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ABSTRACT

We study the influence of environment on galaxy evolution by focusing on two

galaxy types known for their connection to dense environments, S0s and Brightest

Cluster Galaxies (BCGs). Our goal is to identify the mechanisms responsible for the

properties of galaxies in groups and clusters.

We first examine the effects of environment on S0 formation over the past∼ 7 Gyr

by tracing the increasing S0 fraction in clusters at two mass scales. We find the build-

up of S0s driven by groups/clusters with velocity dispersions of σ <
∼ 750 km s−1, sug-

gesting mechanisms that operate most efficiently via slow encounters (e.g., mergers

and tidal interactions) form S0s.

With less-massive halos identified as the site for S0 formation, we test whether

another route to S0 formation exists, not in isolated groups but rather in a system of

four merging groups (SG1120). We place limits on how recent the S0s in that system

could have formed, and finding no star formation, conclude they formed >
∼ 1 Gyr

prior to SG1120’s current configuration, when they were in more isolated groups.

We next explore cluster outskirts to constrain the number of infalling galaxies that

need to be transformed and whether that process has already begun. We find the red

fraction of infalling galaxies is elevated relative to the field, and that red galaxies are

more clustered than blue ones, a signature of “pre-processing”.

We disentangle the relative strength of global versus local environment on galaxy

transformation by comparing the correlation of red fraction with radius and local

density. We find that both parameters are connected with the red fraction of galaxies.

Finally, wemeasure the frequency of galaxies falling into the cluster that are bright

enough to supplant the current BCG and compare the results to models. We find in

∼ 85% of our clusters that the BCG is secure and remains in its priviledged state until
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z ∼ 0.

From these analyses, we find that intermediate density environments (groups and

cluster outskirts) are the key site to forming S0 galaxies, and that BCGs, while not

exclusively a cluster phenomenon, are well established by the redshifts we explore.
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CHAPTER 1

INTRODUCTION

The environments of galaxies range from the low-density field, to pairs and small

groups, on through to massive clusters. Galaxy clusters are the largest gravitation-

ally bound objects in the universe, containing hundreds to thousands of galaxies (e.g.

Longair, 1998) in a ∼ Mpc3 volume. They formed from the most overdense perturba-

tions in the early Universe, as soon as∼ 3 Gyr (z ∼ 2) after the Big Bang (e.g. Gobat et

al., 2011), and have long played an important role in astronomy, both as the first sys-

tems where the need for “dark” matter was invoked (Zwicky, 1933) and as standard

candels used to study the local expansion history of the Universe (e.g., Gunn & Oke,

1975).

Starting in the 1970s, galaxy clusters were recognized as laboratories for study-

ing galaxy evolution (Oemler, 1974; Dressler, 1980). While only containing ≈ 5% of

galaxies in the local Universe (e.g. Dressler, 1984), they are a unique environment

with a high number density of galaxies and presence of a hot intracluster medium

(ICM). Given the well-known trends that galaxy color (Hogg et al., 2004), morphol-

ogy (Dressler, 1980), and star-formation rate (SFR; Lewis et al., 2002; Gómez et al.,

2003) have with environment, clusters present the most obvious site to study envi-

ronmental effects on galaxy evolution.

In this thesis we focus on two types of galaxies in particular, S0s and Brightest

Cluster Galaxies (BCGs), both of which appear to have an intimate connection to

clusters. S0s are an intermediate morphological class of galaxy, in that they have both

a significant bulge (like ellipticals) and disk (like spirals). While S0s exist in the field,

they are most prevalent in clusters, even more so than ellipticals at lower redshift

(e.g. Dressler et al., 1997). Moreover, they have gradually become a larger fraction of
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the cluster population over the past ∼ 5 Gyr (Figure 1.1; Dressler et al., 1997; Fasano

et al., 2000); this increase happens at the expense of the spiral fraction, suggesting a

straightforward interpretation that the changing morphological content is due to the

conversion of spiral galaxies into S0s as they enter the cluster. Furthermore, this effect

occurs at redshifts that are accessible to a level of detailed study that is not possible

for high-redshift (z ≫ 1) galaxies.

On the other hand, BCGs are almost fully unique to clusters (and not just because

of their name), as they evidently need a dense local environment to form. This sug-

gests the formation and evolution of S0s and BCGs is tied to the extreme environment

of clusters, making both of them attractive targets for studying the influence of envi-

ronment on galaxy evolution.

1.1 Environment-Based Mechanisms

High-density environments are a dangerous place for galaxies, as a litany of environ-

mental effects exist that are capable of triggering bursts of star formation, kinemat-

ically rearranging the stars in a galaxy, and stripping off both hot and cold galactic

gas. The relative impact of these different mechanisms will affect the stellar mass,

morphology, color, SFR, and gas content of a given galaxy. Hence, understanding the

evolution of S0s and BCGs means understanding what mechanisms are important in

shaping their history.

These mechanisms can be broadly grouped into two categories, galaxy-galaxy in-

teractions and galaxy-environment interactions.

Galaxy-galaxy interactions include galaxy mergers (Toomre & Toomre, 1972) and

tidal interactions (e.g. Mihos, 2004). A merger between galaxies will result in a burst

of star formation (enhancing the bulge of the resultant galaxy) and rapidly deplete

the gas. Tidal interactions, particularly slow encounters, are able to drive instabilities
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Figure 1.1 The morphological mix of elliptical (E), S0, and spiral (S) galaxies in clus-

ters as a function of redshift. While the elliptical fraction remains constant from

0 < z < 0.6, the fraction of S0s rises with decreasing redshift at the expense of the

spiral fraction. From Fasano et al. (2000).



18

resulting in strong nuclear activity, but the galaxies do not merge.

Galaxy-environment interactions include ram pressure stripping (RPS), strangu-

lation, and harassment. RPS (Gunn & Gott, 1972) involves the intracluster medium

exerting a pressure on an infalling galaxy and removing the cold gas from the disk,

halting star formation. Strangulation (Larson et al., 1980; Bekki et al., 2002), happens

when the ICM density is lower, such that it strips off the hot halo of gas which re-

plenishes the disk and shuts down star formation over a longer time scale. Neither

of these processes trigger significant star formation, but rather fade the disk of the

galaxy. On the other hand, harassment (Richstone, 1976; Moore et al., 1998), the cu-

mulative effect of purturbations by neighbors as the galaxy moves throughout the

cluster, triggers multiple bursts of star formation.

These mechanisms could be responsible for S0 formation, although there are prob-

lems. Mergers do not necessarily shut off star formation, and strangulation (and re-

lated phenomena) do not alter the galaxy morphology.

Identifying what mechanism or mix of mechanisms is acting on a given galaxy is

challenging. While the effects of ram pressure stripping have been directly observed

at z ∼ 0 (Chung et al., 2007; Sivanandam et al., 2010), it is difficult to identify such

features at higher redshift, given limited resolution and lower surface brightnesses.

Given the limited numbers of such observations, it is also unclear if these galaxies are

the progenitors of S0s (since they do not have S0 morphologies). A more statistically

convincing approach that can connect both low- and high-z is to look for signs of

ongoing or past evolution in various environments, since the mechanisms act with

different efficiencies depending on location (Treu et al., 2003).
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1.2 Identifying Signatures of Environmental Influence

1.2.1 Look for Time Evolution in Different Environments

One approach to understanding environmental effects on galaxies is to study galax-

ies that are known to be evolving (e.g., S0s) at different epochs and identify in which

environment the evolution is most dramatic (see Chapter 2). Extending environment

to groups, which are overdensities of galaxies less massive than clusters, the masses

of groups/clusters span several orders-of-magnitude in mass and a factor of ∼ 10 in

velocity dispersion (σ; a measure of the typical relative velocity between galaxies).

Environmental mechanisms will operate with different efficiencies across this spec-

trum, as more massive halos host a denser ICM and higher relative velocities between

galaxies (making RPS and harassment more likely); for the opposite reasons mergers

and tidal interactions are expected be more prevalent in less massive systems. There-

fore, tracking the build-up of S0s over the past ∼ 5 Gyr at different mass-scales will

provide one line of insight as to the mechanisms at work in forming these galaxies.

1.2.2 Look for Signs of Past Evolution

Another approach is to focus on galaxies in interesting environments and search for

signatures of recent evolution (see Chapter 3). SG1120, a system that consists of four

groups gravitationally bound to each other at z ∼ 0.4, is one such environment. Each

group is independently virialized and physically separated from other, but by the

time the system evolves to z = 0 it is destined to coalesce into a cluster about the

mass of Coma, making it an ideal location for studying a population of galaxies prior

to cluster assembly.

While S0s are known to form in group-sized environments (Postman & Geller,

1984), SG1120 has an S0 fraction that is as high as clusters at this redshift (∼ 30%).

Given its relatively rare configuration, studying the S0s in this system tests whether
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the process of assembling the cluster affects their properties. In particular, under-

standing their star formation history constrains how recently the S0s could have be-

gun their transformation, assuming they were initially star-forming spiral galaxies. If

the last episode of star formation happened well before the current cluster assembly,

then the conversion from spiral to S0 must have occured in a group or field environ-

ment.

1.2.3 Look at the Large-Scale Environment

Different lines of evidence suggest that to understand S0 formation, one should look

beyond the cores of clusters to large cluster-centric radii and lower galaxy densities

(Chapters 4 and 5). An analysis of the SFR of galaxies across a wide range of cluster-

centric radii found a decrease in star formation that occurs at a relatively far distance

(> 2 virial radii) from the center of the cluster (Lewis et al., 2002). A similar study

using the Sloan Digital Sky Survey (SDSS) found a “break” in the distribution of

star-forming galaxies at ∼ 3–4 virial radii (Gómez et al., 2003). If the quenching of

star-formation is environmentally-driven, then to identify the mechanisms responsi-

ble one should look to the outskirts of clusters and understand the infalling galaxy

population while looking for signatures of the processes at work. Lacking morpholo-

gies, one can look at the properties of the color-magnitude distribution of galaxies to

differentiate star forming and quiescent, as S0s will be included in the latter.

