of cluster-

1http://skyserver.sdss3.org/dr9/
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Figure 5.6 Same as Figure 5.4, but for our top 200 beams as ranked by total LRG luminosity. Our beams contain

many more LRGs than the majority of the comparison sample of Hennawi and CLASH lensing clusters. Five of the

Hennawi/CLASH clusters are recovered here (although our beams may be centered at different coordinates that include

more LRGs). Our beams show a diversity of configurations, with some beams dominated by a single massive structure

and others having multiple structures distributed throughout redshift space. Even single LRGs can trace massive lensing

clusters (see Figure 5.4).
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Figure 5.6 (Continued.)
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Figure 5.7 SDSS DR9 SkyServer images of the top 20 beams selected from the SDSS. Each panel is 7′×7′ on a side.

Each LRG in the field is indicated by a white circle. The contours enclose the projected overdensities of galaxies from the

SDSS primary photometric galaxy catalog from the highest (red) to lowest (blue) projected overdensities. The coordinates

of the beam center are given in the upper left corner of each panel. LRGs generally trace the overdensities. Like the

redshift histograms, the projected galaxy densities in these fields show a variety of configurations, with some beams

dominated by a single concentration of galaxies and others comprising multiple structures in projection.
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Figure 5.7 (Continued.)
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Figure 5.7 (Continued.)
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Figure 5.7 (Continued.)

scale structures. The other beams could be chance alignments of smaller group-

scale halos, or could contain a number of misclassified objects masquerading as

LRGs. While we have limited the number of misclassifications with our selec-

tion cuts (see Appendix H), there are inevitably a small fraction of objects that

contaminate our LRG catalog. We will describe the first results from our spectro-

scopic follow-up survey of several of these beams in S. M. Ammons et al. (2013,

in preparation).

5.3.5 Possible Errors in Beam Selection

We use a Monte Carlo method to calculate the uncertainty on the total LRG lumi-

nosity of each of our top beams. We begin by searching the SDSS DR9 for all pri-

mary photometric objects classified as galaxies within our beams. Objects fainter

than r = 22 are removed, as this is roughly where the morphological star/galaxy

separation breaks down2. We replace the photometric redshift and its associated

error with a spectroscopic redshift and error where available.

2See www.sdss3.org/dr9/imaging/other info.php#stargalaxy
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For each beam, we apply Gaussian errors to the quantities defined in our LRG

selection criteria (e.g. apparent magnitude, redshift; see Appendix H) over 1000

Monte Carlo trials. For a given trial, we re-determine which galaxies in the beam

satisfy the selection criteria and compute the total LRG luminosity. The final dis-

tribution of 1000 total LRG luminosities for each beam therefore accounts for both

the intrinsic errors in the galaxy properties themselves, as well as galaxies falling

into or out of the LRG selection cuts. Because the resulting luminosity distribu-

tions are non-Gaussian in general, we report median values in Table 5.1. The

error bars associated with these median values correspond to the 16% and 84%

quantiles of the distribution for each beam. In Figure 5.8, we plot the observed

total luminosity for each beam, along with the median of the Monte Carlo trials

with the associated error range.

In general, the medians of the luminosity distributions generated through the

Monte Carlo trials tend to be lower than the observed values. This is expected,

because these beams were selected to be the top-ranked beams by total LRG lu-

minosity. Given the scatter in the total luminosity, the selected beams are likely

those that are among the best and also happen to scatter upwards in observed

total LRG luminosity. Also, while this scatter affects the detailed beam rankings

relative to the “true” rankings, Figure 5.8 shows that even among the top 200,

there is a noticeable decrease in the median integrated LRG luminosity when or-

dered by the observed values, indicating that the observed values reliably rank

the beams. One may also suspect that our top beams are biased toward low

mass-to-light (M/L) ratios. For the initial beams that we have followed-up spec-

troscopically (S. M. Ammons et al. 2013, in preparation), we compare their M/L

ratios to those of a sample of our comparison lensing clusters (§ 5.3.3) using virial

masses from the literature (Mantz et al., 2010; Zitrin et al., 2011; Coe et al., 2012).
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Figure 5.8 Integrated LRG luminosity as a function of beam rank for the top 200

beams. The observed value is given by the blue points. The black points rep-

resent the median total LRG luminosity over 1000 Monte Carlo realizations of

each beam. The error bars represent the 16% and 84% quantiles of the luminos-

ity distributions. The red dashed line is the 20-beam central moving average of

the median Monte Carlo luminosities. The median luminosities are generally

lower than the measured values due to expected biases when selecting the top-

ranked beams, although the values still noticeably trend downward with increas-

ing beam rank. When the top 1000 beams are re-ranked by the median integrated

LRG luminosities over 200 trials per beam, ∼ 70 − 75% of the beams within the

top N beams, where N ≤ 200, remain within the top N beams, showing that our

beam selection is stable over this range.



211

We find that our beams have roughly comparable M/L ratios, suggesting that a

potential bias in M/L is not a dominant effect.

We show the 20-beam central moving average of the median total LRG lumi-

nosities of the Monte Carlo trials in Figure 5.8. While the values trend downward

with beam rank as expected, the steepness of the trend noticeably decreases after

the first 20− 30 beams. To test the robustness of our selected beams, we calculate

statistics for a larger sample of the top 1000 beams. When re-ranked by the me-

dian total LRG luminosities over 200 trials per beam, ∼ 70 − 75% of the beams

within the top N beams, where N ≤ 200, remain within the top N beams. Only

five of the top 200 beams fall out of the top 400 when re-ranked in this manner.

Thus, most of the top 200 beams are robust to these measurement uncertainties.

As a result of the flux-limited nature of our sample (see Figure 5.3), the re-

ported LRG luminosities in our beams are probably biased low given that we

are not as sensitive to lower-luminosity LRGs at higher redshifts (z ∼> 0.4). Fur-

thermore, galaxies at higher redshifts that could otherwise scatter into the LRG

selection cuts are likely to have larger magnitude errors due to their faintness,

which can exclude them from being classified as LRGs based on the r-band mag-

nitude error cut (see Appendix H). Thus, these biases potentially affect beams

with high-redshift structures more than ones with the bulk of LRGs at lower red-

shift.

5.3.6 Potential Applications to Other Surveys

Our selection method can be applied not just to current surveys like the SDSS,

but also to other ongoing and planned wide-area photometric and spectroscopic

surveys. Ideally, we want a deeper survey than SDSS to probe a volume-limited

sample of LRGs to higher redshift (z ∼ 1) so as to include any cluster-scale lenses

at 0.7 ∼< z ∼< 1. However, any further observing time would be better utilized



212

by expanding the survey area rather than going much deeper in redshift, as the

number density of massive cluster-scale halos is decreasing at higher redshift

(e.g., Tinker et al., 2008) and the lensing geometry for magnifying z ≥ 7 galaxies

is becoming unfavorable.

Surveys with goals that include detection of weak gravitational lensing, with

their wide field of view, deep accurate multi-band photometry (particularly for

cosmic magnification/convergence studies, e.g., Van Waerbeke et al., 2010; Hilde-

brandt et al., 2011; Ford et al., 2012), and accurate photometric redshifts, are

promising for our selection method. Current examples include the Kilo-Degree

Survey (KiDS; de Jong et al., 2013) and the complementary VISTA Kilo-degree

Infrared Galaxy Survey (VIKING), as well as the 3π survey with the Panoramic

Survey Telescope and Rapid Response System (Pan-STARRS; Kaiser, 2004). The

ongoing Dark Energy Survey (DES) will provide deep coverage in the southern

sky, complementary to the SDSS coverage. Planned wide-field instruments and

observatories, such as the Hyper Suprime-Cam on Subaru and the Large Synop-

tic Survey Telescope (LSST), will probe large areas of the sky to unprecedented

depths and thus produce excellent datasets for our method. Space-based mis-

sions such as Euclid (Laureijs et al., 2011) and the Wide-Field Infrared Survey

Telescope (WFIRST) will generate deep high-resolution photometry over a large

fraction of the sky.

Spectroscopic surveys have the advantage of more robust LRG selection and

more accurate redshifts (and therefore luminosities). A spectroscopic survey with

sufficient resolution can also provide information on the physical clustering of the

LRGs, which can lead to higher-order estimates of the underlying matter distri-

bution. Because LRGs are ideal targets for studies of the baryon acoustic oscilla-

tion (BAO) feature (e.g., Eisenstein et al., 2005), the goals of BAO surveys match



213

up well with searches for massive beams using our selection method. Spectra

from the ongoing Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al.,

2013), a fraction of which are included in the DR9 sample used here, will provide

deep spectroscopic data across large areas of the sky and specifically target LRGs.

The upcoming Big Baryon Oscillation Spectroscopic Survey (BigBOSS) will also

achieve these goals and probe to deeper redshifts.

5.4 CONCLUSIONS

We present a new method of selecting lines of sight (“beams”) that contain large

total masses and are likely to be the most powerful gravitational lenses for magni-

fying very high-redshift galaxies. These fields are important for studying the first

galaxies, as their extreme lensing strengths can magnify the background source

population into detectability. We select fields based on the total luminosity in

luminous red galaxies (LRGs; e.g., Eisenstein et al., 2001) along the line of sight.

We identify the 200 lines of sight in the SDSS DR9 that have the highest total

LRG luminosities projected within a radius of 3.′5 and within 0.1 ≤ z ≤ 0.7, a key

redshift range for lensing high-redshift galaxies. The total luminosities of LRGs

in these fields (∼ 1011.85 − 1012.1h−2L�), which can include 4 − 18 total LRGs, are

2 − 3 times larger than those of most known strong lensing galaxy clusters from

the Hennawi et al. (2008) and CLASH (Postman et al., 2012) surveys, suggesting

that they contain larger total masses. In those beams with multiple LRG peaks in

redshift space, those peaks can be individually as rich as known lensing clusters,

which may only be traced by a few LRGs.

The distribution of LRGs in these fields, both along the line-of-sight and in

projection on the sky, show a diversity of structure. The LRGs trace both the

redshift and angular concentrations of non-LRG galaxies. Some beams are dom-
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inated by a single mass peak, while others contain multiple mass peaks dis-

tributed along the line of sight, which can maximize the source plane area that is

highly magnified for the purpose of detecting high-redshift galaxies (Wong et al.,

2012). Visual inspection of the fields reveals many beams with obvious galaxy

clusters, confirming that the LRGs do trace dense structures. 22.5% of the top

200 beams contain one known cluster and 56.0% contain multiple known clusters

previously identified in the literature. The rest of the beams may contain new

groups and clusters.

Our analysis of the uncertainties in the integrated LRG luminosities of these

beams shows that while the detailed rankings are susceptible to fluctuations, the

top 200 beams generally comprise fields that have large concentrations of massive

galaxies. 70− 75% of the beams remain in the top 200 when an extended sample

of the top 1000 beams is sorted by the median LRG luminosity derived by our

Monte Carlo error analysis, which accounts for uncertainties in the individual

LRG luminosities and for galaxies falling into or out of our selection criteria.

Our follow-up galaxy spectroscopy in a subset of these beams has revealed

multiple massive halos and large total masses (∼> 2× 1015h−1M�), confirming the

power of using LRGs as tracers of massive structure (S. M. Ammons et al. 2013,

in preparation). We are modeling the mass distributions in these beams from

the spectroscopy alone, but will eventually combine that analysis with a strong

lensing analysis of the arcs detected in these fields. The large total masses and

multiple projected massive clusters make these beams likely to be among the best

gravitational lenses known. Future science applications include the detection of

faint lensed z ≥ 7 galaxies that can be followed-up spectroscopically, high spatial

resolution studies of strongly lensed galaxies at z ∼ 1 − 3, weak lensing stud-

ies, and improved detections of γ−ray sources and supernovae at cosmological
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distances.
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CHAPTER 6

CONCLUSIONS

In this Chapter, I present a summary of the main conclusions of the previous

chapters, discuss their relationship to other work, and outline directions for fu-

ture progress.

6.1 Summary

In Chapter 2, I use spectroscopic and photometric data to reconstruct the mass

distribution along the line of sight (LOS) to nine gravitational lenses in galaxy

groups. Using these mass distributions together with a new multi-plane lensing

formalism, I directly constrain the shear due to external perturbers, including

both the local group environment of the lens and unassociated LOS structures.

I find that the environment contributes a shear of γ = 0.08 on average, ranging

from 0.02 to 0.17.

For the six 4-image lenses in the sample, I compare the shears to those derived

from lens modeling. In three of the six systems, the shear calculated directly from

the environment is inconsistent with the lens model shears at more than the 95%

level, indicating a serious problem in one or both approaches. The disagreement

in these cases might arise from simplistic assumptions about the lens mass dis-

tribution in the lens models, or possible biases or sources of error that were not

considered in the environment analysis.

I calculate the contribution to the shear from the local group environments of

the lenses compared to that from the full LOS. The contribution to the shear from

LOS structures can be as large as that produced by the local environment. The

average shear is γ = 0.08 for the full LOS, compared to γ = 0.05 when only per-
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turbations from the local lens environment is considered. Most of the LOS shear

comes from objects projected within ∼ 2′ of the lens and brighter than I = 21.5.

To minimize uncertainties in the shear from spectroscopic incompleteness, future

spectroscopic surveys of lens environments at similar redshifts should prioritize

the most significant perturbers.

I analyze the contribution to the scatter in the calculated shear from various

sources of uncertainty in our characterization of the LOS mass distribution. In-

dividually, scatter in the Faber-Jackson relation and error in the group centroid

position contribute the most scatter to the shear distributions. Improving these

errors by employing tighter scaling relations (e.g., Fundamental Plane) and ob-

taining more complete spectroscopic sampling of the host group members would

be the most useful steps to tightening the constraints on the derived shear.

In Chapter 3, I examine the effect of uncertainties in the characterization of

LOS perturbers on physical and cosmological parameters derived from lens mod-

eling, particularly the inferred Hubble constant (H0). Using a new multi-plane

lensing formalism to properly treat the effects of LOS perturbers (McCully et al.,

2013), I use data in four lens fields to construct a fiducial environment in which

I place 300 mock lenses with a set of assumed input physical parameters and

cosmological quantities. I generate Monte Carlo realizations of the measured en-

vironment properties to get a distribution of recovered parameters.

I revisit the discrepancy found in Chapter 2 between the shear derived from

my characterization of the lens environment and the shear derived from lens

modeling results. I compare the environment shear to that of model fits to the

mock lenses that are generated in my simulations for four systems. I find that

in all four cases, the shears from the two methods agree to within the 68% er-

ror contours. These four systems include RXJ1131, which had a disagreement
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between the environment and model shears in Chapter 2, and PG1115, which

had marginal agreement within the 95% error contours. This test shows that the

original disagreement does not arise from our methodology of calculating and

comparing the shear results, as it demonstrates that for our simulations where I

can account for all perturbers in the field and have a true lens galaxy that can be

described exactly by our parameterized model, the methods are self-consistent.