Investigating the outskirts of clusters has therefore become desirable, but studies

of these regions remain technically challenging. The key hindrance is the need to dis-

tinguish galaxies that are genuinely in the outskirts from foreground or background

interlopers masquerading in that region. Statistical subtraction, which takes advan-

tage of the fact that there are more galaxies in a cluster than the field and corrects for

how many of the galaxies near the cluster are actual members of the system, is not

effective in the outskirts because of the lower density. Therefore, some measure of the
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line-of-sight distance is needed to isolate the infalling galaxy population.

High-precision redshifts would solve this difficulty, but getting the requisite data

for faint galaxies over a large area involves significant amounts of telescope time. As

a result, such surveys are limited to only a handful of clusters (e.g., Moran et al., 2007;

Patel et al., 2009; Tanaka et al., 2009). Photometric redshifts circumvent this problem,

since wide-field imaging in several bands is not as observationally expensive. Stud-

ies of cluster outskirts using this method exist (e.g., Kodama et al., 2001), although

the poor precision of such redshifts means that it is not possible to isolate individual

cluster galaxies but rather study the population in aggregate. To be able to isolate in-

dividual galaxies in the outskirts of clusters for a large sample, innovative techniques

are needed balance observational cost and redshift precision.

Thus far we have focused on the evolution of S0s. BCGs are another valuable

tool for studying environment-driven galaxy evolution. Residing near the bottom of

the cluster gravitational potential, the origin and evolution of these special galaxies

is directly related to the mass-assembly history of the cluster. BCGs are not simply

ellipticals scaled up in luminosity, as they do not follow the luminosity function of

normal galaxies (e.g., Tremaine & Richstone, 1977; Lin et al., 2010). Rather, signs of

their connection to environment appear in the correlation between BCG luminosity

and cluster mass (e.g., Brough et al., 2002; Lin &Mohr, 2004) and the alignment of the

BCG major axis with the distribution of nearby galaxies (Lambas et al., 1988).

Studies of BCGs often make an assumption linking higher redshift systems to

lower redshift ones. The association has been presumed to be simple given their dis-

tinguished position at the centers of clusters. In this scenario, the evolution of BCGs

takes place at the center of clusters. However, it is possible that in some fraction of the

accretion history of BCGs that a brighter galaxy enters the cluster and merges with

it (see Chapter 6). Quantifying the frequency of this particular route of BCG evolu-
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tion will measure the degree to which BCGs form a continuous lineage at the cores of

clusters versus being overtaken by brighter infalling galaxies.

1.3 Summary

This thesis aims to understand the influence on environment on galaxy evolution. To

address this, we focus on two classes of galaxies, S0s and BCGs, that are found pre-

dominantly in clusters and thusmake attractive targets for studying environmentally-

driven galaxy evolution.

In Chapter 2 we examine the effect of environment on the increasing fraction of

S0s, to identify whether the group- or cluster-scale is responsible for the observed

trend.

Finding the increasing S0 fraction dominated by groups, in Chapter 3, we test

whether certain groups are special by virtue of their evolutionary state or larger envi-

ronment. We look for signs of recent star formation in the S0s of an assembling galaxy

cluster to constrain how recently they could have formed.

In Chapter 4, we test another type of special group, i.e. those that are falling into

clusters. We present data enabling the study of these infall regions, and examine the

infalling galaxy population.

In Chapter 5, we study the infalling galaxy population in greater detail, examining

the relationship between passive galaxies and their environment.

In Chapter 6, we estimate the number of infalling galaxies that are capable of

usurping the designation “brightest cluster galaxy” from the BCGs that are already

present in the cluster, to test whether BCGs are indeed a special cluster population or

can be accreted from the field.

In Chapter 7, we summarize our results and present avenues for future research.
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CHAPTER 2

THE ENVIRONMENTAL DEPENDENCE OF THE EVOLVING S0 FRACTION

We reinvestigate the dramatic rise in the S0 fraction, fS0, within clusters since z ∼ 0.5.

In particular, we focus on the role of the global galaxy environment on fS0 by compil-

ing, either from our own observations or the literature, robust line-of-sight velocity

dispersions, σ′s, for a sample of galaxy groups and clusters at 0.1 < z < 0.8 that have

uniformly determined, published morphological fractions. We find that the trend of

fS0 with redshift is twice as strong for σ < 750 km s−1 groups/poor clusters than

for higher-σ, rich clusters. From this result, we infer that over this redshift range

galaxy-galaxy interactions, which are more effective in lower-σ environments, are

more responsible for transforming spiral galaxies into S0’s than galaxy-environment

processes, which are more effective in higher-σ environments. The rapid, recent

growth of the S0 population in groups and poor clusters implies that large numbers

of progenitors exist in low-σ systems at modest redshifts (∼ 0.5), where morphologies

and internal kinematics are within the measurement range of current technology.

2.1 Introduction

The fraction of galaxies morphologically classified as S0 (fS0) increases by a factor of

∼ 3 in galaxy groups and clusters over the past ∼ 5 Gyr, at the expense of the spiral

fraction (Dressler et al., 1997). This evolution has generally been interpreted as the

result of the transformation of spirals into S0’s within dense environments (Dressler

et al. (1997); Fasano et al. (2000), hereafter F00; Smith et al. (2005); Postman et al.

(2005); Poggianti et al. (2006); Desai et al. (2007), hereafter D07), although the physical

mechanism remains undetermined. As highlighted by Dressler (1980), the relation-

ship between morphologies and environment can help distinguish between hypothe-



24

sized formation mechanisms for S0’s. As practiced, this effort involves tracing galaxy

populations as a function of environment (Dressler, 1980; Postman & Geller, 1984;

Zabludoff & Mulchaey, 1998; Helsdon & Ponman, 2003), increasingly at higher red-

shifts (Dressler et al., 1997; Kautsch et al., 2008; Wilman et al., 2009). Those studies in

turn have produced the evidence for significant evolution of the S0 fraction (Dressler

et al., 1997), but have not examined whether the rate of evolution itself depends on

environment.

We focus on the relationship between S0 evolution and the velocity dispersion

(σ) of the group or cluster that hosts the S0’s. Processes that are expected to operate

best in lower-σ environments, where the lower relative velocities between galaxies al-

low them to interact more effectively, include mergers and galaxy-galaxy interactions

(Toomre & Toomre, 1972; Icke, 1985; Lavery & Henry, 1988; Byrd & Valtonen, 1990;

Mihos, 2004). Those expected to work best in higher-σ environments, either directly

because of the high velocities, the deeper potential implied by the high velocities,

or the higher density intracluster medium, include ram pressure stripping (Gunn &

Gott, 1972; Abadi et al., 1999; Quilis et al., 2000), strangulation (Larson et al., 1980;

Bekki et al., 2002), and harassment (Richstone, 1976; Moore et al., 1998).

To investigate the dependence of fS0 on environment, we return to publishedmor-

phological samples. We use published visual morphological classifications as the

indicator of galaxy type. Quantities related to fS0, such as B/T and color distribu-

tions, have also been used to investigate such questions, but morphologies provide

additional, complementary information. In fact, various recent studies are suggest-

ing that morphological evolution is somewhat decoupled from the evolution of the

stellar population (Poggianti et al., 2006; Tran et al., 2009). Morphologies are avail-

able across a significant range of redshifts and velocity dispersions, and significant

effort has been expended in putting these on a common footing across redshift (F00;
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D07). We compile an internally-consistent set of velocity dispersions, recalculating

the velocity dispersion using either previously published individual galaxy redshifts

or redshifts from our own observations, to provide a measure of environment. Again,

alternative measurements of environment exist, for example X-ray luminosities could

have been used. However, X-ray measurements, particularly for low-mass, high-

redshift environments, are scarce and velocity dispersions provide the most uniform

and extensive data. Studies using different measures of either galaxy type or environ-

ment are mixed. For example X-ray luminosities correlate with B/T at z ∼ 0 (Balogh

et al., 2002) and with early-type fraction at z > 1 (Postman et al., 2005), but velocity

dispersions correlate only weakly with the fraction of red galaxies within the virial

radius (Balogh et al., 2004). Apparently conflicting results such as these highlight the

importance of using consistent measurements of both galaxy type and environment

across redshift when investigating evolution.

In §2.2, we describe the two samples we chose to use, the spectroscopic measure-

ments we acquired in an attempt to obtain velocity dispersions to complete the sam-

ple, and the calculation of a consistent set of velocity dispersion measurements. In

§2.3, we present our results, discuss their implications in §2.4, and summarize in §2.5.

When computing the aperture size used for calculating the velocity dispersion, we

assume H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7 (hereafter, the “Lambda cos-

mology”). However, for the aperture size within which galaxies are included in the

calculation of morphological fractions, H0 = 50 km s−1 Mpc−1, Ωm = 1, and ΩΛ = 0

(hereafter, the “classic cosmology”) is assumed.
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2.2 Data

2.2.1 Sample

Morphological fractions can depend sensitively on the aperture within which clus-

ter members are classified and on the absolute magnitude to which the classification

is done. As such, it can be quite difficult, and potentially misleading, to use clas-

sifications from disparate sources. D07 presented their own classification of a set

of galaxies and combined these with a set from the literature for which they were

able to closely match the classification procedure, the aperture used, and the magni-

tude limit. Specifically, the sample presented in D07 consists of 23 galaxy clusters at

z ∼ 0.1–0.5 drawn from the F00 sample and 10 clusters at z ∼ 0.5–0.8 drawn from

EDisCS. The F00 sample in turn consists of nine clusters at 0.1 <
∼ z <

∼ 0.3 added by the

authors themselves, five clusters at 0.15 <
∼ z <

∼ 0.3 that either appeared in Couch et al.

(1998) or were classified in a manner consistent with that study, and nine clusters

at 0.3 <
∼ z <

∼ 0.5 from the MORPHS study (Dressler et al., 1997; Smail et al., 1997), all

of which were classified in a consistent manner. D07 used the F00 procedure when

classifying galaxies to minimize systematic differences between the two samples; in

particular, the five authors who did the morphological classification also reclassified

the highest redshift clusters of F00 (from 0.3 < z < 0.5), following the same procedure

as the original authors (Smail et al., 1997), and found good agreement.

Errors on the morphological fractions for those from the ESO Distant Cluster Sur-

vey (EDisCS; White et al., 2005) were computed using the method of Gehrels (1986).

The situation is somewhat more complicated for the F00 morphological fractions. We

calculate the uncertainties using the Gehrels method, but some of the necessary in-

formation, such as the various correction and completeness factors, are not available

and we infer them indirectly from the data provided by F00. To test the sensitivity

of our results to the uncertainties, we also do all the analysis described subsequently
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using the quoted uncertainties in F00, which were not calculated using the Gehrels

method. None of the results (including the statistical significances quoted) change

sufficiently between the two approaches to alter any of our conclusions. To directly

compare their results to F00, who present morphological fractions for non-uniform

apertures that correspond to apertures of radii spanning from ∼ 500 to 700 kpc, D07

used the classic cosmology to measure morphological fractions within fixed 600 kpc

radius apertures for the EDisCS clusters. This selection of a fixed physical aperture

attempts to best match, on average, the F00 measurements, which are for a range of

apertures. However, D07 demonstrated that a choice of aperture that scales with R200

(0.6R200) results in fS0 values that are in all cases within the uncertainty estimates.

Lastly, regarding the magnitude limit, D07 classify galaxies down to a fixed absolute

magnitude across the redshift range, chosen tomatch the F00 classification procedure,

assuming the rest-frame colors and I-band magnitude of an elliptical galaxy (details

provided in D07). Applying the incorrect cosmology (i.e. classic rather than Lambda

cosmology) results in differential magnitude limits across the redshift range from 0.2

to 0.8 of a few tenths of a magnitude, comparable to the uncertainties in the observed

magnitudes themselves and therefore not expected to have a noticeable effect.

A sample of z ∼ 1 clusters with morphological classifications and redshift mea-

surements from Postman et al. (2005) also appear in D07. However, those morpho-

logical fractions were not explicitly matched to those of F00 (i.e., by taking steps to

minimize systematic differences in classification, such as those stated above) and,

therefore, we exclude these clusters to avoid any possible confusion in the interpreta-

tion of our results. Including these clusters does not alter our main results.

2.2.2 New and Archival Redshifts

Of the 33 galaxy clusters and groups from the combined sample of F00 and EDisCS,

seven (∼ 20%; all from F00) do not have previously published velocity dispersion



28

measurements. All of these clusters are at z < 0.25, where less than half of the clus-

ters have velocity dispersion measurements. This important part of parameter space

drives much of the fS0-z trend observed in F00. Although several of these clusters

have enough individual galaxy redshifts available in the literature with which to cal-

culate a reliable velocity dispersion ( >
∼ 10, see Beers et al., 1990), we still targeted them

for observation because a higher number of redshifts allows us to calculate a more ro-

bust velocity dispersion. We targeted six clusters (Abell 951, Abell 1643, Abell 1878,

Abell 1952, Abell 2192, and Abell 2658) using Hectospec (Fabricant et al., 2005) on

the MMT between 2007 November to 2008 April. We observed each cluster for a

total of 30–60 minutes and measured redshifts using the IRAF task rvsao. We used

HSRED (e.g., §3.2 of Papovich et al., 2006) for the Hectospec data reduction. We also

targeted four clusters (Abell 1878, Abell 3330, Cl0054−27, and Cl0413−6559) using

the Inamori-Magellan Areal Camera and Spectrograph (IMACS; Bigelow et al., 1998)

on the Magellan Baade telescope during two observation runs in 2008 June and 2008

September. IMACS data was reduced using the COSMOS package1, following stan-

dard reduction procedures. Based on our comparison of 15 objects for which previous

redshift measurements exist, we calculate that our velocity measurement uncertainty

is 86 km sec−1. This is a conservative estimate in that we assign the entire difference

between our measurements and the published ones to ourselves.

A log of the observations of the clusters is presented in Table 2.1. The target galax-

ies are selected from the NASA Extragalactic Database (NED) and so there is no uni-

form selection criteria. We prioritize what appear to be early-type galaxies and use

whatever other information is in NED to maximize our return on cluster members,

but given the heterogeneity of the source material the target sample is ill-defined. Fur-

thermore, as with all multiobject spectroscopy, the effective selection is complicated

1The Carnegie Observatories System for Multiobject Spectroscopy was created by A. Oemler, K.
Clardy, D. Kelson, and G. Walth. See http://www.ociw.edu/Code/cosmos.
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by fiber/slit allocation algorithms and then by the intrinsic spectrum of an object.

In detail, such biases can lead to differences in measured velocity dispersions due

to differences in the dispersions of different morphogical types within a cluster (cf.

Zabludoff & Franx, 1993), but here we use the velocity dispersions only as a rough

ranking of environment and are not interested in differences at the ∼ 10% level. Both

of these spectrographs provide large (> 24 arcmin) wide fields-of-view, so the galax-

ies sample the dynamics well beyond the cluster core. These observations provide

enough redshifts for all but one cluster (Abell 1643 from the F00 sample, which was

observed during poor weather) to measure the velocity dispersions for nearly the full

sample (32/33 clusters). The other clusters lost due to weather had enough redshifts

to reliably measure the velocity dispersion. In the analyses that follow, only these 32

clusters are included.

In all, we present new redshift measurements for five clusters (four from Hec-

tospec observations and one from IMACS observations). Although this is a small

number of clusters relative to the entire sample, they lie in the region of parame-

ter space responsible for much of the S0 evolution (i.e., low-z, high-fS0). In addi-

tion to these new redshift measurements, we took advantage of the large number of

previously-measured redshifts available in the literature. These redshifts came from

various studies, and we used NED to search for and select the data. This provides

improved velocity dispersion measurements for many of the clusters.

2.2.3 Velocity Dispersion Measurements

We calculate velocity dispersions for the entire sample, including those with previ-

ously measured velocity dispersions, so that all measurements for the velocity disper-

sion are calculated using the samemethod. We now describe our procedure for evalu-

ating the velocity dispersion, including our iterative procedure to define an aperture.

In the end, we find that the velocity dispersions have only a slight dependence on the
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aperture as long as the aperture is a significant fraction of the virial radius.

Starting with both the literature and newly-measured redshifts, we include only

those galaxies within 3 Mpc of the cluster center in our initial estimate of the velocity

dispersion, although we do not always have spectroscopic redshifts out to that ra-

dius. The cluster center is as defined in the previous studies and remains unchanged

through our procedure. Because of the small number of spectroscopic members in

most of these clusters and the nature of the iterative procedure, we use the initial

center, which is often defined either by X-ray contours, brightest cluster galaxy, or

weak lensing contours rather than from the galaxy population centroid. Following

Halliday et al. (2004), we also apply a redshift cut of ∆z = 0.015 about the redshift of

the cluster. Only redshifts from the literature with quoted errors <
∼ 0.01 are included;

a difference in redshift of 0.01 corresponds to 3000 km s−1, which is much larger than

the velocity dispersion itself for even our richest clusters. We use the biweight statistic

of Beers et al. (1990) to calculate the value of σ, which gives robust velocity disper-

sion measurements with as few as ∼ 10 galaxy redshift measurements. The velocity

dispersions are corrected to be rest-frame velocity dispersions. Regarding our choice

of initial aperture, we find that varying it within the range ∼ 1.5–3 Mpc affects the

velocity dispersion by <
∼ 10% for all our clusters, most often <

∼ 5%. In fact, the veloc-

ity dispersion calculated within any aperture varying from ∼ 1.5–3 Mpc (when not

implementing our iterative aperture scheme outlined below) changes by <
∼ 15% for

all our clusters except Abell 951 and Abell 2658, whose velocity dispersions change

by ∼ 50% within that range. After calculating the velocity dispersion, 3σ outliers are

rejected and the process iterated until no outliers remain (see §5.2 of Halliday et al.,

2004). This value of σ is then used to calculate an estimated virial radius, R200, using

Equation (5) of Finn, Zaritsky, & McCarthy (2004):

R200 = 1.73
σ

1000 km s−1
[ΩΛ + Ω0(1 + z)3]−1/2 h−1

100 Mpc. (2.1)
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A new cut is applied at R200, and the process iterated until convergence. Sometimes

R200 is greater than 3 Mpc, resulting in more redshifts being included in the later it-

erations. The main properties of our 32 cluster sample, including these new velocity

dispersion measurements, appears in Table 2.2. The values for R200, the number of

iterations until convergence, Niter, and the number of redshifts used in the final it-

eration, Nmem, appear in Columns 4, 5, and 6, of Table 2.2, respectively. For five of

the clusters, Abell 3330, Abell 2658, Abell 2192, Cl1103−1245b, and Cl1227−1138, this

process of iteration removes galaxy redshifts until there are too few ( <
∼ 10) to reliably

calculate a velocity dispersion. For these systems, the velocity dispersion is calcu-

lated using a fixed 3 Mpc cut, and the R200 that appears in Table 2.2 is calculated from

Equation (1) using the velocity dispersion obtained with that aperture. We estimate

the 1σ errors by selecting random subsamples of the data from which to evaluate the

velocity dispersion.

For three of the clusters, Abell 1952, Cl0024+1652 (both part of the F00 subsam-

ple), and Cl1037−1243 (part of the EDisCS subsample), there is clear2 evidence of

substructure in their phase-space plots. We remove by hand the galaxies belonging

to these subgroups when calculating the velocity dispersion for the three clusters.

Aside from this step, the velocity dispersion is calculated using the same procedure

outlined above.