Furthermore, the agreement shears do not necessarily imply that the two meth-

ods are comparable in their ability to recover other parameters of interest, as we

demonstrate that our environment treatment can recover H0 with much less bias

and scatter than simple shear models (see below). The source of the original dis-

agreement might arise from either details of the true LOS mass distribution that

our environment models are unable to capture, or from complexities in the struc-

ture of the real lens galaxy that lens models cannot account for properly.

I compare the effect of uncertainty in the environment measurement to the ef-

fect of observational uncertainties in our measurement of the constraints from the

lensed image positions, flux ratios, and time delays. I find that uncertainties in

the characterization of the environment lead to larger uncertainties in the Einstein

radius, density profile slope, and ellipticity of the lens galaxy than uncertainties

in the lens observational constraints. The results for recovering H0 through the

time delay distance are mixed – in two fields, the environment uncertainties re-

sult in larger scatter, while in the other two fields, the lens observational uncer-

tainties are more significant. For realistic observations that will have both sources

of uncertainty, the typical bias in the inferred parameters tend to be ≤ 5% with

a scatter of ∼ 5 − 10% for an individual lens. The lenses in group environments

tend to have larger bias and scatter than those not in groups.

I develop a detailed error budget by isolating the contribution to the bias and
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scatter in the inferred parameters from individual sources of uncertainty in the

measurement of the environment. For all systems, scatter in the Faber-Jackson re-

lation dominates the uncertainty from galaxy-scale perturbers, contributing∼ 5%

uncertainties to most parameters. For lenses in group environments, uncertainty

in the centroid of the group halo is the most important source of scatter, particu-

larly in cases where the centroid is projected close to the lens galaxy.

I compare the constraints on H0 from the full environment analysis to those

derived from lens models that only treat the environment with a simple external

shear term. The recovered H0 values for the simple shear models tend to be bi-

ased high and have large scatter. The bias is a systematic that will not be reduced

with larger samples of lenses. Even correcting these models with a (1−κeff ) term

derived from our environment simulations results in estimates of H0 that are bi-

ased low, with comparable scatter. Only with the framework employed in this

chapter that treats individual perturbers can H0 be recovered with∼< 1% bias and

minimal scatter. Similarly, I estimate the accuracy and precision to which an en-

semble of future strong lenses from LSST will be able to recover H0 from time de-

lay measurements by applying estimated uncertainties in the characterization of

lens environments possible with LSST to my fiducial lines of sight. Given an en-

semble of ∼ 3000− 4000 new time-delay systems (Coe & Moustakas, 2009; Oguri

& Marshall, 2010) of which ∼ 15% will be quad lenses (Oguri, 2007), H0 can be

measured with a scatter of ∼ 0.3% from environmental effects alone, which will

be subdominant compared to uncertainties in time delay measurements. How-

ever, there is still a residual bias at the ∼ 2% level, which will not improve even

with follow-up spectroscopy to characterize the local environments of lenses in

group systems.

In Chapter 4, I compare the lensing properties of lines of sight, or “beams”,
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containing multiple cluster-scale halos in projection to single-halo lenses. Beams

with multiple halos have larger cross sections for magnifying high-redshift galax-

ies above a given magnification threshold than single halos on average, even

when the total integrated mass in the beam is fixed at 2 × 1015M�. These effects

are non-negligible and, in extreme cases, can be comparable to increasing the to-

tal mass in the beam by a factor of ∼ 3. The increase in the cross section due to

the presence of multiple halos is maximized at some finite projected separation,

and is larger in rare cases where the halo masses are comparable to one another.

This effect is driven by interactions among the lens potentials of the halos, arising

from non-linear combinations of their convergence and shear profiles.

I also investigate the physical properties of individual halos that drive an

increase in the cross section. Halos with a high concentration, their major axis

aligned with the line of sight, and an intermediate redshift (z ∼> 0.4) tend to be

the lenses with the highest cross sections, given a fixed halo mass. For beams with

two halos, one halo typically dominates the integrated mass due to the shape and

evolution of the halo mass function. In these cases, the properties of the dominant

halo determine the lensing characteristics of the field.

I find that the same factors that increase the lensing cross-section in typical 2-

halo beams generally produce the best (top 10%) of 2-halo beams. One exception

is that halos at low redshifts can scatter to large concentrations, resulting in an

increased surface density over a larger area. These beams can have usually large

cross sections, which is opposite to the overall trend for halos at low redshift to

have smaller cross sections.

In Chapter 5, I explore a new method for identifying beams with high total

masses using luminous red galaxies (LRGs) as tracers of massive structures. By

using total LRG luminosity integrated along the line of sight in 3.′5 radius beams
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in the redshift range 0.1 ≤ z ≤ 0.7, I identify the 200 beams in SDSS DR9 that have

the highest total LRG luminosity and thus are likely to contain large total masses

and possibly multiple cluster-scale halos in projection. The high masses of these

beams make them likely to be powerful gravitational telescopes for magnifying

the background source population into detectability.

The line-of-sight and projected distributions of LRGs in these fields show a di-

versity of configurations; some are dominated by a single massive cluster, while

others contain multiple mass peaks distributed along the line of sight. A search

of the NED database reveals that 22.5% of these beams contain one known galaxy

cluster and 56% contain multiple known clusters previously identified in the lit-

erature, confirming the power of this selection method. These beams contain 2−3

times higher total LRG luminosities than known strong-lensing clusters from the

Hennawi et al. (2008) and CLASH (Postman et al., 2012) surveys, suggesting that

they may contain even more total mass. Our follow-up galaxy spectroscopy in

two of these beams reveals (Ammons et al. in preparation) multiple massive ha-

los and large total masses (∼> 2× 1015M�), confirming the power of this selection

technique. Future science applications include the detection of faint lensed z ∼> 7

galaxies that can be followed-up spectroscopically.

6.2 Future Directions

Throughout the history of astronomical research, gravitational lensing has evolved

from a mere theoretical curiosity to a real observable effect, and now is being

used as a powerful tool for studying the properties of dark matter, the evolution

of massive structure in the universe, and the intrinsic properties of the most dis-

tant galaxies that would otherwise be too faint to detect with current facilities.

The sample of known galaxy and cluster-scale lenses now numbers in the hun-
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dreds, with thousands more to come from current and future wide-field surveys.

As far as lensing has come as a discipline since the discovery of the first strong

lens system (Walsh et al., 1979), the future holds the promise of exponentially

larger datasets and observations of lensed sources at unprecedented depth and

resolution.

6.2.1 Lensing Studies of Cosmology and Galaxy Structure

The formalism developed in this thesis and related publications (McCully et al.,

2013) is an important step toward understanding the effects of LOS environment

on the relevant quantities derived from lens modeling. These results, along with

complementary environment studies (e.g., Collett et al., 2013; Greene et al., 2013),

will lay the framework for understanding which aspects of the lens environment

are the most important sources of uncertainty, as well as informing future obser-

vational studies to better constrain these quantities. It will be possible to apply

the methods described here to models of real lens systems using the actual ob-

served image configurations of the lenses in these environments, which may lead

to insights as to the nature of the discrepancies between the environment and

model shear results, as well as an understanding of what aspects of our analy-

sis can be improved to better reflect environmental effects on the lens potential.

The direct constraints on lens environments may eventually be built explicitly

into lens models as a prior, moving beyond the simple shear models currently in

use. I have focused on H0 constraints in this thesis, but time delay lenses can, in

principle, be used to constrain other cosmological parameters, such as w and ΩΛ

(e.g., Linder, 2004, 2011; Coe & Moustakas, 2009; Paraficz & Hjorth, 2009). The

combination of strong lensing with other, complementary, cosmological probes

will be key to the future of precision cosmology.

The apparent discrepancies between the external shears calculated from sim-



223

ple shear models and our environment models in Chapter 2 motivated us to per-

form further tests in Chapter 3 to understand the reasons for the lack of agree-

ment in all systems. While we narrowed down the possible causes through our

mock lens simulations, it remains an open question. Future tests will involve

more sophisticated lens modeling of the real lens systems, as well as improve-

ments in our characterization of the environment. Since agreement between the

shears does not necessarily lead to agreement in other physical parameters of in-

terest, it may be the case that a comparison of the shears may not imply anything

about other physical parameters derived from lensing analyses.

With hundreds to thousands of new strong lens systems discovered by current

and future wide-field imaging surveys such as DES and LSST (Oguri & Marshall,

2010), the prospects are good for building large statistical samples for studies of

cosmography using time delays, as well as the structural properties of the lens

galaxies themselves. However, the power of increased number statistics can only

be fully realized if the systematics are well understood. In preparation for the

new sample of strong lenses from these surveys, it is important to refine our un-

derstanding of lens environments and line-of-sight perturbers, which is currently

the dominant systematic in precision cosmology measurements from time delays

(Suyu et al., 2013b).

The large sample of strong lenses that will be discovered by LSST have appli-

cations for galaxy structure and dynamics as well. The deep imaging from LSST

will inform targeted follow-up studies from space-based observatories with the

objective of obtaining high-resolution imaging, allowing for detailed lens model-

ing. As I have shown, the effects of LOS mass can induce perturbations not just

on the inferred time delays, but on the inferred structure of the lens galaxy itself.

Understanding these effects, particularly on more complex mass distributions
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than we have considered here (e.g., Schneider & Sluse, 2013a,b), is an important

consideration in drawing conclusions about galaxy structure from an ensemble

of strong lens galaxies.

6.2.2 Gravitational Lenses as Cosmic Telescopes

The use of galaxy clusters as cosmic telescopes to magnify the most distant sources

has gained significant traction in recent years. As recent instrumentation (partic-

ularly HST/WFC3) has pushed the high-redshift frontier to z ∼ 10 and beyond

(e.g., Ellis et al., 2013), it has become more attractive to combine our current ob-

servational capabilities with the natural magnification provided by lensing clus-

ters. Surveys of these massive clusters, such as the CLASH survey (Postman

et al., 2012), have increased our understanding of the lensing properties of these

fields and revealed some of the earliest galaxies known (e.g., Zheng et al., 2012;

Coe et al., 2013). As the limits of our current observational capabilities are being

reached by ultra-deep observations of blank fields, similar observations taking

advantage of gravitational lensing magnification are being planned.

In the near-term future, the HST Frontier Fields project will target six of the

most powerful and well-characterized gravitational lensing clusters known with

140 orbits of ACS and WFC3/IR imaging per field. By combining these ultra-

deep observations with the lensing magnification enabled by these cosmic tele-

scopes, it will be possible to detect and characterize a statistical sample of sub-

L∗ galaxies at high redshift that are over an order of magnitude less luminous

than can be currently observed in blank fields. These observations will lead to

a measurement of the faint-end slope of the galaxy luminosity function and its

evolution during the first 500 Myr after the big bang, enabling us to characterize

the extent to which the UV flux from these first galaxies contributed to reioniza-

tion (e.g., Robertson et al., 2013). Furthermore, these observations may identify a
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sample of galaxies at these high redshifts magnified to such an extent that spec-

troscopic follow-up may be possible.

Despite the promise of the ambitious Frontier Fields project, there remain sig-

nificant challenges and caveats. Of paramount importance is understanding the

magnification maps in these fields. Without accurate models for understand-

ing the magnification properties of these fields, any intrinsic properties of the

background source population could be biased or have uncertainties too large

to place meaningful constraints on the relevant quantities of interest. While the

lensing community is working to produce mass models and magnification maps

of the Frontier Fields using a variety of complementary approaches, the ultimate

fidelity of and agreement among the different modeling techniques is still uncer-

tain.

The effects of line-of-sight structure, for example, can introduce uncertainties

in the derived magnification maps (e.g., Host, 2012), yet are frequently ignored

or accounted for indirectly by increasing the uncertainties on the lensing con-

straints used to calculate the optimal mass model. Only by treating these masses

explicitly, as I have done in this thesis and related publications (Ammons et al. in

preparation), can their effects on the derived magnification maps be evaluated. It

may turn out that these effects are small in general, but if a background source

of interest happens to be projected near an LOS structure, its properties may be

significantly affected.

On the other hand, there may be other, relatively unexplored lines of sight

in the universe that could be even more powerful gravitational lenses than the

six Frontier Fields. These new beams may lack the lensing constraints currently

available for the more well-characterized fields, but they may contain larger to-

tal masses and have optimal configurations of multiple projected structures for
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magnifying the high-redshift universe (Wong et al., 2012, 2013). For the promis-

ing fields that I have identified, the next step is to obtain deep high-resolution

imaging with HST with the goal of identifying multiply-imaged systems. These

constraints will lead to lens models that will complement the mass models de-

rived from galaxy spectroscopy and will properly treat multi-plane lensing ef-

fects. Deep wide-area imaging with Subaru/Suprime-Cam will identify the bright-

est arcs and multiply-imaged systems that can be used as lensing constraints.

This data can also lead to weak lensing constraints on these systems, providing

yet another complementary approach to understanding the magnification prop-

erties of these unique fields.

Rather than treat LOS structure as an undesirable source of uncertainty, it may

turn out that seeking out beams with multiple massive structures in projection

may result in a sample of even better cosmic telescopes. The next generation of

wide-field surveys (e.g., DES, HSC, LSST) will produce ideal datasets for which to

search for more of these fields due to their deep multi-band photometry that can

identify tracers of massive structure over large areas of the sky. Looking ahead,

the near-IR imaging and deep spectroscopic capabilities of the next generation of

ground-based (e.g., GMT, TMT) and space-based (e.g. JWST) telescopes will once

again revolutionize galaxy evolution studies. The advances in both cluster lens

modeling and identifying the most powerful lensing beams will lay the ground-

work needed for these facilities to take full advantage of the gravitational lensing

effect to probe the faintest galaxies.
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APPENDIX A

SHEAR CALCULATION FORMALISM

We present the details of our formalism for calculating the shear due to the host

group halo (Appendix A.1) and individual galaxies (Appendix A.2). The calcula-

tions are performed using an updated version of the lensing software developed

by Keeton (2001a). For the code to perform the necessary shear calculations, we

must input parameters that we calculate based on our data and various assump-

tions that we detail in this section.

A.1 Shear due to SIS and NFW Group Halos

We test how large an effect the choice of an SIS or NFW profile for the group halo

has on the lens potential. The shear due to an SIS halo is

γSIS =
RE

2R
, (A.1)

where R is the angular offset of the halo centroid from the lens, while RE is the

Einstein radius given by Equation 2.9. To calculate the shear due to an NFW halo

(Bartelmann, 1996; Wright & Brainerd, 2000), we need to calculate the parameters

rs and κs. The NFW scale radius rs is that at which the power law slope of the

density profile is equal to that of an isothermal sphere. rs is often expressed in

terms of the concentration parameter, cvir = rvir/rs, where rvir is the virial radius

of the halo. The dimensionless parameter κs is defined as

κs =
rsρs
Σc

, (A.2)

where ρs is the central density of the halo and Σc is the critical surface density for

lensing,

Σc =
c2DS

4πGDLSDL

. (A.3)
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DL, DS , and DLS are the angular diameter distances between the observer and

the lens, the observer and the source, and the lens and the source, respectively.