We present velocity histograms for the clusters in Figure 2.1. The bin size is set to

one-third the velocity dispersion, and the redshifts plotted are those that remain after

the various cuts/iterations in the calculation (see above). Overplotted on each panel

is a Gaussian with the measured velocity dispersion, normalized to the area of the

2For Cl1037−1243, the substructure only becomes obvious after the first iteration. Two galaxies
located 2′′ apart on the sky have velocities of ≈ −1500 and −2000 km s−1 relative to the cluster. Due
to the relatively few galaxies in the cluster (16), these two galaxies change the velocity dispersion from
≈ 300 to 650 km s−1 when they are included (such that they are then not excluded in the 3σ clipping).
Inspection of the histogram leads us to believe the former value is more accurate, although adopting
the latter value does not significantly change our results.
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histogram. Our newly calculated velocity dispersions are in good agreement with

those previously measured for the EDisCS clusters (Halliday et al., 2004; Milvang-

Jensen et al., 2008), but tend to give larger values for some of the σ > 1000 km s−1 F00

clusters (see D07, and references therein). This discrepancy is not due to aperture-size

effects, but more likely from the different methods employed in calculating the veloc-

ity dispersion. Although the velocity dispersion was calculated using the Lambda

cosmology, while the morphological fractions were calculated within an aperture de-

fined by the classic cosmology, we find that the value of σ is fairly insensitive to

aperture size (see above).

Lastly, we address the impact of observational uncertainties on our measured ve-

locity dispersions. As mentioned previously, comparison of our redshift measure-

ments with those in the literature suggests a single measurement uncertainty of 86

km s−1. This is likely to be a significant overestimate for most systems, but we use

this value to estimate the impact on the dispersions. If we simply add random ve-

locities using a Gaussian with this σ to an intrinsic Gaussian of width commensurate

to the line-of-sight velocity distribution of a specific group and cluster, we find that

even in for our lowest velocity dispersion system (Cl1102-1245b) the observational

errors inflate the dispersion by less than 20 km s−1. This uncertainty is in all cases

significantly less than the quoted errors on the velocity dispersion and does not affect

our results.

2.3 Results

We explore the environmental dependence (characterized by velocity dispersion) of

the apparent evolution of fS0 with redshift (Figure 2.2). Our sample spans a range

of dispersions from that typical of groups (∼ 200 − 500 km s−1) to poor clusters (∼

500 − 750 km s−1) to rich clusters ( >
∼ 750 km s−1). Although there is no strict rule for
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Figure 2.1 Rest-frame velocity histograms. The bin size is one-third the veloc-

ity dispersion, and the velocities plotted are those that remain after the various

cuts/iterations in the calculation of σ. Overplotted on each panel is a Gaussian nor-

malized to the area of the histogram.
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Figure 2.2 S0 Fraction (fS0) plotted against redshift. Triangles represent F00 systems,

while circles represent EDisCS systems.

what velocity dispersion constitutes a group versus a cluster, in what follows we use

the above convention.

2.3.1 Analysis of the Full Sample

We begin by determining whether a relationship between fS0 and environment (ve-

locity dispersion) exists across the full redshift range. Due to the selection criteria for

the F00 sample (clusters were selected based on being “well-studied”), it is possible

that some unappreciated selection bias manifests itself as a correlation between fS0

and z. Figure 6 of D07 shows a weak trend between fS0 and σ, although they were

limited to the subset of F00 clusters with dispersion measurements and as we have
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noted earlier some of the most interesting clusters were missing such measurements.

In Figure 2.3, we present fS0 plotted against velocity dispersion for our sample.

Although the fS0-z trend in Figure 2.2 appears much stronger than any trend be-

tween fS0 and σ in Figure 2.3, we quantify which is the more dominant with a partial

correlation analysis. The partial correlation coefficient ρ,

ρ =
rA,B − rA,CrB,C

√

(1 − r2
A,C)(1 − r2

B,C)
, (2.2)

is useful for disentangling the interdependence between three variables (A, B, and

C), where one wants to account for the influence of the third variable (C) on the cor-

relation of the first two. It is normalized to +1 for a perfect correlation, 0 for no

correlation, and−1 for a perfect anticorrelation between A and B after accounting for

C. However, the distribution of ρ does not approximate a normal distribution, so we

follow the work of Kendall & Stuart (1977) in using a statistic ZB,C , where B is the

dependent variable and C is the controlled variable. ZB,C is defined as

ZB,C =
1

2
ln

(1 + ρ)

(1 − ρ)
. (2.3)

with a variance σ2
Z = 1/(N − 2), where N is the number of data points. The more

positive (negative) the value of ZB,C the stronger the correlation (anticorrelation). We

treat z and σ as the independent and controlled variable, and then vice-versa. We

find a stronger correlation for fS0 with redshift than with σ, with Zz,σ = −0.91 ± 0.18

and Zσ,z = −0.02 ± 0.18.

2.3.2 Analysis of Groups vs. Clusters

The results of the previous correlation analysis do not necessarily imply that environ-

ment (velocity dispersion) plays no role. From Figure 2.3, it is apparent that there is a

wide spread in fS0 below∼ 750 km s−1 and a much narrower spread above. We there-

fore split the sample into a high-σ bin and a low-σ bin at this value to investigate the
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Figure 2.3 S0 fraction (fS0) plotted against galaxy cluster velocity dispersion (σ). There

is no simple correlation between these quantities but clearly a divergence of fS0 at low

σ. The clusters with z < 0.3 (squares) are entirely non-MORPHS clusters from F00, the

clusters from 0.3 < z < 0.5 (stars) are mostly MORPHS clusters from F00, and the

clusters with z > 0.5 (crosses) are mostly EDisCS clusters from D07.
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effect of environment on the fS0-z relation. This choice divides the sample into nearly

equal parts as well as into samples that are more typical of groups/poor clusters

(σ <
∼ 750 km s−1) and rich clusters (σ >

∼ 750 km s−1). Some of the clusters have suspi-

ciously high velocity dispersions (σ >
∼ 1500 km s−1) and are presumably unrelaxed sys-

tems (e.g., A1689). Nevertheless, given our gross binning scheme they are still likely

to be systems with σ >
∼ 750 km s−1 and placed in the appropriate velocity dispersion

bin. Selecting a boundary anywhere up to 1050 km s−1 or down to 650 km s−1 (after

which the number of clusters in the low-σ bin drops sharply) leaves the results that

follow qualitatively unchanged, as does removing the clusters with σ >
∼ 1500 km s−1

from the analysis.

In Figure 2.4, we show fS0 plotted against redshift in the high-σ and low-σ bins.

While the fS0-z trend is evident in the groups/poor clusters, the correlation appears

to be much weaker, if present at all, in the rich clusters. Using uncertainty-weighted

least-squares fitting, we find that the slope for the groups/poor clusters, −0.75 ±

0.14, is steeper than the slope for the rich clusters, −0.18 ± 0.09 (a 3.4σ difference in

slope). For the high-σ clusters, one may worry that there is only one data point at z >

0.6, which has an anomalously small error of ±0.02 and therefore strongly influences

the slope. To explore the impact of this one cluster on the fit, we have assigned it

an uncertainty equal to the scatter in fS0 for the high-σ clusters, ±0.07. With this

larger uncertainty estimate the new slope is −0.38 ± 0.13, resulting in only a 1.9σ

difference in slope between the low- and high-σ clusters. To bolster the case for the

flat relationship among the massive clusters, we compare the morphological fractions

to those from Postman et al. (2005). Although we argued in §2.1 against using these

clusters for our statistical analyses, they support our finding that the relationship

with redshift is nearly flat for massive clusters (Figure 2.4). We conclude that the

difference in behavior between the low and high-σ clusters is not the result of the one
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high-z EDisCS cluster. Lastly, the two lowest-σ clusters in the EDisCS sample have

fS0 = 0 and are potentially very unusual, although excluding them from this analysis

does not alter the results.

The clusters driving most of the trend in the groups/poor clusters are the high-fS0

systems at low z. Among those at z < 0.3, there is an apparent dichotomy between

those with a dense concentration of ellipticals toward the cluster center and those

less centrally concentrated, in the sense that the latter have higher fS0 (F00). There-

fore, it is also possible that S0 evolution depends further on an environmental prop-

erty marked by the distribution of cluster ellipticals. Even so, there is an increase in

fS0 since z ∼ 0.5 (F00) when considering the high- and low-elliptical concentration

systems separately.

In Figure 2.5, we show the elliptical fraction (fE) plotted against redshift for the

entire sample, the low-σ subsample, and the high-σ subsample. In all three cases,

there is no significant trend of fE with redshift. This argues against a misclassification

between S0’s and ellipticals as the origin of the S0 evolution.

2.4 Discussion

As we have described, previous studies have found a factor of ∼ 3 increase in fS0

between z ∼ 0.5 and z ∼ 0, with a corresponding decrease in the spiral fraction and

a constant elliptical fraction (Dressler et al., 1997; Fasano et al., 2000). Some authors

(e.g., Andreon, 1998) have noted that the trends, which at some level must be affected

by selection effects and methodology, may be a result of unappreciated biases. The

ability to distinguish between S0’s and ellipticals at higher redshifts, or other prob-

lems associated with morphological classification, could in principle result in spuri-

ous correlations. With this specific issue in mind, we investigate the relationships of

various morphological fractions with redshift and velocity dispersion. We have al-
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Figure 2.4 S0 Fraction plotted against redshift in a low-mass, σ < 750 km s−1 bin (left)

and a high-mass, σ > 750 km s−1 bin (right) for the F00 and EDisCS clusters (triangles

and circles, respectively); this binning roughly splits the sample into groups/poor

clusters and rich clusters, respectively. The trend is clear in the groups/poor clusters

sample (with a slope of −0.75 ± 0.14), but hardly evident in the rich clusters (with

a slope of −0.18 ± 0.09), consistent with the idea that morphological transformation

is taking place in group/poor cluster environments over this redshift range. The

subset of clusters from Postman et al. (2005) with velocity dispersion measurements

are plotted as open diamonds; these clusters are not used in the fits for reasons given

in §2.1 and are shown for illustrative purposes only.
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Figure 2.5 Elliptical fraction (fE) plotted against redshift for the full sample (top), the

low-mass, σ < 750 km s−1 bin (middle), and the high-mass, σ > 750 km s−1 bin (bot-

tom). Symbols are the same as in Figure 2.4. Neither the full sample nor the subsam-

ples show a significant trend in elliptical fraction with redshift.
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ready argued against a redshift-dependent classification problem in E’s vs S0’s (see

above). What if there is an analogous problem with environment? For example, if

ellipticals are more common in the more massive environments to the limits of our

classification, and if a constant fraction of those are misclassified as S0’s, then fS0

would appear higher in more massive environments. For Figure 2.5 we also conclude

that there is no discernible difference in the fE as a function of environment over the

range of environments explored here.

We now remove the ellipticals from consideration and consider a plot similar to

Figure 2.4 in which we replace the ordinate, fS0, with NS0/(NS + NS0), where NS0 and

NS are the numbers of S0’s and spirals in each cluster, respectively (Figure 2.6). The

dichotomy in the rate of evolution between low-σ groups/poor clusters and high-σ

rich clusters remains, with slopes of−1.19±0.24 and−0.07±0.17, respectively (a 3.8σ

difference in slope). The difference between the morphological fractions of the two

environments at low redshifts indicates that the morphological distinction between

spirals and S0’s is reflecting a true underlying difference between the two environ-

ments. The difference in evolutionary trends does not, unfortunately, necessarily im-

ply that the trends are unaffected by misclassification; if the two environments have

different intrinsic fractions of spirals and S0’s, then redshift-dependent misclassifica-

tion could affect each environment differently.

Given the results described so far, we interpret (as others before have, e.g. Dressler

et al., 1997; Fasano et al., 2000; Smith et al., 2005; Poggianti et al., 2006) that the evolv-

ing S0 fraction represents the transformation of spirals into S0’s. The difference here

is that the S0 evolution (over these redshifts) is taking place primarily in groups/poor

clusters with σ <
∼ 750 km s−1 (Figure 2.4), suggesting that this is the location of S0 for-

mation. This result then supports the hypothesis that direct galaxy interactions, i.e.

mergers and/or close tidal encounters, are the dominant mechanisms in converting
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Figure 2.6 NS0/(NS + NS0), where NS0 and NS are the numbers of S0’s and spirals,

respectively, plotted against redshift in the low-mass, σ < 750 km s−1 bin (left) and

the high-mass, σ > 750 km s−1 bin (right). The dashed line shows best-fit trends, with

significantly different slopes of −1.19 ± 0.24 and −0.07 ± 0.17 (a 3.8σ difference in

slope) in the left and right panels, respectively. Symbols are the same as in Figure 2.4.
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spirals into S0’s over the redshift interval examined. The value of σ where galaxy-

galaxy processes dominate and where galaxy-environment process dominate is not

theoretically well constrained. Although we choose a cutoff at 750 km s−1 to divide

the sample into equal parts, and expect mergers and/or tidal interactions to dominate

in the low-σ subsample, the division into two subsamples only crudely reflects a dis-

tinction of environments where different physical effects may dominate. However,

the existence of high fS0 systems with low velocity dispersions demonstrates that nei-

ther the nature or nurture of massive environments is necessary to the formation of

S0’s.

The conclusion that groups are the site of S0 formation, and therefore that merg-

ers/interactions are the formation mechanism, has been arrived at in various ways.

Wilman et al. (2009) find a high fS0 already in place in z ∼ 0.5 groups. Poggianti

et al. (2009) find more-pronounced S0 evolution in clusters with σ <
∼ 800 km s−1 by

comparing a z ∼ 0 sample to a high-z sample, although their inclusion of the same

EDisCS clusters means the results are not entirely independent from ours. More dis-

tinctly, Christlein & Zabludoff (2004) find that S0’s differ from normal spirals due to

a higher bulge luminosity rather than fainter disks, and interpret this as requiring

bulge growth during S0 formation. They conclude that such formation mechanisms

as strangulation and ram pressure stripping are therefore disfavored. Hinz et al.

(2003) argue that the large scatter they measure in the local S0 Tully-Fisher relation

support formation mechanisms that kinematically disturb the galaxies, i.e. interac-

tions. The unique aspect of our observations is that we establish both the redshift and

the environment at which this formation is occurring. Thereby, we identify the exact

place to focus further investigation and perhaps distinguish the progenitors. For-

tunately, this evolution happens at redshifts that are relatively easily accessed with

current technology.
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Although S0 evolution is seen primarily in the low-σ clusters and the values of

fS0 reach between 0.5 and 0.6 at z ∼ 0, the rate of S0 formation must reverse itself at

some low value of the velocity dispersion so as not to overpopulate the field with S0’s

(the local field fS0 ∼ 0.10; Sandage & Tammann, 1987). Determining this transitional

value of the velocity dispersion would further aid our understanding of the environ-

mental processes at work. For example, one might find that this velocity dispersion

corresponds to that of environments where the probability of interactions in a Hubble

time become unlikely (e.g. slightly more massive than the Local Group). Our lowest-

z clusters extend down to ∼ 500 km s−1, while the z ∼ 0 clusters of Poggianti et al.

(2009) probe down to ∼ 400 km s−1, setting an upper limit on where the trend must

reverse (our two lowest velocity dispersion systems, both with σ < 400 km s−1, but

high redshifts, have fS0 ∼ 0, perhaps suggesting where this turnover occurs).

So far, we have not accounted for the effects of the hierarchical growth of groups

and clusters on the question of S0 evolution. Groups and clusters grow over time,

accreting galaxies from the field and/or groups, so that systems at z ∼ 0.8 with a

particular value of σ do not correspond to those of the same σ at z = 0. It has gen-

erally been assumed, due to the expectation that S0’s would be rarer in low density

environments, that any accretion these systems experience would be S0-poor, hence

the need to transform some fraction of these galaxies into S0’s. From Figure 2.4, we

now know that this is not the case, at least for z < 0.3. In fact, at low z it appears that

high-z clusters could increase their fS0 over time by accreting these smaller systems

without requiring any morphological transformation mechanism. How much of the

observed fS0-z trend in the high-σ rich clusters could simply be due to the accretion

of smaller, S0-rich groups/poor clusters similar to those in our low-σ subsample?

To estimate the increase in the number of cluster galaxies with redshift, we note

that the mass of rich clusters at z ∼ 0.5 typically increases ∼ 40% by z = 0 (Wechsler
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et al., 2002), and assume that this increase in mass corresponds to the same relative

increase in the number of cluster galaxies. We also assume that the mass accretion

comes in the form of our low-σ groups. To the degree that field galaxies, with their

lower fS0, account for the accreted mass then this model will be an overestimate of

the effect. The final S0 fraction fS0,z=0 in this simple model is

fS0,z=0 =
fS0,z=0.5 + ηfS0,gr

1 + η
, (2.4)

where fS0,z=0.5 is the S0 fraction of the cluster at z = 0.5, η is the fractional increase in

number of cluster galaxies from z = 0.5 to z = 0, i.e. η = 0.4 based on the Wechsler

et al. (2002) models, and fS0,gr is the S0 fraction for low-z groups, for which we adopt

a conservative value of 0.4. From our best-fit trend in the high-σ panel of Figure 2.4,

the S0 fraction for a massive cluster at z = 0.5, fS0,z=0.5, is 0.25. Using Equation (4)

gives fS0,z=0 ≈ 0.3, consistent with our best-fit trend at z = 0. Therefore, this simple

model suggests that the trend of increasing fS0 with z in the high-σ clusters could

be accounted for solely by the accretion of S0-rich groups. Regardless of the actual

accretion history, we conclude that the accretion of at least some S0-rich groups will

explain part of the increase in fS0 in clusters.

The results presented here (and elsewhere) that S0 galaxies are forming at rela-

tively low redshifts (z < 0.5) and in low-σ groups, implies that we should be able to

identify and study both the progenitor class and the galaxies undergoing this tran-

sition. Post-starburst galaxies are commonly suspected to be late-time examples of

the latter (Dressler et al., 1985; Couch & Sharples, 1987; Yang et al., 2004, 2006). If so,

this transformation affects both the morphology and stellar population of the galaxy

and we expect based on our results that 1) S0’s in rich clusters at z = 0 will have

mostly old stellar populations ( >
∼ 7 Gyr) because most of their S0 population has been

in place since z ∼ 0.8 and 2) the S0’s in low-σ, z = 0 clusters will have a mix of young

and old stars, with roughly 50% of the S0’s having a significant fraction of their stars
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that are younger than ∼ 3 Gyr old (evidence for some relatively young S0 galaxies in

the field now exists; Moran et al., 2007; Kannappan et al., 2009).

2.5 Conclusion

By compiling a large set of clusters with both internally-consistent morphological

classifications and uniform velocity dispersions, σ, we examined the rate of change

in the S0 fraction, fS0, with redshift as a function of environment. We show that for

our entire sample fS0 is primarily correlated with redshift and not significantly cor-

related with velocity dispersion. However, the evolution of fS0 with redshift is much

stronger among σ < 750 km s−1 galaxy groups/poor clusters than in higher-σ rich

clusters. We interpret this result to mean that direct processes like galaxy mergers,

which are expected to dominate in lower-σ environments, are the primary mecha-

nisms for morphological transformation over the redshift range explored, 0 < z <
∼ 0.8.