Using the radial velocities of the spectroscopically confirmed group galaxies, we

estimate the velocity dispersion, σgrp, and the mass of the dark matter halo, Mhalo,

of each group. In the shear analysis, we add photometric red sequence galaxies to

the group, and these quantities are redetermined for each Monte Carlo trial using

the bootstrap method as noted in the text. For this test, however, we assume

that only the spectroscopically confirmed members are in the group. We then

calculate the parameters needed for the shear analysis.

We first approximate the virial mass of the group, Mvir as

Mvir =
4

3
πr3

vir∆c(z)ρc(z), (A.4)

where ρc(z) and ∆c(z) are the critical density and the characteristic overdensity

at the lens redshift (Eke et al., 1998) respectively. From our assumed cosmology,

we have

ρc(z) =
3H2

0 [Ωm(1 + z)3 + ΩΛ]

8πG
. (A.5)

The characteristic overdensity, ∆c, is the ratio of the mean density inside the

group halo to the critical density at the redshift of the group. We use a form

of the characteristic overdensity from Eke et al. (1998, 2001):

∆c = 178

[
ρm(z)

ρc(z)

]0.45

= 178

[
Ωm(1 + z)3

Ωm(1 + z)3 + ΩΛ

]0.45

. (A.6)

This form is accurate to within 5% of a spherical collapse model (Eke et al., 1998)

for our cosmology. We account for this uncertainty by allowing for a 5% Gaussian

scatter in the characteristic overdensity, which propagates directly into a 5% error

in the virial mass. We test the effects of this uncertainty explicitly in our shear
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analysis and find that it is negligible in comparison with the other sources of

error.

We assume the virial theorem and express the virial mass (e.g. Koranyi &

Geller, 2000) as

Mvir =
3σ2

grprvir

G
. (A.7)

We then equate this to Mvir from Equation A.4 and solve for rvir as a function of

σgrp,

rvir =
3σgrp

2
√
πG∆cρc

. (A.8)

Now we are able to evaluate rvir in terms of known or assumed quantities and can

calculate Mhalo for an assumed NFW halo from Equation A.4. To determine the

concentration parameter cvir for the group halo, we use the “ENS” code described

in Eke et al. (2001). When running this code, we assume σ8 = 0.8 and a shape pa-

rameter Γ = (Ωmh)e−Ωb−
√
h/0.5(Ωb/Ωm) ≈ 0.17 in our cosmology (Sugiyama, 1995).

We now determine rs for each group by setting rs = rvir/cvir. To determine ρs,

we set Mhalo equal to the NFW density profile integrated over a spherical volume

enclosed by the virial radius. Solving for ρs, we find

ρs =
Mhalo

4πrs

[∫ rvir

0

r

(1 + r/rs)2

]−1

=
Mhalo

4πr3
vir

c3
vir

[ln(1 + cvir)− cvir/(1 + cvir)]
(A.9)

and calculate κs. Using these parameters, we determine the shear profiles for the

SIS and NFW halos for each group. This calculation assumes that all of the group

mass is in the dark matter halo, but we can rescale this by changingMhalo to some

fraction of the total virial mass as in § 2.5.1.3. This is not exactly correct since

the concentration of the halo determined from simulations implicitly accounts

for the individual galaxies as subhalos. However, the fractional change in the

concentration between trials where Mhalo = Mvir and those where Mhalo << Mvir
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is generally smaller than our assumed scatter of log cvir = 0.14 (Bullock et al., 2001;

Wechsler et al., 2002), so the rescaling of the halo mass gives reasonable results.

Figure A.1 shows the dependence of shear on projected offset from the halo

center of mass for each of our nine groups. The SIS and NFW halos are assumed

to contain all the group mass, which has been calculated from the mean velocity

dispersion determined across multiple Monte Carlo trials. The absolute value

of the difference between the SIS and NFW shear profiles (|∆γhalo| in the inset

panels in Figure A.1) show that the choice of profile does not make a significant

difference except where the lens is projected within ∼< rs/2. There is a small local

peak in |∆γhalo| at larger radius, but its magnitude is∼0.02 or less. For low (∼< 0.5)

values of fhalo, the typical shear difference at this peak would be roughly ∼ 0.01

or less. These results are consistent with the results of Wright & Brainerd (2000),

who find that the mean shear ratio between NFW and SIS halos within a virial

radius for a ΛCDM cosmology varies by ≈25% for halo masses like ours.

A.2 Shear due to Truncated Singular Isothermal Sphere Galaxy Halos

In our analysis, we model the mass distribution of a galaxy-scale perturber as

a truncated singular isothermal sphere (TSIS). For a general SIS with velocity

dispersion σ, the shear amplitude is given by Equation A.1. When working with

TSIS profiles, we use a modified version of the basic SIS formalism. The density

profile of an isothermal sphere with velocity dispersion σ is

ρSIS(r) =
σ2

2πGr2
. (A.10)

Suppose we want to truncate this profile at some radius rt. One way to obtain a

smooth truncation is to write the density profile as

ρTSIS(r) =
σ2

2πGr2

(
1 +

r2

r2
t

)−n
(A.11)
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Figure A.1 Shear profiles for SIS (solid line) and NFW (dashed line) group halos. The halos are

assumed to contain all of the group mass. We plot the NFW scale radius rs (dotted line) and the

projected offset of the lens galaxy from the group centroid (dash-dotted line). The inset panels

show the absolute value of the difference in the shear profile between SIS and NFW group halos.

The peak shear difference between the two profiles is roughly ∼0.02 except for r ∼< rs/2. Only

HE0435 and PG1115 are close enough to the group centroid to fall within this region.
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for some n > 0. Larger values of n correspond to sharper truncation. We can
compute the lensing properties of a TSIS perturber for integer values of n. For
n = 6, we find the convergence κ, shear amplitude γ, and deflection angle α to
be:

κ(R) =
RE

2R
−
REDP

512rt
[256ξ−1 + 128ξ−3 + 96ξ−5 + 80ξ−7 + 70ξ−9 + 63ξ−11], (A.12)

γ(R) =
RE

2R
−
REDP

512rt
[126(1 + ξ)−1 + 130ξ−1 + 2ξ−3 − 30ξ−5 − 46ξ−7 − 56ξ−9 − 63ξ−11], (A.13)

α(R) = RE +
RErt

256RDP
[−256ξ + 63 + 128ξ−1 + 32ξ−3 + 16ξ−5 + 10ξ−7 + 7ξ−9], (A.14)

where ξ =
√

1 +R2D2
P/r

2
t and DP is the angular diameter distance to the per-

turber. We assume n = 6 throughout our analysis when discussing TSIS profiles

since it represents a sufficiently sharp truncation and larger values do not make

a noticeable difference in our results.
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APPENDIX B

TRUNCATION RADII OF GROUP GALAXIES

When apportioning mass among the group halo and the group galaxies, the

group galaxies’ truncation radii are scaled so that the density at the truncation

radius is the same for all group galaxies. If we assume infinitely sharp truncation,

a singular isothermal sphere with a truncation radius rt and velocity dispersion

σ has a density profile given by Equation A.10 out to rt. Beyond rt, there is no

mass, so ρ(r > rt) = 0. The galaxy has a total mass of

MSIS =
2σ2rt
G

. (B.1)

Given a group with a virial massMvir, a halo mass fraction fhalo (Equation 2.10),

and N galaxies with masses Mi and internal velocity dispersions σi, we want to

find the truncation radii rti such that ρ(rti) is the same for all galaxies. We do

this by setting the total mass in the group galaxies equal to the sum of the galaxy

masses,

(1− fhalo)Mvir =
N∑
i=1

Mi

=
2

G

N∑
i=1

σ2
i rti

=

√
2

πG3ρt

N∑
i=1

σ3
i , (B.2)

where ρt is the density at the galaxies’ truncation radii. Solving for this density,

we find that

ρt =
2

πG3(1− fhalo)2M2
vir

[
N∑
i=1

σ3
i

]2

(B.3)
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and the corresponding truncation radius of a given galaxy j is

rtj =
σj√

2πGρt

=
1

2
σjG(1− fhalo)Mvir

[
N∑
i=1

σ3
i

]−1

. (B.4)
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APPENDIX C

EFFECTS OF RADIAL AND LUMINOSITY SAMPLING ON LINE-OF-SIGHT SHEAR

C.1 Projected Separation Cut

Our spectroscopic catalog for each system includes several hundred objects pro-

jected within∼15′ of the lens. However, our photometric catalog includes objects

within ∼25′ of the lens and goes to fainter magnitudes, containing ∼104 objects

per system. With this many objects, it is not possible to achieve reasonable com-

putation times for our Monte Carlo simulations, where we generate and analyze

thousands of redshift realizations of the entire ensemble of galaxies in our cat-

alog. However, most of these galaxies are likely to have a negligible effect on

the shear. Therefore, we cut all LOS objects with a projected separation >5′ from

the lens, reducing the number of galaxies in our photometric catalogs by over an

order of magnitude.

We expect that the shear due to LOS perturbers will decrease with projected

separation from the lens for several reasons. First, the shear from an individual

perturber with an SIS profile (or any other reasonable density profile that drops

off with radius) will decrease with projected separation. Given that shear adds as

a rank-2 tensor quantity, we also expect that the total shear amplitude due to all

objects interior to some radius from the lens will approach some limiting value

as we include more perturbers (assuming that their azimuthal positions around

the lens are random). This is the result of canceling effects from perturbers lying

on lines orthogonal to each other in sky coordinates centered on the lens. Within

larger radii, we are enclosing more LOS objects, so the shear contribution from

all objects near the edge of the region will tend to be smaller than objects closer

to the lens where shears are less likely to cancel out. Auger et al. (2007) inves-
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tigated environment effects on two lenses in galaxy groups and found that their

contributions were dominated by galaxies projected within 15′′ of the lens, which

supports our justification for a cut on projected separation.

Despite these effects, one could imagine an unlikely configuration of LOS ob-

jects arranged as to create a large shear. To test the validity of a projected sep-

aration cut, we run our redshift randomization procedure on objects in bins of

projected separation from the lens. We perform this test for objects brighter than

I = 21.5, a limit that we justify in Appendix C.2. For each lens, we perform 1000

trials for each of six circular apertures extending 0′ to 8′ from the lens in pro-

jected separation, each with a cutoff radius 1′ larger than the previous aperture.

In each case, we account for all objects in the local group environment, but ex-

clude LOS objects with a projected separation outside the cutoff radius. We then

calculate the mean γc and γs from the objects within each aperture (Figure C.1).

Based on the amount of variation with cutoff radius, we conclude that most of

the LOS shear comes from objects projected within 2-3′ of the lens. The mean γc

and γs contribution from the objects beyond 5′ across all nine lens environments

is smaller than 0.01, well within the error bars. This is consistent with Brainerd

(2010), who finds that the shear due to galaxy-galaxy weak lensing extrapolates

to zero at a separation of ∼5′. Based on this analysis, we assume that 5′ is a rea-

sonable, conservative cut-off in projected separation.

C.2 Magnitude Cut

For LOS objects in our photometric sample that are fainter than our spectroscopic

limit of I = 21.5, our method for creating a redshift distribution based on objects

in our spectroscopic catalog (§ 2.4.3) breaks down because we do not have a rep-

resentative spectroscopic sample from which to draw redshifts. Objects in our
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Figure C.1 Shear contribution from the entire local group environment plus only

those LOS objects brighter than I = 21.5 and within the given projected separation

from the lens. Very few objects in the local environment are fainter than I = 21.5

or lie outside 5′. The points represent the mean shear and standard deviation

over 1000 trials for γc (blue) and γs (red). The γs points are offset by 0.1′ for

clarity. The first bin represents the shear from the local group environment alone.

Our projected separation cutoff is 5′ (dashed line). Most of the variation in the

shear comes from objects projected within 2′ of the lens, whereas objects projected

further than 5′ away contribute less than 0.01 to the shear on average.



238

photometric catalog can be as faint as I ∼ 24, but the star-galaxy separation rou-

tine described in Williams et al. (2006) starts to break down around I ∼ 21.5. One

solution, which we employ, is to cut objects fainter than I = 21.5 from our LOS

sample. The main assumption is that fainter objects contribute little to the shear

in comparison to brighter objects. Objects fainter than this limit are either less

massive than the typical galaxy at the low-mass end of our spectroscopic sample,

or at higher redshift than the lens. Both effects will reduce their shear contribu-

tion.

To justify the I = 21.5 cut, we plot the shears from the local group environment

plus all LOS galaxies within 5′ of each lens as a function of cutoff magnitude

(Figure C.2). In each bin, we only include the shear from LOS galaxies brighter

than some limiting magnitude all the way down to I = 22.5. For the bins fainter

than I = 21.5, we draw redshifts from our faintest galaxy redshift distributions

(roughly I = 21 - 21.5) in § 2.4.3. We run 1000 trials for each bin, plotting the mean

and standard deviations of γc and γs. Because our redshift assignment procedure

draws redshifts based on a distribution of galaxies limited at I = 21.5, it will tend

to underestimate the masses of galaxies fainter than this limit. However, this

effect will be offset to some extent by the fact that their true redshift distribution

is likely shifted away from the lens redshift to higher redshifts, reducing their

shear contribution.

The results of Figure C.2 show that much of the LOS shear comes from bins

brighter than I = 21.5 (our spectroscopic limit). At fainter magnitudes, the dif-

ference in the shear components is ∼0.01. As with the projected separation, there

tends to be a decline in additional shear contributions as we go to fainter mag-

nitudes, and the variations are well within our error bars beyond I = 21.5. For

this analysis, we adopt this conservative magnitude cut to be consistent with the



239

Figure C.2 Shear contribution from the enitre local group environment plus only

those LOS objects projected within 5′ of the lens and brighter than the given I

magnitude. Very few objects in the local environment are fainter than I = 21.5 or

lie outside 5′. The points represent the mean shear and standard deviation over

1000 trials for γc (blue) and γs (red). The γs points are offset by 0.1 mags for clarity.

The first bin represents the shear from the local group environment alone. Our

magnitude cutoff is I = 21.5 (dashed line). Most of the variation in the shear due

to the LOS comes from objects brighter than 21.5, while fainter objects contribute

less than 0.01 to the shear on average.