Further studies would benefit from a larger sample size, in particular having fS0

and σ measurements for both groups/poor clusters and rich clusters with compara-

ble numbers across a similar range in redshift. This study highlights the importance

of having velocity dispersion measurements in evolutionary studies, so that one can

account for any environmental dependence of the evolution itself. In particular, we

emphasize that more complete samples of environments are needed and that large

numbers of redshifts per system are necessary to convincingly measure velocity dis-

persions of low-mass systems. Lastly, as emphasized by Dressler (1980) and Postman

& Geller (1984), local density may be a critical factor in S0 formation. We cannot mea-

sure the evolution of fS0 as a function of local density from our data due to the small

number of spectroscopic members per system, but both larger cluster/group samples

and more redshifts per system would enable such a study.
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Table 2.1. Log of Observations

Total Redshifts Cluster Redshifts

Cluster Date Telescope Instrument Measured Measured Notes

Abell 951 2007 Nov MMT Hectospec 23 19 · · ·

Abell 2658 2007 Oct MMT Hectospec 146 41 · · ·

Abell 1952 2008 Mar MMT Hectospec 131 46 · · ·

Abell 2192 2008 Mar MMT Hectospec 100 13 · · ·

Abell 1643 2008 Mar MMT Hectospec · · · · · · Lost due to weather.

Abell 1878 2008 Apr MMT Hectospec · · · · · · Lost due to weather.

2008 Jun Magellan IMACS 25 18 · · ·

Cl0054−27 2008 Jun Magellan IMACS · · · · · · Lost due to weather.

Abell 3330 2008 Sep Magellan IMACS · · · · · · Lost due to weather.

Cl0413−6559 2008 Sep Magellan IMACS · · · · · · Lost due to weather.
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Table 2.2. Main Properties of the Sample

Name z σ R200 Niter Nmem fE fS0 fS fE+S0 Sample

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

A3330 0.091 732+237

−82
1.73 · · · 9 0.307+0.089

−0.070
0.501+0.083

−0.084
0.193+0.085

−0.055
0.807+0.056

−0.085
1

A389 0.116 662+175

−130
1.55 3 40 0.353+0.094

−0.088
0.629+0.099

−0.087
0.019+0.070

−0.014
0.981+0.014

−0.070
1

A951* 0.143 537+128
−66

1.24 4 23 0.313+0.127
−0.095

0.649+0.098
−0.129

0.038+0.096
−0.031

0.962+0.031
−0.096

1

A2218 0.171 1520+112
−74

3.45 1 98 0.437+0.092
−0.085

0.240+0.090
−0.067

0.324+0.083
−0.085

0.677+0.085
−0.083

1

A1689 0.181 1876+98
−71

4.24 1 206 0.363+0.063
−0.051

0.363+0.063
−0.051

0.274+0.059
−0.048

0.726+0.048
−0.059

1

A2658* 0.185 498+99

−58
1.12 · · · 15 0.491+0.121

−0.152
0.410+0.152

−0.119
0.099+0.130

−0.062
0.901+0.062

−0.130
1

A2192* 0.187 635+139

−112
1.43 · · · 16 0.287+0.085

−0.076
0.511+0.077

−0.099
0.202+0.095

−0.054
0.798+0.054

−0.095
1

A1643 0.198 · · · · · · · · · · · · 0.242+0.070
−0.073

0.476+0.075
−0.090

0.282+0.075
−0.075

0.718+0.075
−0.075

1

A1878* 0.222a 828+280
−135

1.83 1 13 0.364+0.106
−0.083

0.282+0.070
−0.104

0.354+0.116
−0.073

0.646+0.073
−0.116

1

A2111*b 0.229 1129+121
−80

2.49 2 80 0.465+0.066
−0.067

0.336+0.064
−0.063

0.200+0.064
−0.047

0.800+0.047
−0.064

1

A1952* 0.248 718+293

−209
1.57 1 18 0.413+0.078

−0.078
0.380+0.072

−0.081
0.207+0.082

−0.052
0.793+0.052

−0.082
1

AC118 0.308 1748+99

−139
3.69 1 83 0.246+0.061

−0.053
0.527+0.064

−0.064
0.227+0.062

−0.049
0.773+0.049

−0.062
1

AC103 0.311 965+132
−81

2.03 1 55 0.301+0.078
−0.071

0.313+0.086
−0.064

0.386+0.075
−0.081

0.614+0.081
−0.075

1

AC114 0.315 1889+81
−74

3.98 1 196 0.223+0.049
−0.051

0.318+0.061
−0.050

0.459+0.060
−0.058

0.541+0.058
−0.060

1

Cl1446+2619 0.370 1397+287
−218

2.85 2 20 0.338+0.082
−0.070

0.248+0.074
−0.068

0.415+0.086
−0.072

0.585+0.072
−0.086

1

Cl0024+1652 0.391 764+40
−50

1.54 2 235 0.348+0.084
−0.076

0.227+0.075
−0.070

0.426+0.082
−0.085

0.574+0.085
−0.082

1

Cl0939+4713 0.405 1331+96

−109
2.65 1 72 0.250+0.095

−0.068
0.257+0.097

−0.070
0.493+0.100

−0.086
0.507+0.086

−0.100
1

Cl0303+1706 0.418 769+120
−94

1.52 2 56 0.227+0.084
−0.072

0.126+0.075
−0.054

0.647+0.085
−0.088

0.353+0.088
−0.085

1

3C295 0.461 1907+142
−205

3.69 1 32 0.463+0.093
−0.101

0.197+0.095
−0.067

0.341+0.100
−0.086

0.659+0.086
−0.100

1

Cl0412−6559 0.510 626+210
−179

1.17 1 19 0.347+0.089
−0.089

0.090+0.064
−0.053

0.564+0.080
−0.105

0.437+0.105
−0.080

1

Cl1601+42 0.539 749+97
−76

1.38 1 55 0.509+0.064
−0.068

0.165+0.061
−0.042

0.326+0.068
−0.058

0.674+0.058
−0.068

1

Cl0016+16 0.545 1307+112

−113
2.41 2 99 0.502+0.076

−0.080
0.208+0.076

−0.055
0.291+0.074

−0.069
0.709+0.069

−0.074
1



52

Table 2.2 (cont’d)

Name z σ R200 Niter Nmem fE fS0 fS fE+S0 Sample

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

Cl0054−27 0.560 700+284
−254

1.28 2 17 0.310+0.087
−0.077

0.246+0.084
−0.073

0.444+0.085
−0.092

0.556+0.092
−0.085

1

Cl1138−1133 0.480 746+96
−79

1.43 1 49 0.305+0.164
−0.120

0.095+0.113
−0.084

0.600+0.145
−0.162

0.400+0.162
−0.145

2

Cl1232−1250 0.541 1171+155

−70
2.16 1 54 0.350+0.040

−0.040
0.170+0.030

−0.030
0.470+0.040

−0.040
0.530+0.040

−0.040
2

Cl1037−1243 0.578 344+73

−64
0.58 1 16 0.281+0.124

−0.146
0.000+0.109

−0.000
0.625+0.138

−0.156
0.281+0.124

−0.146
2

Cl1227−1138 0.636 584+93
−70

0.64 · · · 22 0.290+0.165
−0.136

0.146+0.157
−0.095

0.394+0.167
−0.164

0.436+0.160
−0.162

2

Cl1054−1146 0.697 603+170
−140

1.01 2 33 0.245+0.071
−0.069

0.000+0.036
−0.000

0.755+0.069
−0.071

0.245+0.071
−0.069

2

Cl1103−1245b 0.703 235+203
−86

0.39 · · · 9 0.250+0.120
−0.080

0.000+0.070
−0.000

0.750+0.080
−0.120

0.250+0.120
−0.080

2

Cl1040−1155 0.704 535+89
−71

0.89 2 15 0.377+0.136
−0.116

0.066+0.093
−0.058

0.419+0.141
−0.115

0.444+0.141
−0.123

2

Cl1054−1245 0.750 570+141

−103
0.93 2 22 0.300+0.107

−0.090
0.267+0.104

−0.087
0.433+0.108

−0.102
0.567+0.102

−0.108
2

Cl1354−1230 0.762 732+233
−48

1.18 1 21 0.170+0.070
−0.050

0.290+0.070
−0.060

0.550+0.080
−0.070

0.450+0.070
−0.080

2

Cl1216−1201 0.794 1066+82
−84

1.69 1 67 0.490+0.030
−0.020

0.220+0.020
−0.020

0.270+0.020
−0.020

0.710+0.020
−0.020

2

Note. — (1) Cluster Name. An asterisk (*) denotes a cluster with new data; (2) Redshift; (3) Velocity Dispersion in units of km s−1;

(4) Virial Radius in units of Mpc; (5) Number of iterations until convergence, see §2.3; (6) Number of redshifts ultimately used in calcu-

lating the value in Column 3; (7) Fraction of Elliptical galaxies; (8) Fraction of S0 galaxies; (9) Fraction of Spiral galaxies; (10) Fraction of

Elliptical+S0 galaxies; (11) Sample, 1-Fasano et al. (2000), 2-EDiscS

aThis redshift is different than that which appears in F00, who use z = 0.254. The origin of the discrepancy can be traced back to

Sandage, Kristian, & Westphal (1976), where two potential redshifts for the cluster are given at z = 0.222 and z = 0.254. The lower

value was assumed to be foreground, so the latter value was adopted in later studies. However, with our newly measured redshifts of

18 galaxies near the cluster position that are within ±0.015 of the lower value and only 2 that are within ±0.015 of the higher value, we

adopt z = 0.222 as the cluster redshift.

bWhile no new redshifts have been measured for this cluster, it’s velocity dispersion has not been published as far as the authors know,

and is presented for the first time here.
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CHAPTER 3

A SEARCH FOR YOUNG STARS IN THE S0 GALAXIES OF A SUPER-GROUP AT z = 0.37

We analyze GALEX UV data for a system of four gravitationally-bound groups at

z = 0.37, SG1120, which is destined to merge into a Coma-mass cluster by z = 0, to

study how galaxy properties may change during cluster assembly. Of the 38 visually-

classified S0 galaxies, with masses ranging from log(M∗)[M⊙] ≈ 10–11, we detect only

one in the NUV channel, a strongly star-forming S0 that is the brightest UV source

with a measured redshift placing it in SG1120. Stacking the undetected S0 galaxies

(which generally lie on or near the optical red-sequence of SG1120) still results in no

NUV/FUV detection (< 2σ). Using our limit in the NUV band, we conclude that

for a rapidly truncating star formation rate, star formation ceased at least ∼ 0.1 to

0.7 Gyr ago, depending on the strength of the starburst prior to truncation. With an

exponentially declining star-formation history over a range of time-scales, we rule

out recent star-formation over a wide range of ages. We conclude that if S0 formation

involves significant star formation, it occurred well before the groups were in this

current pre-assembly phase. As such, it seems that S0 formation is even more likely

to be predominantly occurring outside of the cluster environment.