240

limit of our spectroscopic catalog.
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APPENDIX D

BAYESIAN FRAMEWORK FOR ENVIRONMENT MODELS

In this appendix, we present the general framework for interpreting our model

results. Let d represent the lens data (image positions, fluxes, time delays), g rep-

resent the parameters of the main lens galaxy, q represent the parameters of the

environment, and h be the dimensionless Hubble constant. In Bayesian statistics,

the full posterior probability distribution for the parameters given the data has

the form

P (h, g, q|d) ∝ L(h, g, q)P (g)P (q), (D.1)

where the likelihood is L ∝ e−χ
2/2, while P (g) and P (q) are priors on the parame-

ters1. There is a proportionality factor that we ignore because it is absorbed when

the posterior distribution is normalized. The priors P (q) on the environment

come from the photometry and spectroscopy through our models of the environ-

ment. We assume flat priors on the galaxy parameters, so P (g) is a constant and

can be dropped from Equation D.1. The Gaussian prior on h, P (h) = 0.71 ± 0.1,

is handled through the likelihood (see Keeton, 2010).

Suppose we want to examine h alone (this same framework applies to any

individual parameter, but we focus on h here as an illustrative example). For-

mally, the overall posterior distribution for h is obtained by marginalizing over

the nuisance parameters g and q:

P (h|d) ∝
∫
L(h, g, q)P (q) dg dq. (D.2)

We use different approaches for evaluating the environment integral (see § D.1

and D.2), but we emphasize that we are marginalizing properly. At this point we
1In principle, the priors could take the form of a joint distribution P (h, g, q), but we treat the

sets of parameters as independent.
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are not marginalizing over g for computational reasons – instead, we are optimiz-

ing g for each value of q. If the likelihood is narrow in the g direction, then it is

approximately a δ-function and we can approximate the integral as

P (h|d) ∼
∫
L(h, gbest(q), q)P (q) dq ∆g, (D.3)

where ∆g is the width of the likelihood in the g direction. If the width is in-

dependent of q, then ∆g would factor out and this approach would be a good

approximation. Even if it is not independent, we have scientific justification for

optimizing rather than marginalizing g. Our analysis is designed to show how

uncertainty in the environment propagates into uncertainty in h. To this end, we

need to marginalize over environment and examine the resulting scatter in h. If

we were to marginalize over the lens galaxy as well, this would include addi-

tional scatter in h that is not directly related to the environment. We optimize g to

allow for the fact that the lens galaxy parameters can adjust to absorb some of the

changes in environment (to the extent that the galaxy parameters are unknown,

i.e., we do not have strong priors on them), but this is sufficient for our analysis.

D.1 Beam Models

Here, we descibe how we carry out the environment marginalization. For the

environment models, q formally includes all of the parameters that we treat in

our environment trials (e.g., positions, redshifts, Einstein radii, truncation radii

of field galaxies; NFW halo parameters; etc.). Given the large number of param-

eters in a given field, integrating over all parameters directly is computationally

unfeasible. However, our Monte Carlo realizations of the environment can be

interpreted as random draws qi from the prior P (q). We can use these to evalu-

ate D.3 using standard Monte Carlo integration techniques. We approximate an
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integral over q as ∫
f(q)P (q) dq ≈ 1

N

N∑
j=1

f(qi). (D.4)

Therefore, with our environment realizations, we can compute the posterior for

h as

P (h|d) ∝
∑
i

L(hi, gbest(qi), qi). (D.5)

The factor ofN−1 is absorbed by the normalization. This is effectively a histogram

of hi values with each hi weighted by its likelihood.

D.2 Simple Shear Models

For the simple shear models, q includes the two components of external shear,

γ and θγ (or equivalently, γc and γs). We do not assume any prior knowledge

of the shear values in these models, so P (q) is flat. The q integral has just two

dimensions, so we can evaluate it explicitly. We create a two-dimensional grid

in the plane of (γc, γs) and compute the integral on that grid. The shear grid

is determined dynamically so it covers (with reasonable resolution) the region

where the likelihood is non-negligible. If we index the grid values with j so

γ̃j = (γcj, γsj), then the environment integral in D.3 can be written as

P (h|d) ∝
∑
j

L(hj, gbest(γ̃j), γj). (D.6)

In principle there is a factor of ∆γ̃ that represents the area spanned by each grid

cell, but this factor is absorbed by the normalization. In other words, if we eval-

uate the simple shear models on a grid of shear values, then we can analyze the

posterior distribution for h with exactly the same kind of likelihood weighted

framework that we use for beam models. In this way, we ensure that beam mod-

els and simple shear models both include environment marginalization in a way

allows a fair comparison of the results for h (or any other parameter of interest).
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APPENDIX E

CHOICE OF σµ MAGNIFICATION THRESHOLD

Our chosen threshold of µt = 3 for the brightest image of a given source position

is somewhat arbitrary, although there is evidence that the number of detections

in lensing fields as a function of magnification broadly peaks around µ ∼ 3 (Am-

mons et al. in preparation). However, one could imagine that for the purposes of

magnifying high-redshift galaxies, we may want a different magnification thresh-

old. At z ∼ 10, realistic observational programs with HST or a future facility will

have little or no ability to probe significantly fainter than M∗. In the exponen-

tial part of the luminosity function, the gain in source density outweighs the loss

of volume probed for increasing lensing magnification, so higher magnification

may be desirable.

We reevaluate σµ for different magnification thresholds, ranging from µt = 3

to µt = 20, and plot the mean values relative to the single-halo case in the top

panel of the left plot of Figure E.1. We can see that the choice of magnification

threshold within this range does not change our general result that the multi-halo

fields have larger cross-sections than the single-halo case, although the fractional

gain over the single-halo case does vary. In the bottom panel, we plot the same

quantity for just the top 10% fields. We do not examine higher magnification

thresholds because the chosen resolution of our source plane grid starts to be-

come problematic, and it would require a large amount of computation time to

reevaluate these configurations on a more finely sampled grid. Likewise, smaller

magnification thresholds (1 ≤ µt ≤ 3) require a calculation over a larger source

plane area and are starting to become less scientifically interesting since they are

approaching the case of no lensing magnification. The results appear unlikely to
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change at low redshift anyway given the nature of the trends.

Another possible consequence of changing µt is that the the effects of various

parameters on σµ, such as the ones discussed in § 4.4.2, may change. In general,

increasing this threshold will reduce the normalization of σµ, but it is uncertain

whether its behavior as a function of these parameters will change. Performing

the simple mass scaling test shown in Figure 4.1 for different choice of µt only

appears to change the overall normalization, but the nature of the trend remains

the same. What about the other physical parameters that were explicitly tested in

§ 4.4.2?

We test the effects of changing µt for various physical parameters and find

that they are qualitatively similar with the exception of angular separation. In

the right panel of Figure E.1, we replot the left panel of Figure 4.10, but with

the results for µt = 5 and µt = 10 as well. We plot this figure rather than one

analogous to the upper left panel of Figure 4.8 to remove the effect of overall

normalization, and because the trends with separation that applies to the top

10% of beams are qualitatively similar to the mean results. As we increase µt,

the optimal angular separation decreases. This makes sense because in order

for interactions between the lens potentials to produce extended magnifications

regions above an increasing threshold, the interactions between the convergence

and shear terms of the different halos need to be stronger. This indicates that the

halos need to be projected closer together since their projected density and shear

profiles drop off with increasing radius.
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Figure E.1 Left: σµ relative to the 1-halo case as a function of the threshold mag-

nification, µt at which σµ is defined for each of the beam configurations (top). We

make a similar plot, including only the top 10% of beams ranked by σµ>µt (bot-

tom). The gain in cross section for the multi-halo fields over the single-halo fields

is always positive on average, regardless of our choice of magnification threshold

for defining σµ in this range. Right: Same as the left panel of Figure 4.10 but for

σµ defined to include magnifications above 3 (black), 5 (red), and 10 (blue). The

peak shifts to smaller separations as µt increases, reflecting the fact that larger

projected surface densities are needed to produce regions of at least the thresh-

old magnification value.



247

APPENDIX F

PROJECTION EFFECTS ON HALO PROPERTIES

The lensing properties of a given mass distribution are determined by its pro-

jected mass density in the plane of the sky. In our analysis, we assume NFW

halos with a triaxial mass distribution, which we need to translate into projected

quantities. Here, we describe our method for characterizing the projected mass

distribution of a triaxial ellipsoid (see also de Zeeuw & Franx, 1989; Oguri et al.,

2003; van de Ven et al., 2009; Morandi et al., 2012; Feroz & Hobson, 2012).

For a spherical NFW halo, the density profile is given by

ρ(r) =
ρs

(r/rs)(1 + r/rs)2
(F.1)

where rs is the scale radius where the slope of the mass profile matches that of an

isothermal sphere, and ρs is the characteristic density. When projected onto the

plane of the sky, the surface density profile is given by

Σ0(R) =

∫ ∞
−∞

ρ
(√

R2 + z2
)
dz

= 2

∫ ∞
0

ρ(R coshu)R coshu du

(F.2)

with the change of variables z = R sinhu. Since ρ(r) depends on its argument

only through r/rs, we know that Σ0(R) depends on R only through the combina-

tion R/rs.

For a triaxial NFW halo, we specify its major, intermediate, and minor semi-

axes by a, b, and c, respectively. To simplify the notation in this section, we rescale

these semi-axis ratios by rs such that a ≡ a/rs, b ≡ b/rs, and c ≡ c/rs are dimen-

sionless quantities. Let X = (X, Y, Z) be coordinates in the halo’s principal axis

frame, and x = (x, y, z) be coordinates in the observer’s frame such that the z-

axis is along the line of sight. The two coordinate systems are related by a rotation
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matrix,

X = Ax. (F.3)

We then define

m2 =
X2

a2
+
Y 2

b2
+
Z2

c2
, (F.4)

where m has dimensions of length and is analogous to r in the spherical case. We

can define a triaxial NFW halo by substituting m into Equation F.1 to get ρ(m).

Using Equation F.3, we can write m2 as a quadratic in (x, y, z):

m2 = fz2 + gz + h, (F.5)

where f , g, and h are functions of x, y, and the angles used to define the halo

orientation. Explicit expressions for these quantities are given in § F.1 and F.2. We

rewrite Equation F.5 as

m2 = ξ2 + ζ2, (F.6)

where

ξ = f 1/2

(
z +

g

2f

)
, (F.7)

and

ζ =

√
h− g2

4f
. (F.8)

Now when we do the projection, we can change integration variables from z to ξ.

All of the (x, y) dependence is in ζ , and ζ2 is quadratic in (x, y) such that there is

some rotated coordinate system (x′, y′) where

ζ2 =

(
x′

a′

)2

+

(
y′

b′

)2

. (F.9)

This means that any function of ζ will have elliptical symmetry. The quantities

a′ and b′ are the semi-major and semi-minor axes (again scaled by rs so they are
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dimensionless quantities), respectively, of the projected ellipse. The frames are

rotated by some angle ψ, so[
x′

y′

]
=

[
cosψ sinψ

− sinψ cosψ

][
x

y

]
. (F.10)

We can rearrange Equation F.8 and write it as

ζ2 = dxxx
2 + dxyxy + dyyy

2, (F.11)

where dxx, dxy, and dyy are the coefficients of the x2, xy, and y2 terms, respec-

tively. Equating Equation F.11 with Equation F.9 and substituting for x′ and y′ via

Equation F.10, we can solve for ψ, a′, and b′:

ψ =
1

2
arctan

(
dxy

dxx − dyy

)
, (F.12)

a′ =

√
2

F −G
, (F.13)

b′ =

√
2

F +G
, (F.14)

where

F = dxx + dyy, (F.15)

G =
√

(dxx − dyy)2 + d2
xy. (F.16)

We can implement one of two equivalent approaches using this basic frame-

work. We can specify the orientation of the halo in terms of two viewing angles

and apply a random rotation on the sky at the end. Alternatively, we can specify

the halo orientation in terms of three Euler angles which will naturally produce

a random projected orientation.

F.1 Viewing Angle Approach

Three angles are needed to fully specify the orientation of a halo in three dimen-

sions. In the viewing angle approach, we only specify two angles, so the projected
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mass distribution must be rotated by a random angle at the end to achieve dif-

ferent position angles. In this approach, we define θ and φ to be the polar and

azimuthal angles, respectively, of the ellipsoid relative to the observer’s frame.

Following the formalism in Oguri et al. (2003), the rotation matrix A is given by

A =

 − sinφ − cos θ cosφ sin θ cosφ

cosφ − cos θ sinφ sin θ sinφ

0 sin θ cos θ

 . (F.17)

The coefficients in Equation F.5 are given by

f = sin2 θ

(
cos2 φ

a2
+

sin2 φ

b2

)
+

cos2 θ

c2
, (F.18)

g = sin θ sin 2φ

(
1

b2
− 1

a2

)
x+ sin 2θ

(
1

c2
− cos2 φ

a2
− sin2 φ

b2

)
y, (F.19)

h =

(
sin2 φ

a2
+

cos2 φ

b2

)
x2 +

[
cos2 θ

(
cos2 φ

a2
+

sin2 φ

b2

)
+

sin2 θ

c2

]
y2 + cos θ sin 2φ

(
1

a2
− 1

b2

)
xy.

(F.20)

Proceeding with these definitions, the coefficients in Equation F.11 are given by

dxx =
1

D

[
a2 cos2 θ cos2 φ+ b2 cos2 θ sin2 φ+ c2 sin2 θ

]
, (F.21)

dyy =
1

D

[
a2 sin2 φ+ b2 cos2 φ

]
, (F.22)

dxy =
1

D
(b2 − a2) cos θ sin 2φ, (F.23)

D = a2b2 cos2 θ + c2 sin2 θ(a2 sin2 φ+ b2 cos2 φ). (F.24)

The angle ψ is not relevant in this approach because we have only specified two

angles, which is not sufficiently general to fully characterize the halo orientation.

Once the axis ratios of the projected ellipse have been determined, the ellipse can

be rotated by a random angle to achieve different position angles.