3.1 Introduction

S0 galaxies are more common in denser environments than in the field (Dressler,

1980), and the fraction of S0 galaxies increases over time (Dressler et al., 1997; Fasano

et al., 2000; Desai et al., 2007), such that groups/clusters at z ∼ 0 have S0 fractions≈ 3

times greater than at z ∼ 0.5. Due to the commensurate decline in the spiral fraction,

these findings have been interpreted as arising from the transformation of spirals into

S0’s. Further observations have refined the model to suggest that over this redshift



54

range groups are the primary site of S0 formation (e.g., Wilman et al., 2009, , and

Chapter 2), i.e. the galaxies are “preprocessed” in groups prior to accretion into the

cluster (e.g., Zabludoff et al., 1996).

However, the correlation between groups and clusters, and the uncertainty in de-

termining whether one is observing a group that will soon fall into a cluster, com-

plicate the interpretation of environmentally dependent evolution. After all, galaxy

properties begin to change well outside of what is typically referred to as a cluster

(i.e., 2 to 3 virial radii; Lewis et al., 2002; Gómez et al., 2003). The question then be-

comes whether S0 formation occurs in isolated groups or only when a group enters

this meta-cluster environment. Is S0 formation related to the changes in star forma-

tion properties observed in the far outskirts of clusters?

Super Group 1120-1202 (hereafter SG1120) provides a unique opportunity to ad-

dress these questions. It is a bound collection of four galaxy groups at z ∼ 0.37 that

is in the process of assembling into a cluster. The four groups will merge by z = 0

to form a cluster one-third the mass of Coma or greater (Gonzalez et al., 2005), yet

they are clearly independent groups as observed. Spectroscopic redshifts and mor-

phological classifications exist, allowing detailed analysis of its constituent galaxies.

The fraction of S0 galaxies in SG1120 is already as high as that of clusters at similar

redshift (Kautsch et al., 2008), demonstrating that the high-density, massive cluster

environment is not the primary site of S0 formation. The question of whether these

S0’s formed recently, in the pre-assembly epoch, is that which we now consider.

To determine whether the S0’s formed recently, we measure their recent star for-

mation history (SFH). A host of different mechanisms have been suggested for the

transformation, includingmergers and galaxy-galaxy interactions (Toomre &Toomre,

1972; Icke, 1985; Lavery & Henry, 1988; Byrd & Valtonen, 1990; Mihos, 2004; Bekki &

Couch, 2011), ram pressure stripping (Gunn & Gott, 1972; Abadi et al., 1999; Quilis
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et al., 2000), strangulation (Larson et al., 1980; Bekki et al., 2002), and harassment

(Richstone, 1976;Moore et al., 1998). The differentmechanisms have their own strengths

and weaknesses. A difficulty with ram-pressure stripping as the primary mechanism

lies with accounting for the large fraction of S0’s in the field (e.g., Dressler, 1980,

2004), although ram-pressure stripping has been clearly observed in clusters (e.g., Ir-

win et al., 1987; Kenney & Koopmann, 1999) and could account for the deficiency of

HI gas observed in cluster spirals (e.g., van den Bergh, 1976; Giovanelli & Haynes,

1983; van Gorkom, 1996, 2004). On the other hand dynamical interactions (i.e. merg-

ers and tidal effects) are consistent with groups as the primary site of S0 formation

(e.g., Wilman et al., 2009, , and Chapter 2), although in this scenario it is unclear why a

comparable star-formation quenching efficiency is observed in both groups and clus-

ters (Poggianti et al., 2009). For an excellent review of these different mechanisms

and their ability to explain observations across different environments and redshift,

we refer the reader to Boselli et al. (2006). These processes all involve the halting of

star formation, but operate on different timescales and affect the SFH differently. By

focusing on the SFH’s of the S0’s in SG1120 we can constrain these mechanisms acting

in a currently assembling cluster.

Some measures of the SFH’s of the S0’s in SG1120 are already available. Nearly

all the S0’s lie on or near the optical B − V red sequence (Figure 1) and inspection

of their optical spectra reveal no emission lines, suggesting no significant ongoing

star formation. Strong Balmer absorption indicative of star-formation within the past

∼ 1 Gyr (so-called E+A galaxies; initial work by Dressler & Gunn (1983) and recent

work, e.g., Yang et al. (2008)) is also absent in their spectra. However, all of these

signatures are primarily sensitive to significant bursts of recent star formation (∼ tens

of percents by stellar mass). If the S0 formation process involves more modest bursts

(or just a truncation of a low level of star formation), and if this happened recently
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(< 1 Gyr ago), then detection in the UVmay be the best way to identify it. With these

goals in mind, we have obtained GALEX (Martin et al., 2005; Morrissey et al., 2005)

imaging of SG1120.

This chapter is organized as follows. In §2 we describe the data that appear in this

study. In §3 we present our results, which we then discuss and summarize in §4. We

adopt a cosmology with H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. Optical

magnitudes are in the Vega system while UV magnitudes are in the AB system; one

can convert the B and V magnitudes to the AB system by adding −0.275 and−0.116,

respectively.

3.2 Data

Our analysis utilizes a combination of new and previously published data, including

GALEX, optical, and mid-infrared (MIR) imaging, spectroscopy, and morphological

classifications from high resolution imaging.

In February 2009 we obtained GALEX imaging of SG1120 in both the NUV and

FUV bands1, with exposure times of 31.5 ks and 33.0 ks, respectively. We generate

photometric catalogs using SEXtractor v2.8.6 (Bertin & Arnouts, 1996) with matched

apertures on the NUV and FUV images. We apply a detection threshold on the NUV

image of 2σ per pixel, with a minimum of 5 adjacent pixels required for a detec-

tion, and fix aperture radii at 5′′ (approximately twice GALEX’s FWHM). We identify

UV sources by cross-correlating the detections to galaxy optical locations using a 1′′

matching threshold. We correct for foreground galactic extinction with the Schlegel

et al. (1998) dust maps and the O’Donnell (1994) Milky Way extinction curve.

We utilize B and V band VLT/VIMOS photometry (Le Fèvre et al., 2003) from

Tran et al. (2009, hereafter T09). Galactic extinction is corrected for similarly as above

1The NUV and FUV bands have effective wavelengths of 2271Å and 1528Å, respectively.
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(O’Donnell, 1994; Schlegel et al., 1998). For the optical data, we quote MAG AUTO

magnitudes from SExtractor, which are similar to Kronmagnitudes (Kron 1980). While

ideally one would want to use PSF- and aperture-matched magnitudes when com-

puting colors, we only use the B − V color for an estimate of stellar mass and to

determine whether a galaxy is blue or red. Stellar masses are determined following

the prescription of Bell et al. (2003), with the mass-to-light ratios (M∗/L)B estimated

using

(M∗/L)B = 1.737(B − V ) − 0.942, (3.1)

assuming the diet Salpeter IMF defined in Bell & de Jong (2001) and rest-frame Vega

magnitudes. Using a blue absolute magnitude of MB = 5.45 for the Sun, a galaxy

with MB = −19.5 and (B −V ) = 1 has a stellar mass of log(M∗)[M⊙] = 10.8. Tracks of

constant stellar mass are overplotted in the color-magnitude diagram of Figure 3.1.

Spitzer imaging from MIPS (Rieke et al., 2004) that appears in T09 is used for es-

timating MIR SFR’s. T09 calculated SFRIR by determining the total IR luminosity

(8–1000µm) from the 24µm luminosity using a family of IR spectral energy distribu-

tions (SEDs) from Dale & Helou (2002). Then, focusing on the SEDs representative of

the Spitzer Infrared Nearby Galaxies Survey (Dale et al., 2007), a median conversion

factor was chosen at z ∼ 0.37 where the SEDs give essentially the same values and

the error is limited to ∼ 10–20%.

Spectroscopy for SG1120 come from VLT/VIMOS (in 2003; Le Fèvre et al., 2003),

Magellan/LDSS3 (in 2006), and VLT/FORS2 (in 2007; Appenzeller et al., 1998), with

resolutions of 2.5 Å pix−1, 0.7 Å pix−1, and 1.65 Å pix−1, respectively. Further details

of the spectroscopic reduction can be found in Tran et al. (2005)

Morphological classifications exist for 143 of the spectroscopically-confirmed SG1120

galaxies (T09) based on images obtained with the Hubble Space Telescope /Advanced

Camera for Surveys (HST/ACS) in F814W (11′ × 18′; 0.05′′/pixel). Although with
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Figure 3.1 Rest-frameB−V color magnitude diagram for spectroscopically confirmed

SG1120 galaxies. S0 galaxies are highlighted as stars and the remaining members

are shown as circles. NUV-detected galaxies are marked using filled-symbols, and

approximate tracks of constant stellar mass are overplotted (see § 3.2). Most S0’s lie

on the red sequence, consistent with being dominated by an old, passively evolving

stellar population, and comprise ∼ 35% of all red sequence galaxies.
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high-resolution HST imaging it is possible to distinguish between elliptical and S0

galaxies (Postman et al., 2005), some level of uncertainty in the classifications exists

regarding orientation angle (Rix &White, 1990), surface brightness dimming, and the

“morphological k-correction” (Windhorst et al., 2002; Papovich et al., 2003). The latter

two effects tend to present more difficulty for classifications of galaxies over a broad

range of redshifts, which is not the case for this study. The classification scheme used

by T09 assigns galaxies the average T-type visually determined independently by

four of the authors. We define our classes as elliptical (T ≤ −3.5), S0 (−3.5 < T ≤ 0),

and spiral+irregular (0 > T ). Thus, our definition of S0 spans S0/E to S0/a. We

require that at least one author classify a galaxy as S0 before it is included in our S0

sample; a combination of elliptical and spiral classifications that average out to nu-

merically meet our S0 criterion will not qualify as an S0. This definition results in

38 SG1120 galaxies classified as S0. This classification scheme is different than that

of Desai et al. (2007) for the EDisCS sample (White et al., 2005), which can be used

as a comparison sample, although the primary difference is that for a given galaxy

they assigned the T -type most frequently assigned by their classifiers while we use

the average T -type. Adopting their classification scheme does not change the results

presented below.