F.2 Euler Angle Approach

Alternatively, we can specify the orientation of the halo by three Euler angles, α,

β, and γ. These angles are related to the viewing angles θ and φ by the transfor-
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mation

α = 0, (F.25)

γ = −φ− π

2
, (F.26)

β = −θ. (F.27)

In this formulation, the rotation matrix becomes

A =

 cosα cos γ − sinα cosβ sin γ cosα cosβ sin γ + sinα cos γ sinβ sin γ

− sinα cosβ cos γ − cosα sin γ cosα cosβ cos γ − sinα sin γ sinβ cos γ

sinα sinβ − cosα sinβ cosβ

 .
(F.28)

The quantities f , g, and h can then be expressed in terms of the three Euler angles

as

f = sin2 β

(
sin2 γ

a2
+

cos2 γ

b2

)
+

cos2 β

c2
, (F.29)

g =

[(
1

a2
− 1

b2

)
cosα sinβ sin 2γ − sinα sin 2β

(
sin2 γ

a2
+

cos2 γ

b2
− 1

c2

)]
x (F.30)

+

[(
1

a2
− 1

b2

)
sinα sinβ sin 2γ + cosα sin 2β

(
sin2 γ

a2
+

cos2 γ

b2
− 1

c2

)]
y,

h =

[
(cosα cos γ − sinα cosβ sin γ)2

a2
+

(sinα cosβ cos γ + cosα sin γ)2

b2
+

sin2 α sin2 β

c2

]
x2 (F.31)

+

[
(cosα cosβ sin γ + sinα cos γ)2

a2
+

(cosα cosβ cos γ − sinα sin γ)2

b2
+

cos2 α sin2 β

c2

]
y2

+

[
2(cosα cosβ sin γ + sinα cos γ)(cosα cos γ − sinα cosβ sin γ)

a2

+
2(sinα cosβ cos γ + cosα sin γ)(sinα sin γ − cosα cosβ cos γ)

b2
− sin 2α sin2 β

c2

]
xy.

The coefficients dxx, dxy, and dyy in this approach are

dxx =
1

D

[
(sinα cos γ + cosα cosβ sin γ)2a2 + (sinα sin γ − cosα cosβ cos γ)2b2 + (cosα sinβ)2c2

]
, (F.32)

dyy =
1

D

[
(cosα cos γ − sinα cosβ sin γ)2a2 + (cosα sin γ + sinα cosβ cos γ)2b2 + (sinα sinβ)2c2

]
, (F.33)

dxy =
1

D

[
sin 2α sin2 β

(
c2 −

a2 + b2

2

)
− (a2 − b2)

(
1

4
(3 + cos 2β) sin 2α cos 2γ + cos 2α cosβ sin 2γ

)]
, (F.34)

D = a2b2 cos2 β + c2 sin2 β(a2 cos2 γ + b2 sin2 γ). (F.35)

The angle ψ (Equation F.12) is now the position angle of the projected surface

mass distribution, whereas a random position angle was drawn independently
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in the viewing angle approach. Both approaches give equivalent distributions of

projected ellipticities and position angles.

F.3 Effects on the Density Profile

The relevant physical quantities for determining the lensing properties of an

NFW halo are the ellipticity ε, the scale radius rs, and the scaled surface den-

sity κs = rsρs/Σc, where Σc is the critical surface density for lensing. Assuming

a triaxial rather than spherical halo does not change its virial radius or mass, but

does change ε and the projected rs and κs. The projected ellipticity is simply

ε = 1− b′

a′
. (F.36)

To obtain the surface density profile of a triaxial halo, we substitute ζ into Equa-

tion F.2:

Σ(ζ) =

∫ ∞
−∞

ρ(m) dz

= f−1/2

∫ ∞
−∞

ρ
(√

ξ2 + ζ2
)
dξ

= f−1/2 × 2

∫ ∞
0

ρ(ζ coshu) ζ coshu du

= f−1/2 × Σ0(ζ),

(F.37)

with the change of variables ξ = ζ sinhu. In other words, we can obtain the

function for the surface mass density of the elliptical case just by plugging the

elliptical radius ζ into the function Σ0 and rescaling by f−1/2. We know that the

position coordinates enter only through the combination ζ/rs. In the coordinates

aligned with the major axis of the ellipse, this has the form

ζ

rs
=

[(
x′

a′rs

)2

+

(
y′

b′rs

)2
]1/2

. (F.38)
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We can therefore think of the projected mass distribution having some scale ra-

dius r′s, and if we choose this so a circle of radius r′s has the same area as the

ellipse above, then we have

r′s = rs
√
a′b′. (F.39)

Since the virial radius of the halo remains the same, the projected concentration

becomes

c′ =
rvir
r′s

=
cvir√
a′b′

. (F.40)

The scaled surface density κs is rescaled by a factor of f−1/2 as per Equation F.37,

and can also be expressed as a combination of 3D and projected axis lengths (van

de Ven et al., 2009),

κ′s = f−1/2κs =
abc

a′b′
κs. (F.41)
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APPENDIX G

SORTING BY NUMBER OF LRGS VERSUS TOTAL LRG LUMINOSITY

In selecting beams likely to contain large total masses as traced by LRGs, we

choose to use total LRG luminosity rather than simple number counts, despite

the fact that there are additional uncertainties associated with this method. This

choice arises from the expectation that LRG luminosity traces stellar mass, which

is related to halo mass. While there have not been quantitative studies of the re-

lationship between halo mass and total LRG luminosity at the halo masses we

are interested in, we run a simple test here to see whether total LRG luminos-

ity or number counts in galaxy clusters provides a better contrast relative to the

field population, i.e., a stronger measure of overdensity. We can then invoke the

known relationship between halo mass and LRG number counts (Ho et al., 2009)

to suggest that either total LRG luminosity or number counts is a better tracer

of halo mass. We use early-type galaxy luminosity functions to compare the

expected galaxy luminosity and number counts in beams containing a massive

cluster and field galaxies to beams with field galaxies alone.

Adopting the i-band luminosity function (LF) of Bernardi et al. (2003a) to rep-

resent the field population of LRGs, we calculate the number of galaxies within

0.1 ≤ z ≤ 0.7 and brighter thanMi−5log10(h) ≤ −21 expected in a circular field of

view of radius 3.′5. We then take the cluster galaxy i-band luminosity function of

Popesso et al. (2005) to represent the population of LRGs in clusters. We use the

Popesso et al. (2005) LF constraints for a cluster-centric radius r ≤ 2.0 h−1 Mpc

with local background subtraction, although our results are qualitatively simi-

lar using their results for different cluster-centric radii. We combine the Popesso

et al. (2005) bright-end and faint-end components into a single LF, although in
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practice, the faint-end component contributes very little at the luminosities we

are interested in. Both the field and cluster samples are based on z < 0.3 LFs

from SDSS data, so evolution in the LF is not taken into account, but both the

field and cluster galaxy LFs will have smaller normalizations at higher redshifts.

We integrate the cluster LF down to the chosen limiting magnitude to deter-

mine a normalization factor, then normalize the cluster LF for a range of clus-

ter richness, defined as the number of LRGs in the cluster. Since the Popesso

et al. (2005) analysis ignored the contribution of the brightest cluster galaxy (BCG)

when computing the LF, we add its contribution separately. We identify the lu-

minosity at which the integrated LF is equal to one galaxy and double the differ-

ential number counts in the LF bins brighter than that luminosity. This effectively

modifies the integral of the LF such that there is one additional galaxy in the clus-

ter with the same average luminosity as its brightest (non-BCG) member. This is

conservative in the sense that we will underestimate the luminosity of the BCG

since there is a known magnitude gap between the two brightest galaxies in clus-

ters (e.g., More, 2012).

For a range of cluster richness, we compare number counts and total luminos-

ity for the field plus cluster to those for the field alone. We define the number of

LRGs in the field to be

Nfield =

(
πR2

4π ster

) ∫ zmax

zmin

(c/H(z))(1 + z)2DA(z)2dz

∫ ∞
Lmin

φfield(L)dL, (G.1)

where R is the beam radius, c/H(z) is the Hubble distance at redshift z, DA is

angular diameter distance, and φfield(L) is the luminosity function for the field.

The total luminosity for galaxies in the field is then given by

Lfield =

(
πR2

4π ster

) ∫ zmax

zmin

(c/H(z))(1 + z)2DA(z)2dz

∫ ∞
Lmin

φfield(L)LdL. (G.2)

For the cluster galaxies, we define Ncluster to be the number of non-BCG galaxies
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in the cluster. The total cluster richness is therefore Ncluster + 1, and the total

luminosity of the cluster galaxies as a function of richness is

Lcluster(Ncluster + 1) =
Ncluster

∫∞
Lmin

(1 +H(L− LBCG))φcluster(L)LdL∫∞
Lmin

φcluster(L)dL
, (G.3)

where φcluster(L) is the luminosity function for the cluster with arbitrary normal-

ization. The factor of Ncluster/
∫∞
Lmin

φcluster(L)dL serves to normalize the total lu-

minosity for the given richness. The 1 +H(L−LBCG) term, whereH is the Heav-

iside step function, accounts for the luminosity of the BCG. LBCG is determined

by solving the equation∫ ∞
LBCG

φcluster(L)dL =

∫∞
Lmin

φcluster(L)dL

Ncluster

(G.4)

for LBCG. Note that the arbitrary normalization of the cluster LF cancels on both

sides of Equation G.4.

We assume R = 3.′5, zmin = 0.1, zmax = 0.7, and test a range of luminosity cuts

from −22.5 ≤ Mmin − 5log10(h) ≤ −21, where Mmin = −2.5log10(Lmin/L�). We

then define the “richness contrast” to be

CN(Ncluster + 1) =
Nfield +Ncluster + 1

Nfield

, (G.5)

and the “luminosity contrast” to be

CL(Ncluster + 1) =
Lfield + Lcluster(Ncluster + 1)

Lfield
. (G.6)

These contrasts represent the relative LRG number and luminosity, respec-

tively, of a beam containing a cluster and field galaxies to a beam containing field

galaxies alone. In general, while both richness and total luminosity are strongly

correlated, the luminosity contrast is stronger than the number contrast, increas-

ing with greater cluster richness. As an example, for a richness of Ncluster + 1 =

12 and Lmin corresponding to a limiting magnitude of Mi − 5log10(h) = −21, CL
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is 16% greater than CN . Reid & Spergel (2009) find the LRG occupation number

for ∼> 1015M� halos to be ∼ 3− 5 LRGs, although their LRG selection was limited

to more luminous LRGs than our sample. We test a range of limiting absolute

magnitudes, −21 ≤ Mi − 5log10(h) ≤ −22.5, and find that the contrast for both

methods becomes much greater for brighter limiting magnitudes.

For this test, we attempt to be conservative where possible. The magnitude

gap for BCGs, which we ignore, would favor the luminosity method more by

increasing the cluster luminosity. The field early-type LF is based on morpho-

logical+spectral PCA criteria, and almost certainly includes more galaxies than

would pass our LRG selection criteria. This effect serves to reduce both contrasts,

but given our finding that the luminosity contrast is stronger than the richness

contrast, the luminosity contrast will be more strongly affected.

In Table G.1, we list the 3.′5-radius beams containing ≥ 11 LRGs that do not

overlap with the top 200 luminosity-sorted beams in Table 5.1. We present these

beams for completeness, as these beams would have been in the top 200 (or had

an equal number of LRGs to beams in our top 200) if we had chosen to sort by

LRG number counts instead.
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Table G.1 List of Unique Beams Sorted by NLRG

RA Dec NLRG
log10(Li)a

(h−2 L�)
11:09:15.977 +09:57:53.352 13 11.85
13:38:26.535 +15:19:27.495 13 11.84
11:32:31.050 +36:50:53.636 13 11.84
10:05:55.896 +47:21:15.407 13 11.83
08:25:51.875 +40:16:59.830 13 11.82
16:28:13.439 +38:24:47.224 13 11.82
13:49:59.719 +39:33:59.337 13 11.80
10:02:39.789 +20:29:22.063 12 11.86
09:57:38.539 +19:38:45.942 12 11.85
15:11:05.994 +67:05:11.986 12 11.85
00:12:52.314 -08:57:47.332 12 11.85
14:54:20.869 +05:55:21.444 12 11.85
10:35:55.123 +59:06:58.574 12 11.85
16:32:14.530 +21:25:22.315 12 11.85
15:22:35.599 +42:34:42.615 12 11.84
08:53:30.710 +23:19:35.213 12 11.84
09:43:03.652 +47:01:14.102 12 11.84
16:27:27.221 +39:41:02.149 12 11.84
11:27:10.983 +20:44:39.185 12 11.84
10:30:35.164 +47:48:39.928 12 11.83
09:01:55.447 +20:54:16.831 12 11.83
09:08:49.813 +61:27:28.658 12 11.82
15:11:48.439 +13:52:02.737 12 11.82
14:15:18.477 +33:44:52.386 12 11.82
16:17:39.046 +42:32:45.143 12 11.82
11:32:52.075 +36:47:13.073 12 11.81
12:10:48.221 +60:17:41.794 12 11.81
22:43:20.719 -09:35:18.906 12 11.81
12:01:17.199 +14:55:49.153 12 11.81
15:42:25.294 +60:03:01.397 12 11.80
00:44:52.396 +07:05:47.833 12 11.79
09:53:34.737 +22:49:09.630 12 11.79
13:21:22.061 +05:59:07.882 12 11.79
01:38:45.981 -10:16:53.809 12 11.78
08:12:48.436 +52:19:06.964 12 11.78
11:03:04.694 +04:19:41.855 12 11.78
15:17:46.067 +04:47:01.250 12 11.77
15:48:22.764 +12:54:52.040 12 11.77
02:18:14.999 -17:04:18.076 12 11.77
02:39:02.368 -01:08:11.545 12 11.76
10:29:25.019 +23:17:29.250 12 11.76
17:28:37.980 +68:14:07.625 12 11.75
13:00:55.901 +22:30:43.953 12 11.74
11:47:43.158 +25:29:07.848 12 11.68
08:04:54.807 +40:26:23.249 11 11.86
12:31:28.851 +17:48:50.446 11 11.85
00:47:16.514 -01:45:44.736 11 11.85
20:54:49.076 -16:20:14.773 11 11.85
12:02:14.719 +61:42:10.414 11 11.85
14:56:43.695 +11:59:50.193 11 11.85

1Total integrated rest-frame i-band luminosity in LRGs.
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Table G.1 Continued.
RA Dec NLRG

log10(Li)a

(h−2 L�)
14:39:20.170 +05:44:35.922 11 11.85
12:22:15.002 +42:34:30.585 11 11.85
09:28:38.426 +37:46:55.479 11 11.85
13:24:06.064 +47:40:26.833 11 11.84
23:11:48.346 +03:40:47.616 11 11.84
12:29:01.509 +47:38:55.367 11 11.84
15:39:40.493 +34:25:27.277 11 11.84
11:06:08.485 +33:33:39.682 11 11.84
12:38:51.513 +13:06:30.845 11 11.84
12:21:43.787 +45:25:05.301 11 11.84
11:59:31.823 +49:48:05.792 11 11.84
09:50:59.745 +00:39:43.027 11 11.84
13:24:11.822 +52:18:49.644 11 11.84
16:14:33.153 +62:40:58.110 11 11.84
21:35:24.074 -00:59:50.579 11 11.83
01:04:27.673 +29:03:36.591 11 11.83
08:53:03.792 +52:56:30.040 11 11.83
15:57:52.855 +21:33:41.153 11 11.83
16:28:17.576 +11:09:59.566 11 11.83
15:37:33.252 +28:06:36.831 11 11.83
09:49:12.774 +50:16:09.466 11 11.83
11:28:15.367 +25:49:22.565 11 11.83
00:06:56.132 -00:40:51.829 11 11.82
14:39:38.927 +05:44:00.469 11 11.82
01:01:40.797 +02:36:46.424 11 11.82
13:44:19.219 +39:06:38.980 11 11.82
11:15:59.327 +15:05:20.129 11 11.82
09:26:08.246 +04:25:26.035 11 11.82
13:59:49.878 +49:35:49.136 11 11.82
00:42:54.313 +27:26:47.716 11 11.82
14:18:21.801 +03:03:55.582 11 11.82
03:17:11.206 -07:13:09.000 11 11.82
08:52:49.102 +30:26:33.467 11 11.81
10:55:13.169 +43:57:56.860 11 11.81
08:34:13.159 +45:25:20.803 11 11.81
08:59:37.436 +26:05:36.539 11 11.81
14:09:04.402 +34:45:34.558 11 11.81
17:30:12.322 +55:52:30.416 11 11.81
23:16:25.189 -01:54:32.230 11 11.81
09:16:25.803 +29:52:07.585 11 11.81
09:27:37.817 +56:16:58.192 11 11.81
02:12:41.969 -09:42:27.342 11 11.81
14:59:34.701 +45:14:34.771 11 11.80
14:40:10.313 +14:17:11.818 11 11.80
14:45:18.655 +00:06:31.825 11 11.80
12:10:39.503 +04:29:20.492 11 11.80
23:05:50.195 +00:06:36.279 11 11.80
10:08:54.896 +45:27:58.888 11 11.80
11:51:54.536 +17:50:37.422 11 11.80
11:43:23.554 -00:28:01.790 11 11.80
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Table G.1 Continued.
RA Dec NLRG

log10(Li)a

(h−2 L�)
10:21:25.938 +12:14:39.260 11 11.80
02:01:07.278 +13:22:24.961 11 11.80
13:29:24.519 +65:27:53.321 11 11.80
10:10:33.584 +08:07:05.982 11 11.80
13:01:50.667 +22:43:34.859 11 11.79
01:17:33.818 +15:45:48.878 11 11.79
15:43:29.983 +35:42:18.202 11 11.79
12:37:03.247 +27:58:19.516 11 11.79
11:13:14.638 +25:59:44.165 11 11.79
00:11:01.227 +29:07:51.757 11 11.79
11:49:13.307 +35:31:54.141 11 11.79
03:17:53.373 -07:05:31.346 11 11.78
11:12:15.720 +23:52:40.054 11 11.78
00:33:20.715 +04:16:19.676 11 11.78
23:31:26.943 +00:35:06.526 11 11.78
09:00:49.059 +38:29:12.213 11 11.78
22:58:51.623 -03:25:22.241 11 11.78
11:09:31.024 +09:55:00.194 11 11.77
01:02:46.991 +11:10:25.567 11 11.77
12:35:18.759 +41:19:56.381 11 11.77
09:27:22.794 +44:10:08.169 11 11.76
00:00:52.090 +28:09:08.009 11 11.76
00:46:16.731 -10:24:23.642 11 11.76
12:46:24.192 +36:26:12.921 11 11.76
14:27:36.058 +55:49:26.812 11 11.76
01:13:15.628 +28:20:05.420 11 11.75
12:06:09.519 +44:41:04.943 11 11.75
23:04:24.257 +02:12:24.002 11 11.74
09:41:17.904 +18:46:46.990 11 11.74
14:20:58.067 +21:08:07.372 11 11.74
10:31:48.173 +47:22:24.694 11 11.74
13:10:56.248 +45:15:35.924 11 11.74
09:27:59.505 +12:45:50.494 11 11.73
10:33:29.650 +37:13:26.586 11 11.73
14:18:21.330 +48:37:36.040 11 11.73
12:50:52.163 +26:49:38.982 11 11.73
15:20:25.556 +06:21:48.889 11 11.72
12:26:50.804 +33:11:20.101 11 11.72
12:41:02.456 +44:12:13.803 11 11.72
16:07:35.906 +16:51:04.155 11 11.72
02:00:18.811 -07:54:08.177 11 11.71
11:54:30.316 +05:24:40.867 11 11.71
14:03:39.841 +10:14:54.200 11 11.71
11:38:25.361 +27:02:21.213 11 11.70
11:48:32.089 +37:48:31.262 11 11.70
11:47:25.348 +44:20:02.282 11 11.69
14:01:18.524 +15:14:08.027 11 11.68
14:31:57.545 +06:37:21.361 11 11.67
11:09:37.592 +38:28:53.623 11 11.65
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APPENDIX H

SDSS LRG SELECTION CRITERIA

In this Appendix, we explain our LRG catalog selection criteria. We base our

selection of SDSS DR9 LRGs on the criteria originally defined in Padmanabhan

et al. (2005), with some minor modifications. The LRG selection uses two sepa-

rate selection criteria (denoted “Cut I” and “Cut II” for the z ∼< 0.4 and z ∼> 0.4

samples, respectively) to define the full sample. The SQL queries for the two cuts

are given in Figures H.1 and H.2. The two cuts are not mutually exclusive, so we

remove duplicate objects after combining the two samples into a single catalog.

We modify the original LRG selection criteria, which selected LRGs for clus-

tering studies that had different requirements than our applications. We add cuts

to exclude fields with poor quality or that have an effective r-band PSF width

≥ 2′′, indicating poor seeing. We remove objects with r-band extinction ≥ 0.2 or

r-band magnitude errors ≥ 0.2, as we are less confident in these objects’ absolute

magnitudes (N. Padmanabhan, private communication). We reduce the galac-

tic latitude criterion from b ≤ 45◦ to b ≤ 30◦, which strikes a balance between

excluding fields with a high-density of stars that could complicate follow-up ob-

servations and including as much survey area as possible. This cut eliminates less

than 20% of the total sky coverage of DR9. The rest of our color and photometric

flag cuts remove most spurious stellar contaminants. The photometry flags are

standard quality cuts to remove spurious objects (A. Ross, private communica-

tion). Based on a visual inspection of subsets of objects in our sample, we also

cut objects with the “subtracted” or “deblended as psf” flags set, which removes

< 1% of our sample but cuts out objects contaminated by a nearby bright star. We

also cut objects with the “deblend pruned” flag set, which removes a tiny fraction



262

SELECT
g.objID,
g.run,
g.rerun,
g.camcol,
g.field,
g.fieldID,
g.obj,
g.ra,
g.dec,
g.b,
g.dered_g,
g.dered_r,
g.dered_i,
g.extinction_r,
g.petroMag_r,
g.psfMag_r,
g.ModelMag_r,
g.ModelMagErr_r,
g.psfMag_i,
g.ModelMag_i,
g.ModelMagErr_i,
g.deVRad_r,
g.petroR50_r,
g.flags,
p.z,
p.zErr,
f.quality,
f.psfWidth_r

FROM
Galaxy as g, Photoz as p, Field as f

WHERE p.objID = g.objID
and f.fieldID = g.fieldID
and f.quality = 3
and f.psfWidth_r < 2
and (g.dered_g - g.dered_r) < 3.0
and (g.dered_r - g.dered_i) < 1.5
and g.extinction_r < 0.2
and g.modelmagerr_r < 0.2
and (g.petroMag_r + (2.5 * LOG10(2 * pi() * POWER(g.petroR50_r,2.0)))) < 24.2
and ABS(g.b) > 30
and ABS((g.dered_r - g.dered_i) - ((g.dered_g - g.dered_r) / 4.0) - 0.18) < 0.2
and (g.petroMag_r - g.extinction_r) <

(13.6 + ((0.7 * (g.dered_g - g.dered_r)) + (1.2 * (g.dered_r - g.dered_i - 0.18))) / 0.3)
and (g.petroMag_r - g.extinction_r) < 19.7
and (g.psfMag_r - g.ModelMag_r) > 0.3
and (g.flags & 0x0000000000000002) = 0
and (g.flags & 0x0000000000000004) = 0
and (g.flags & 0x0000000000000008) = 0
and (g.flags & 0x0000000000040000) = 0
and (g.flags & 0x0000000000100000) = 0
and (g.flags & 0x0000000002000000) = 0
and (g.flags & 0x0000000004000000) = 0
and (g.flags & 0x0000000070000000) != 0

Figure H.1 SDSS database SQL query for Cut I.



263

SELECT
g.objID,
g.run,
g.rerun,
g.camcol,
g.field,
g.fieldID,
g.obj,
g.ra,
g.dec,
g.b,
g.dered_g,
g.dered_r,
g.dered_i,
g.extinction_r,
g.petroMag_r,
g.psfMag_r,
g.ModelMag_r,
g.ModelMagErr_r,
g.psfMag_i,
g.ModelMag_i,
g.ModelMagErr_i,
g.deVRad_r,
g.petroR50_r,
g.flags,
p.z,
p.zErr,
f.quality,
f.psfWidth_r

FROM
Galaxy as g, Photoz as p, Field as f

WHERE P.objID = g.objID
and f.fieldID = g.fieldID
and f.quality = 3
and f.psfWidth_r < 2
and (g.dered_g - g.dered_r) < 3.0
and (g.dered_r - g.dered_i) < 1.5
and g.extinction_r < 0.2
and g.modelmagerr_r < 0.2
and (g.petroMag_r + (2.5 * LOG10(2 * pi() * POWER(g.petroR50_r,2.0)))) < 24.2
and ABS(g.b) > 30
and ((g.dered_r - g.dered_i) - ((g.dered_g - g.dered_r) / 8)) > 0.55
and (g.dered_g - g.dered_r) > 1.4
and g.dered_i < (18.3 + (2 * ((g.dered_r - g.dered_i) - (g.dered_g - g.dered_r) / 8)))
and g.dered_i < 20
and (g.psfMag_i - g.ModelMag_i) > 0.2 * (21 - g.dered_i)
and g.deVRad_r > 0.2
and (g.flags & 0x0000000000000002) = 0
and (g.flags & 0x0000000000000004) = 0
and (g.flags & 0x0000000000000008) = 0
and (g.flags & 0x0000000000040000) = 0
and (g.flags & 0x0000000000100000) = 0
and (g.flags & 0x0000000002000000) = 0
and (g.flags & 0x0000000004000000) = 0
and (g.flags & 0x0000000070000000) != 0

Figure H.2 SDSS database SQL query for Cut II.
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(< 100 objects) of our sample with apparent blending issues.

We use similar criteria to get the spectroscopic sample of LRGs, requiring in

addition that the “zwarning” flag is zero and the redshift error is< 10−3. We then

match the spectroscopic and photometric samples, replacing the photometric red-

shift and its error with the spectroscopic redshift and error where applicable. We

apply cuts on the object redshift only after combining the catalogs, as an object

with a photometric redshift outside of our target redshift range (0.1 ≤ z ≤ 0.7)

may have a spectroscopic redshift within that range.

We then calculate absolute magnitudes for the LRGs, accounting for K-corrections

and passive evolution, and apply our absolute i-band magnitude cut. We ex-

tend the original Padmanabhan et al. (2005) absolute magnitude cut (−21 <

Mi − 5log10(h) < −24) to include more luminous galaxies up to −24.7 based on

visual inspection. While extending this cut does introduce contaminants, it also

includes the most luminous LRGs, which contribute the most to the total lumi-

nosity of a beam. We check through visual inspection that these contaminants do

not affect our top 200 beams.
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APPENDIX I

KNOWN CLUSTERS IN TOP 200 BEAMS

We present the list of known clusters in our top 200 beams in Table I.1. These

clusters were identified in a search of the NASA/IPAC Extragalactic Database1

(NED) as galaxy clusters within 3.′5 of our beam centers2. The clusters in each

beam are ordered by angular offset from the beam center.

1http://ned.ipac.caltech.edu
2Note: Z. Wen reports in a private communication that most of our LRG-selected fields contain

at least one cluster identified in his larger Wen et al. (2012) sample, which was not available
through NED at the time of our analysis.
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Table I.1 List of Known Clusters in SDSS LRG Beams
Rank RA Dec Clustera Redshiftb

1 11:23:53.231 +50:52:53.458
WHL J112353.2+505253 0.332

ZwCl 1121.0+5110 ...
GMBCG J171.03358+50.88460 0.416

2 12:44:02.713 +16:51:53.185

WHL J124359.7+16511 0.5593
GMBCG J191.00805+16.83941 0.516
GMBCG J191.02734+16.89091 0.486

MS 1241.5+1710 0.312

4 11:42:24.777 +58:32:05.333
WHL J114224.8+583205 0.3109

Abell 1351 0.3224
GMBCG J175.58575+58.48567 0.211

7 09:49:58.602 +17:08:24.240

MACS J0949.8+1708 0.3826
GMBCG J147.50544+17.11794 0.443
GMBCG J147.52556+17.13526 0.537

WHL J094951.3+170701 0.3638
GMBCG J147.47303+17.18400 0.39

8 15:26:13.832 +04:40:30.109
GMBCG J231.56702+04.67892 0.499

WHL J152612.1+043951 0.5169

9 10:53:30.330 +56:41:21.327
WHL J105325.2+564042 0.4571

GMBCG J163.33806+56.69041 0.4
GMBCG J163.40388+56.66324 0.406

10 02:18:39.886 -00:12:31.752
SDSS CE J034.664303-00.205654 0.31075

WHL J021843.3-001259 0.3483
WHL J021845.2-001452 0.6338

11 10:06:11.170 +08:03:00.487
WHL J100601.9+080401 0.27275

GMBCG J151.49575+08.06809 0.38

12 11:05:34.246 +17:35:28.209
WHL J110538.5+173544 0.5038
WHL J110521.7+173505 0.5099

14 16:16:11.888 +06:57:44.695

GMBCG J244.03332+06.98599 0.34248
NSC J161620+065841 0.3357

GMBCG J244.07472+06.91786 0.408
WHL J161609.9+065437 0.3288

GMBCG J244.07577+07.00922 0.255

15 14:17:45.068 +21:18:27.860
GMBCG J214.44457+21.27367 0.409

WHL J141755.5+211840 0.4023
GMBCG J214.48589+21.33680 0.429

17 02:39:53.126 –01:34:55.980 Abell 370 0.375

18 08:16:58.695 +49:33:42.953
GMBCG J124.19153+49.54958 0.387

WHL J081644.7+493512 0.3349

20 08:19:53.827 +31:59:57.660
WHL J081955.9+315904 0.5086

GMBCG J125.00893+31.96433 0.318
GMBCG J125.02582+32.02435 0.419

21 11:52:08.844 +31:42:35.278
WHL J115203.0+314100 0.5353
WHL J115204.5+314458 0.4883
WHL J115202.8+314516 0.349

23 10:50:03.460 +28:29:58.080

GMBCG J162.48938+28.51768 0.462
GMBCG J162.50300+28.46881 0.389

WHL J105005.2+283222 0.4335
GMBCG J162.56190+28.50020 0.411

24 12:09:15.992 +26:43:33.237 WHL J120918.8+264101 0.5327
25 13:40:46.678 –02:51:50.541 WHL J134046.7-025150 0.532

26 11:39:26.649 +47:04:27.608
GMBCG J174.81035+47.03759 0.44

WHL J113920.0+470727 0.5223
GMBCG J174.78774+47.10125 0.323

27 13:51:32.691 +52:03:33.346
GMBCG J207.84562+52.06839 0.338

WHL J135143.9+520407 0.3875

Note. — Galaxy clusters identified from NASA/IPAC Extragalactic Database (NED) within 3.′5 of the beam centers. Clusters are sorted by proximity

to the beam center. References – WHL = Wen et al. (2009); ZwCl = Zwicky et al. (1961); GMBCG = Hao et al. (2010); MS = Ueda et al. (2001); Abell = Abell et al.

(1989); MACS = Ebeling et al. (2001); NSC = Gal et al. (2003); EAD = Estrada et al. (2007); MaxBCG = Koester et al. (2007); NSCS = Lopes et al. (2004); SDSS CE =

Goto et al. (2002); SHELS = Geller et al. (2005); AWM = Abate et al. (2009); DDM = Desai et al. (2004)
1For clusters with multiple designations, we list the first designation given by NED.

2Redshift precision to lowest significant non-zero digit.
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Table I.1 Continued.
Rank RA Dec Clustera Redshiftb

28 14:37:40.295 +30:12:00.275
WHL J143740.3+301200 0.3271

Abell 1943 0.182
NSC J143737+300923 0.338

29 12:43:08.915 +20:22:51.768
GMBCG J190.77072+20.34803 0.418
GMBCG J190.77001+20.41813 0.504

WHL J124307.6+202537 0.5044

30 17:43:22.152 +63:42:57.575
WHL J174330.4+634141 0.3211

Abell 2280 0.326
NSC J174255+634144 0.3606

31 02:02:01.333 -08:29:02.252

WHL J020155.8-082720 0.4836
WHL J020212.0-082849 0.3705

GMBCG J030.46031-08.47258 0.305
GMBCG J030.53418-08.43703 0.349

32 09:10:41.968 +38:50:33.710
GMBCG J137.68624+38.83708 0.511

WHL J091049.8+385009 0.5651
GMBCG J137.69226+38.79387 0.415

33 09:42:55.372 +14:27:20.611
WHL J094253.2+142907 0.3335

GMBCG J145.73927+14.50789 0.346

34 14:33:25.780 +29:27:45.979

Abell 1934 0.2194
GMBCG J218.35869+29.48397 0.354

[EAD2007] 500 0.40968
MaxBCG J218.32159+29.51165 0.22145

35 13:06:54.628 +46:30:36.691

WHL J130657.3+463206 0.2081
Abell 1682 0.2339

GMBCG J196.70832+46.55927 0.245
NSC J130639+463208 0.2508

GMBCG J196.75262+46.56389 0.337

36 10:51:34.352 +42:23:29.626
Abell 1110 0.194

NSC J105128+422216 0.2982
GMBCG J162.89536+42.34162 0.187

37 01:37:26.699 +07:52:09.305
GMBCG J260.55436+32.11438 0.304
GMBCG J260.51908+32.07349 0.388
GMBCG J260.61326+32.13257 0.225

38 17:22:13.049 +32:06:51.773
GMBCG J260.55436+32.11438 0.304
GMBCG J260.51908+32.07349 0.388
GMBCG J260.61326+32.13257 0.225

39 12:52:58.597 +23:42:00.034

WHL J125251.8+234206 0.3765
WHL J125300.6+234414 0.5187

ZwCl 1250.6+2401 ...
GMBCG J193.29269+23.66893 0.457

40 01:19:56.788 +12:18:34.735 NSCS J011959+121839 0.37

42 10:35:35.605 +31:17:47.478

NSCS J103537+311759 0.36
GMBCG J158.90316+31.26230 0.332

ZwCl 1032.9+3131 0.28085
WHL J103527.2+312001 0.3702

GMBCG J158.88440+31.35249 0.336

43 23:34:23.927 -00:25:00.606
SDSS CE J353.605194-00.417486 0.37883

GMBCG J353.58053-00.42458 0.462
WHL J233424.3-002618 0.4461

45 15:26:26.690 +04:39:04.707 GMBCG J231.56702+04.67892 0.499

46 00:01:58.481 +12:03:58.021
NSCS J000153+120347 0.2033

Abell 2692 0.192

47 14:39:56.246 +54:51:14.221
WHL J143958.0+545031 0.5435

MaxBCG J220.01388+54.80918 0.26465
GMBCG J219.97530+54.80381 0.398

48 09:43:29.460 +33:18:49.403

NSC J094329+331912 0.2463
ZwCl 0940.6+3334 ...

GMBCG J145.91018+33.31696 0.25655
WHL J094339.7+332037 0.4815
WHL J094316.0+331825 0.3216

50 22:43:28.058 -00:25:58.808
GMBCG J340.83815-00.43147 0.445

WHL J224326.0-002405 0.3495
GMBCG J340.82973-00.45495 0.184

51 15:01:56.456 +33:20:41.059 GMBCG J225.48502+33.33266 0.304
52 02:20:56.845 +06:52:09.157 NSCS J022059+065249 0.35
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Table I.1 Continued.
Rank RA Dec Clustera Redshiftb

53 01:48:08.231 +00:00:59.692
GMBCG J027.04490+00.00106 0.38

SDSS CE J027.042007+00.011633 0.34479

56 10:39:51.501 +15:27:25.227
WHL J103952.8+152712 0.4893

GMBCG J159.97959+15.45350 0.285
GMBCG J159.90661+15.44490 0.496

57 16:15:59.965 +06:55:18.520 WHL J161609.9+065437 0.3288

59 01:59:59.711 -08:49:39.704
WHL J015951.0-084910 0.4032

GMBCG J029.95560-08.83299 0.322
MACS J0159.8-0849 0.405

60 10:56:14.771 +28:22:23.064
WHL J105614.8+282223 0.5731

GMBCG J164.03905+28.37180 0.478

61 09:14:23.778 +21:24:52.512
WHL J091424.2+212543 0.545

GMBCG J138.61986+21.41015 0.425

63 09:02:16.490 +38:07:07.073
GMBCG J135.52728+38.09073 0.492

WHL J090208.9+380450 0.4962
65 16:54:24.482 +44:42:10.793 WHL J165420.1+444125 0.4549

66 09:26:35.472 +29:34:22.128

WHL J092635.5+293422 0.29165
ZwCl 0923.6+2946 ...

WHL J092628.0+293452 0.4935
GMBCG J141.61858+29.59521 0.476
GMBCG J141.68858+29.56935 0.191

67 15:03:01.311 +27:57:48.781 WHL J150303.7+275519 0.5292

69 14:33:54.319 +50:40:45.173
ZwCl 1432.0+5054 0

GMBCG J218.43091+50.67096 0.38

70 08:53:00.399 +26:22:13.805
GMBCG J133.25279+26.36150 0.452

WHL J085254.0+262117 0.4549

72 11:00:10.270 +19:16:17.104
WHL J110014.2+191622 0.2382
WHL J110003.2+191656 0.4442

74 13:26:36.060 +53:53:57.959
WHL J132627.0+535348 0.375

GMBCG J201.72979+53.87878 0.327

75 01:19:34.439 +14:52:08.957
Abell 175 0.1292

WHL J011938.3+145352 0.1289
MaxBCG J019.90953+14.89798 0.14315

77 11:56:12.252 -00:21:02.814
SDSS CE J179.044357-00.342619 0.26537

GMBCG J179.08749-00.37107 0.199

79 12:12:08.759 +27:34:06.919
NSCS J121218+273325 0

WHL J121218.5+273255 0.3464
GMBCG J182.99449+27.54719 0.447

80 16:16:27.616 +58:12:38.798 WHL J161644.8+581118 0.2724
81 12:58:32.002 +43:59:47.314 WHL J125835.3+440102 0.5064
82 08:07:56.920 +65:25:07.350 NSC J080809+652543 0.1263

83 10:50:20.408 +28:28:04.966
GMBCG J162.56190+28.50020 0.411

WHL J105022.4+282439 0.4712

84 23:19:33.487 -01:19:26.377
NSCS J231933-011656 0.3

ZwCl 2316.8-0135 ...

85 09:21:11.999 +30:29:24.946
SHELS J0921.2+3028 0.427

[AWM2009] Cluster 1C 0.427

87 12:06:57.409 +30:29:22.828
NSCS J120702+303056 0.21

WHL J120654.8+303119 0.4916
WHL J120708.2+302741 0.4629

88 15:48:35.149 +17:02:22.535 WHL J154840.1+170448 0.3998

89 09:11:06.757 +61:08:18.085
NSC J091110+610734 0.2959

Abell 747 ...
GMBCG J137.72824+61.09600 0.322

91 08:22:49.875 +41:28:12.007
WHL J082247.8+412744 0.4664

GMBCG J125.67646+41.45847 0.47
92 23:03:44.474 +00:09:38.406 GMBCG J345.89121+00.14293 0.525

93 09:16:14.956 -00:25:31.237

GMBCG J139.05662-00.42820 0.217
GMBCG J139.03846-00.40449 0.345

Abell 776 0.33594
WHL J091605.7-002324 0.3208

GMBCG J139.11397-00.43552 0.433

94 12:01:25.380 +23:50:58.316

WHL J120122.5+235110 0.26735
NSC J120127+235149 0.2471

MaxBCG J180.32322+23.84515 0.22955
GMBCG J180.35485+23.89116 0.363
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96 12:42:19.077 +40:23:40.425
WHL J124235.9+402255 0.4024
WHL J124201.4+402335 0.4462

97 11:59:04.900 +51:11:15.803 WHL J115921.9+511238 0.388

98 11:11:23.230 +26:01:58.357
WHL J111123.2+260158 0.3325

GMBCG J167.84231+26.02512 0.324
GMBCG J167.85188+26.01246 0.177

99 11:23:08.271 +54:01:58.928 WHL J112247.2+540052 0.5005

100 14:32:40.352 +31:41:36.116
GMBCG J218.15811+31.64695 0.158
MaxBCG J218.15809+31.64695 0.132

101 12:45:04.700 +02:29:08.618
GMBCG J191.25782+02.50588 0.33

WHL J124501.2+023155 0.4881

103 09:15:50.686 +42:57:08.567
WHL J091550.7+425708 0.5303

GMBCG J138.91793+42.95508 0.415
104 13:41:08.628 +12:33:45.316 WHL J134111.8+123303 0.5622
105 12:25:49.069 +08:24:48.700 WHL J122555.2+082243 0.4821

106 08:31:34.886 +26:52:25.307
WHL J083137.5+265054 0.4869

GMBCG J127.93257+26.89906 0.26735
GMBCG J127.85854+26.83155 0.453

107 10:14:11.602 +22:31:53.131
GMBCG J153.54834+22.53144 0.484

WHL J101407.7+223015 0.4663
GMBCG J153.54087+22.49259 0.516

108 15:36:44.604 +02:46:50.702
WHL J153646.4+024614 0.5121

GMBCG J234.20097+02.75082 0.209
109 14:54:16.517 +04:34:40.491 WHL J145416.5+043440 0.3354

110 15:27:45.828 +06:52:33.629
SDSS J1527+0652 CLUSTER 0.4

WHL J152745.8+065233 0.3812
SDSS J1527+0652 0.39

111 00:06:11.544 -10:28:19.512

WHL J000611.5-102819 0.23495
WHL J000614.3-102820 0.5158

GMBCG J001.53135-10.50724 0.221
GMBCG J001.53243-10.42147 0.175

114 00:15:23.386 -09:18:51.103
WHL J001513.3-091806 0.35
WHL J001526.4-092207 0.4883

115 11:16:01.248 +18:24:23.300 WHL J111601.2+182423 0.4605
118 10:42:47.206 +33:12:17.845 WHL J104253.7+331254 0.5057

119 15:33:49.313 +02:38:36.105
WHL J153342.2+023744 0.5101
WHL J153354.5+024135 0.5622

120 17:52:27.692 +60:10:12.774 WHL J175236.4+601045 0.4602
121 12:08:19.794 +61:22:03.732 WHL J120825.8+612054 0.5178

122 01:19:07.658 -09:34:02.693
GMBCG J019.79456-09.57832 0.348

WHL J011916.4-093421 0.3505

123 09:38:11.613 +27:35:43.705
GMBCG J144.56963+27.58991 0.334

WHL J093807.1+273749 0.4954
GMBCG J144.49716+27.62634 0.422

125 14:52:00.837 +01:06:56.447

SDSS CE J223.007248+01.113963 0.37883
WHL J145211.5+010748 0.3927

SDSS CE J223.038879+01.152872 0.41286
GMBCG J223.04780+01.15035 0.392

126 12:24:45.458 -00:39:14.796
NSCS J122447-004029 0.47

WHL J122447.3-004056 0.4777
GMBCG J186.15220-00.62346 0.403

127 15:54:59.348 +51:37:23.214
WHL J155447.4+513757 0.48

GMBCG J238.70078+51.64642 0.467

129 12:19:21.841 +50:53:28.236
WHL J121917.6+505432 0.5327

GMBCG J184.80005+50.93515 0.471
GMBCG J184.75315+50.88179 0.372

130 09:51:40.088 -00:14:20.218
GMBCG J147.91704-00.23895 0.417

SDSS CE J147.900848-00.253642 0.39017
WHL J095148.5-001419 0.4168

131 00:51:24.585 –10:49:09.758 WHL J005121.4-104941 0.4847
132 22:26:27.277 +00:53:29.136 WHL J222624.0+005405 0.2771

134 15:50:36.108 +39:48:56.718
WHL J155036.6+394941 0.5004

GMBCG J237.64892+39.78190 0.464
NSCS J155027+394752 0.37
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135 11:33:41.604 +39:52:25.291

GMBCG J173.39894+39.87612 0.437
GMBCG J173.46103+39.87940 0.282

Abell 1310 0.2619
NSCS J113327+395228 0.47

WHL J113353.5+395019 0.2755

136 13:01:02.878 +05:35:29.711
WHL J130106.9+053411 0.4817
NSCS J130107+053314 0.25

138 11:33:37.447 +66:24:44.842
Abell 1302 0.1165

WHL J113314.7+662246 0.12155
139 01:57:54.644 –00:57:11.347 SDSS CE J029.529423-00.979300 0.39017

140 11:13:46.352 +56:40:34.462
WHL J111344.3+564102 0.4754

GMBCG J168.43311+56.64864 0.513
GMBCG J168.44920+56.72458 0.474

141 14:44:19.496 +16:20:12.303
WHL J144428.9+162016 0.3955

GMBCG J221.04927+16.35866 0.362
GMBCG J221.08712+16.29277 0.338

144 10:27:02.072 +09:16:40.107 WHL J102702.1+091640 0.5496

145 16:48:00.199 +33:40:03.887
WHL J164803.8+334149 0.29975
WHL J164745.7+334127 0.5307

146 10:22:32.057 +50:07:07.870
Abell 980 0.1582

[EAD2007] 047 0.15718

147 09:26:51.422 +04:58:17.559

GMBCG J141.70184+04.96670 0.401
NSC J092656+045928 0.2845

ZwCl 0924.4+0511 0.2701
GMBCG J141.69697+05.00110 0.486
GMBCG J141.69759+05.02156 0.455
GMBCG J141.76983+04.97938 0.25385

148 12:17:31.158 +36:41:11.240
WHL J121731.9+364112 0.3916

SDSS J1217+3641 CLUSTER 0.364
GMBCG J184.44333+36.68439 0.354

149 11:53:05.648 +41:45:20.510
NSCS J115309+414558 0.3

WHL J115312.2+414444 0.29165
150 14:33:05.416 +51:03:16.905 WHL J143254.9+510154 0.4819
151 09:01:04.594 +39:54:49.063 GMBCG J135.26913+39.91365 0.541
152 10:50:38.567 +35:49:12.425 WHL J105038.6+354912 0.5021

154 08:50:07.915 +36:04:13.650
ZwCl 0847.2+3617 0.378

GMBCG J132.49437+36.10756 0.284
GMBCG J132.52774+36.01979 0.241

156 08:45:43.999 +30:10:07.090

WHL J084544.0+301007 0.4959
GMBCG J131.39803+30.18358 0.428

NSC J084530+300943 0.1253
WHL J084530.0+300839 0.4025

157 14:55:07.993 +38:36:04.879

GMBCG J223.76805+38.61049 0.23
ZwCl 1453.3+3849 ...

NSC J145457+383607 0.326
WHL J145452.1+383716 0.3847

159 11:07:19.334 +53:04:17.938
GMBCG J166.86887+53.04094 0.462

WHL J110708.1+530129 0.4296

160 15:38:02.025 +39:27:39.159

SDSS J1537+3926 CLUSTER 0.444
NSCS J153814+392905 0.23
NSC J153747+392702 0.2532

WHL J153754.2+392444 0.409

161 01:03:24.248 +00:55:37.011
SDSS CE J015.847747+00.930720 0.2994
SDSS CE J015.862271+00.873928 0.37883

162 10:40:17.611 +54:37:08.607
WHL J104016.0+543753 0.47

GMBCG J160.02689+54.62449 0.391
GMBCG J160.01506+54.57856 0.478

163 12:28:58.786 +53:37:27.671 WHL J122906.7+533551 0.5012
164 15:38:04.005 +39:22:32.253 WHL J153754.2+392444 0.409

166 09:50:00.059 +17:04:27.060

GMBCG J147.48329+17.07628 0.283
GMBCG J147.50544+17.11794 0.443
GMBCG J147.46139+17.04589 0.354

WHL J094951.3+170701 0.3638
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168 12:34:49.804 +23:03:42.109
WHL J123446.3+230217 0.3238

NSC J123444+230059 0.4125
ZwCl 1232.1+2319 ...

169 01:27:10.589 +23:14:19.797 Abell 196 ...
170 13:15:23.033 –02:50:35.192 WHL J131515.4-024840 0.4112

171 11:39:02.869 +47:04:43.290
GMBCG J174.78774+47.10125 0.323
GMBCG J174.81035+47.03759 0.44

172 14:31:48.010 +09:00:15.869 NSCS J143159+090154 0.38

173 09:47:14.189 +38:10:22.088
WHL J094714.2+381022 0.4353

GMBCG J146.78369+38.19401 0.328
GMBCG J146.85598+38.14762 0.442

174 12:17:05.124 +26:05:18.445 WHL J121705.1+260518 0.476
175 13:26:25.383 +53:24:58.472 GMBCG J201.55655+53.44045 0.504
176 01:53:42.190 +05:35:44.062 NSCS J015338+053638 0.29

177 10:54:40.435 +55:23:56.307
GMBCG J163.66850+55.39898 0.487

WHL J105444.1+552059 0.4893

182 14:37:17.666 +34:18:22.187

NSC J143709+341851 0.2862
GMBCG J219.34342+34.33407 0.393

WHL J143731.1+341834 0.3808
WHL J143713.7+341530 0.5426

GMBCG J219.31933+34.25157 0.541

183 14:15:08.392 -00:29:35.680
WHL J141508.4-002935 0.1303

SDSS CE J213.781525-00.487651 0.14056
[DDM2004] J141505.03-002908.1 0.141

184 20:53:55.128 –06:34:51.054 GMBCG J313.43167-06.55856 0.481
185 12:35:44.353 +35:32:47.968 WHL J123549.2+353445 0.4851

186 11:52:35.385 +37:15:43.111
WHL J115235.4+371543 0.1475

NSC J115231+371553 0.1175

187 14:45:34.036 +48:00:12.417
WHL J144534.0+480012 0.5145

GMBCG J221.47262+47.98388 0.422
188 08:40:08.745 +21:56:03.214 WHL J084005.8+215315 0.4454

189 13:48:53.073 +57:23:46.617
WHL J134850.1+572147 0.28895

Abell 1805 ...
GMBCG J207.24819+57.44672 0.312

190 13:07:03.631 +46:33:47.849

[EAD2007] 037 0.24656
GMBCG J196.75262+46.56389 0.337

WHL J130657.3+463206 0.2081
GMBCG J196.70832+46.55927 0.245

Abell 1682 0.2339
GMBCG J196.70330+46.60084 0.415

191 11:40:40.199 +44:07:40.291

MaxBCG J175.15921+44.11784 0.14585
GMBCG J175.15828+44.14893 0.487

NSCS J114032+440607 0.42
WHL J114034.8+440541 0.4529

ZwCl 1137.8+4425 ...

192 14:48:20.246 +20:43:31.168
WHL J144820.4+204437 0.5046

GMBCG J222.10454+20.75123 0.449

193 12:41:56.529 +03:43:59.760
GMBCG J190.52490+03.76859 0.357

WHL J124158.0+034721 0.3915

194 08:41:23.880 +25:13:05.204
WHL J084123.9+251305 0.4655

GMBCG J130.35004+25.17696 0.475
196 00:24:59.715 +08:26:16.778 NSCS J002458+082639 0.43

197 15:50:16.987 +34:18:33.901
WHL J155025.7+341708 0.4297
WHL J155006.3+341917 0.4329

GMBCG J237.60955+34.26717 0.468
198 01:37:18.176 +07:55:44.482 Abell 220 0.33

199 11:05:20.978 +17:37:16.830
GMBCG J166.33740+17.62134 0.497
GMBCG J166.30451+17.61325 0.375

WHL J110521.7+173505 0.5099
200 03:33:12.198 –06:52:24.614 WHL J033303.7-065233 0.2918
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Barnabè, M., Czoske, O., Koopmans, L. V. E., Treu, T., & Bolton, A. S. 2011, MN-

RAS, 415, 2215
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Bradač, M., et al. 2012, ApJL, 755, L7

Bradley, L. D., et al. 2008, ApJ, 678, 647

—. 2012, ApJ, 747, 3

Brainerd, T. G. 2010, ApJ, 713, 603

Brammer, G. B., et al. 2012, ApJL, 758, L17

Brewer, B. J., et al. 2012, MNRAS, 422, 3574

Broadhurst, T., et al. 2005, ApJ, 621, 53

Broadhurst, T. J., & Barkana, R. 2008, MNRAS, 390, 1647

Broadhurst, T. J., Taylor, A. N., & Peacock, J. A. 1995, ApJ, 438, 49

Brownstein, J. R., et al. 2012, ApJ, 744, 41

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000



276

Bullock, J. S., Kolatt, T. S., Sigad, Y., Somerville, R. S., Kravtsov, A. V., Klypin,

A. A., Primack, J. R., & Dekel, A. 2001, MNRAS, 321, 559

Bunker, A. J., et al. 2010, MNRAS, 409, 855

Burud, I., et al. 2002, A&A, 391, 481

Cacciato, M., van den Bosch, F. C., More, S., Li, R., Mo, H. J., & Yang, X. 2009,

MNRAS, 394, 929

Cacciato, M., van den Bosch, F. C., More, S., Mo, H., & Yang, X. 2013a, MNRAS,

430, 767

Cacciato, M., van Uitert, E., & Hoekstra, H. 2013b, MNRAS, submitted

(arXiv:1207.6105)

Capak, P., et al. 2011, ApJ, 730, 68

Cappellari, M., et al. 2006, MNRAS, 366, 1126

—. 2012, Nature, 484, 485

Castellano, M., et al. 2010, A&A, 524, A28+

Chae, K., Mao, S., & Augusto, P. 2001, MNRAS, 326, 1015

Chartas, G., Kochanek, C. S., Dai, X., Poindexter, S., & Garmire, G. 2009, ApJ, 693,

174

Chen, J., Rozo, E., Dalal, N., & Taylor, J. E. 2007, ApJ, 659, 52

Chiba, M., Minezaki, T., Kashikawa, N., Kataza, H., & Inoue, K. T. 2005, ApJ, 627,

53



277
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Guimarães, A. C. C., & Sodré, Jr., L. 2011, ApJ, 728, 33

Halkola, A., Seitz, S., & Pannella, M. 2006, MNRAS, 372, 1425



282

Hall, N., et al. 2012, ApJ, 745, 155

Hao, J., et al. 2009, ApJ, 702, 745

—. 2010, ApJS, 191, 254

Hennawi, J. F., Dalal, N., Bode, P., & Ostriker, J. P. 2007, ApJ, 654, 714

Hennawi, J. F., et al. 2008, AJ, 135, 664

Henry, A. L., Malkan, M. A., Colbert, J. W., Siana, B., Teplitz, H. I., McCarthy, P.,

& Yan, L. 2007, ApJL, 656, L1

Hibon, P., Kashikawa, N., Willott, C., Iye, M., & Shibuya, T. 2012, ApJ, 744, 89

Hibon, P., et al. 2010, A&A, 515, A97+

Hikage, C., Mandelbaum, R., Takada, M., & Spergel, D. N. 2012, arXiv:1211.1009

Hilbert, S., Hartlap, J., White, S. D. M., & Schneider, P. 2009, A&A, 499, 31

Hilbert, S., White, S. D. M., Hartlap, J., & Schneider, P. 2007, MNRAS, 382, 121

—. 2008, MNRAS, 386, 1845

Hildebrandt, H., et al. 2011, ApJL, 733, L30

Ho, S., Lin, Y.-T., Spergel, D., & Hirata, C. M. 2009, ApJ, 697, 1358

Hoekstra, H., Hartlap, J., Hilbert, S., & van Uitert, E. 2011, MNRAS, 412, 2095

Holder, G. P., & Schechter, P. L. 2003, ApJ, 589, 688

Host, O. 2012, MNRAS, 420, L18

Hsieh, B.-C., Wang, W.-H., Yan, H., Lin, L., Karoji, H., Lim, J., Ho, P. T. P., & Tsai,

C.-W. 2012, ApJ, 749, 88



283

Huang, X., et al. 2009, ApJL, 707, L12

Impey, C. D., Foltz, C. B., Petry, C. E., Browne, I. W. A., & Patnaik, A. R. 1996,

ApJL, 462, L53+

Jackson, N., et al. 1995, MNRAS, 274, L25

Jaunsen, A. O., & Hjorth, J. 1997, A&A, 317, L39

Kaiser, N. 2004, in Society of Photo-Optical Instrumentation Engineers (SPIE)

Conference Series, Vol. 5489, Society of Photo-Optical Instrumentation Engi-

neers (SPIE) Conference Series, ed. J. M. Oschmann, Jr., 11–22

Katgert, P., Biviano, A., & Mazure, A. 2004, ApJ, 600, 657

Kauffmann, G., et al. 2003, MNRAS, 341, 33

Keeton, C. R. 2001a, preprint (arXiv:astro-ph/0102340)

—. 2001b, ApJ, 562, 160

—. 2003, ApJ, 584, 664

—. 2010, General Relativity and Gravitation, 42, 2151

Keeton, C. R., Christlein, D., & Zabludoff, A. I. 2000, ApJ, 545, 129

Keeton, C. R., & Kochanek, C. S. 1997, ApJ, 487, 42

Keeton, C. R., Kochanek, C. S., & Seljak, U. 1997, ApJ, 482, 604

Keeton, C. R., & Moustakas, L. A. 2009, ApJ, 699, 1720

Keeton, C. R., & Zabludoff, A. I. 2004, ApJ, 612, 660



284

King, L. J., Browne, I. W. A., Marlow, D. R., Patnaik, A. R., & Wilkinson, P. N.

1999, MNRAS, 307, 225

Klypin, A. A., Trujillo-Gomez, S., & Primack, J. 2011, ApJ, 740, 102

Kneib, J., Ellis, R. S., Santos, M. R., & Richard, J. 2004, ApJ, 607, 697

Kneib, J.-P., et al. 2003, ApJ, 598, 804

Kochanek, C. S. 1991, ApJ, 382, 58

—. 1995, ApJ, 445, 559

Kochanek, C. S., & Apostolakis, J. 1988, MNRAS, 235, 1073

Kochanek, C. S., Morgan, N. D., Falco, E. E., McLeod, B. A., Winn, J. N., Dem-

bicky, J., & Ketzeback, B. 2006, ApJ, 640, 47

Kochanek, C. S., et al. 2000, ApJ, 543, 131

Koester, B. P., et al. 2007, ApJ, 660, 239

Koopmans, L. V. E., de Bruyn, A. G., & Jackson, N. 1998, MNRAS, 295, 534

Koopmans, L. V. E., Treu, T., Bolton, A. S., Burles, S., & Moustakas, L. A. 2006,

ApJ, 649, 599

Koopmans, L. V. E., Treu, T., Fassnacht, C. D., Blandford, R. D., & Surpi, G. 2003,

ApJ, 599, 70

Koopmans, L. V. E., et al. 2009, ApJL, 703, L51

Koranyi, D. M., & Geller, M. J. 2000, AJ, 119, 44

Kron, R. G. 1980, ApJS, 43, 305



285

Krug, H. B., et al. 2012, ApJ, 745, 122

Kubo, J. M., Stebbins, A., Annis, J., Dell’Antonio, I. P., Lin, H., Khiabanian, H., &

Frieman, J. A. 2007, ApJ, 671, 1466

Kundic, T., Cohen, J. G., Blandford, R. D., & Lubin, L. M. 1997a, AJ, 114, 507

Kundic, T., Hogg, D. W., Blandford, R. D., Cohen, J. G., Lubin, L. M., & Larkin,

J. E. 1997b, AJ, 114, 2276
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