3.3 Results

3.3.1 UV Analysis

Of the 38 galaxies classified as S0, we detect one in the UV; it is the brightest UV

source among the spectroscopically identified galaxies in SG1120, with mNUV = 20.7

and mFUV = 21.5 (> 10σ detection in each band). This galaxy lies off the optical red

sequence as well and is detected at 24 µm (T09). Based on its MIR and UV detections

it has a significant amount of star-formation, SFRIR = 60 ± 12 M⊙ yr−1 and SFRUV =
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21 ± 2 M⊙ yr−1, the latter of which is calculated from its NUV magnitude without

an intrinsic extinction correction using the star-formation law of Kennicutt (1998).

There is structure apparent in the disk of the galaxy (an HST/ACS F814W image of

this galaxy appears in Figure 3.2), and given its strong SFR it is possible that this is

a misclassified spiral. While it could be possible that we are missing a substantial

population of blue S0’s by classifying such galaxies with disk structure as spirals,

given the already high S0 fraction in SG1120 it is unlikely that this is the case.

The remaining 37 S0 galaxies are not detected in either the NUV or FUV. Convert-

ing our UV detection limits to a SFR limit is not as straightforward as above, since

Kennicutt (1998) assumes a flat spectrum from 1500–2800Å due to continuous star-

formation for longer than 100 Myr, which need not be the case when we only have

upper limits on the UV emission. Therefore, we estimate the SFR upper limit from the

rest-frame 1500Å flux (which is less contaminated from evolved stars than at 2800Å)

after fitting the UV and optical photometry of the S0’s with KCORRECT (Blanton &

Roweis, 2007). This results in a SFR limit of SFRUV
<
∼ 0.1 M⊙ yr−1 for the individ-

ual galaxies. While dust could suppress NUV emission from star-formation, none of

these S0’s are detected at 24 µm, although the MIR limit is weaker (< 3 M⊙ yr−1; T09).

A spatial plot showing the location of the S0’s, as well as the UV and MIR detections,

appears in Figure 3.3.

To look deeper for signs of recent or ongoing star-formation, we stack the non-

UV detected S0 galaxies. One of the S0’s lies near the core of Group 2, within 4′′ of

a bright UV source (a star-forming elliptical also detected at 24 µm with a SFR of

4.35 M⊙ yr−1; T09). Given the size of the GALEX PSF (≈ 5′′), we exclude this source

from the stacking analysis, although its inclusion does not affect our results. We me-

dian stack 300 by 300 pixel thumbnails and compare the flux at the central location

to the distribution of fluxes in ≈ 1500 non-overlapping 5′′-radius apertures arranged
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Figure 3.2 HST/ACS F814W image of the UV-detected S0 galaxy in SG1120, at

RA = 11h20m10.4s, Dec = −12◦01′51.7′′. Classified as an S0, some structure is evident

in the disk. The SFR derived from the MIPS and NUV images for this galaxy are

60 M⊙ yr−1 and 20 M⊙ yr−1, respectively.
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Figure 3.3 Spatial plot of the 143 SG1120 galaxies with morphological classifcations

(dots). S0 galaxies are marked as stars, while galaxies detected in the NUV (gray

circles) and NUV+FUV (black circles) are also highlighted. Galaxies from T09 with

SFRIR ≥ 3 M⊙ yr−1 based on MIPS data are marked with boxes.
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such that they do not touch the edge of the stacked image or the galaxy position. The

flux of the stacked S0 is < 2σ above the random fluctuations in both the NUV and

FUV, which corresponds to mNUV < 26.0 and mFUV < 26.6 magnitude, and a SFR

of <
∼ 0.01 M⊙ yr−1 (estimated using the above method), an order of magnitude lower

than the constraint placed from the individual non-detections alone (see above).2

Early-type galaxies are known to have some UV emission, i.e. “UV-upturn” galax-

ies (e.g., Greggio & Renzini, 1999; O’Connell, 1999; Brown et al., 2003; Yi & Yoon, 2004,

and references therein), which comes from evolved stars. We compare our NUV de-

tection limit with the model of Han et al. (2007), who treat their model galaxy as a

simple stellar population with log(M∗) = 10. The expected NUV flux from evolved

stars for a log(M∗) = 10.5 galaxy (typical of the S0’s in our sample) is ∼ 2 magnitudes

fainter than our stacked detection limit.

3.3.2 Modeling

The lack of detectable NUV emission from all but one of the S0 galaxies shows there

are not even traces of star formation in at least 97% of SG1120 S0 galaxies. We pro-

ceed to investigate how these limits constrain when the most recent episode of star-

formation took place, and what effect a burst of star-formation places on the con-

straints.

We model the S0’s using the population synthesis code PEGASE (v2.0; Fioc &

Rocca-Volmerange, 1997), and first consider a scenario in which a galaxy has its star-

formation halted completely. Our model galaxy forms stars at a constant rate for

9.5 Gyr, roughly the age of the Universe at z = 0.37, and then undergoes an instan-

taneous burst of star formation, after which the SFR is zero. We vary the strength of

2To derive a complementary SFR limit, we perform a similar stacking analysis with the MIPS data.
However, given the crowded MIPS field ∼half of the S0 positions are contaminated with emission
from nearby sources, making the interpretation of this result more difficult. In any event the limit
inferred from this stacking is more than an order of magnitude weaker than the limit derived from the
UV stacking.
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the burst, with the models forming between 0% to 45% of the final stellar mass in the

burst. These burst strengths span a range from a purely truncated disk to one that

matches the median bulge-to-total ratio found in S0’s, i.e. the entire bulge forms in

the burst (Christlein & Zabludoff, 2004). The SFR during the pre-burst phase varies

from ≈ 1–15 M⊙ yr−1, typical for galaxies at similar stellar masses (see below) and

redshift (see Figure 1 of Noeske et al., 2007). Within each model we set the gas frac-

tion just prior to the burst to be between ≈ 25%–50%; the upper limit is set by the

need to convert 45% of the gas into stars for the strongest burst models. These SFR’s

and gas fractions result in pre-burst metallicities ranging from Z = 0.5 − 0.8Z⊙. We

use a Salpeter IMF (Salpeter, 1955) and an inclination-averaged extinction for a disk

geometry. We perform this modeling with masses of log(M∗)[M⊙] = 10, 10.5, and 11,

spanning the range of stellar masses of our S0 galaxies (see Figure 3.1). We measure

the time (tthresh) after the burst at which the NUV emission falls below our 2σ detec-

tion limit for the full S0 sample, mNUV < 26.0, for z = 0.37; tthresh is an estimate of the

minimum time since the last significant star forming event. We also investigate adding

an additional burst (of varying strength) earlier in the model, but its effect on tthresh

is negligible. This is not unexpected, since the NUV emission from older stars is well

below our detection limit (see §3.1). We show the results of this analysis in Figure 3.4.

As expected, tthresh increases with burst strength and stellar mass, with a range over

all models from 10 to 700 Myr.

We next investigate star-forming histories with a more gradual reduction of star

formation. Ourmodel galaxy forms stars at a constant rate ranging from 1–10 M⊙ yr−1

and then once it reaches log(M∗) = 10.5 has its SFR decline exponentially with e-

folding times (τ ) ranging from 0–2 Gyr. We then measure the time required for the

NUV emission to fall below our detection threshold, tthresh. From this analysis we

are able to rule out large portions of the τ -tthresh parameter space (Figure 3.5); as the
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Figure 3.4 The time for a model galaxy to drop below our NUV detection threshold

(tthresh) plotted against the strength of the burst as a fraction of total stars. The tracks

are for models with log(M∗)[M⊙] = 10, 10.5, and 11. The shaded regions show the

range of a given model with gas fractions of 25–50% just prior to the burst.
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halting of star-formation becomesmore gradual (i.e., increasing τ ), the limits we place

on recent star-formation quickly exceed 1 Gyr.

3.4 Discussion and Conclusion

Our chief finding is a lack of NUV emission in the S0 galaxies in SG1120, down to

mNUV = 26.0, or 0.01 M⊙ yr−1. Evidently the S0’s with masses from log(M∗)[M⊙] ≈

10–11 are not forming many new stars, but the time since their last significant star

forming episode depends on their SFH. Generally, if star formation shut off rapidly,

then they could have formed stars more recently. Conversely, if their star formation

turned off gradually, or if they experienced a significant burst of star-formation prior

to the shut-off, then more time must have passed for them to drop below our detec-

tion threshold. We investigate both possibilities.

In the rapid truncation scenario (Figure 3.4), our models show that the minimum

time since the burst ranges from ∼ 0.1 to 0.7 Gyr, depending on the mass of the

galaxy and the strength of the burst. While these models are consistent with the S0’s

having formed at much earlier times (> 1Gyr), in the “no-burst” model the S0’s could

have stopped forming stars as recently as 0.1–0.2 Gyr ago, depending on the mass.

In other words, if the formation of an S0 involves a morphological transformation

and a halting of star formation, but no additional star formation, we cannot use UV

photometry to constrain meaningfully the time since that event. However, if their

formation involved an episode of significant star formation, as one might expect in

a merger, then they must have stopped forming stars > 0.3 Gyr prior to the time at

which we are observing them. Given the lack of E+A spectra among our S0’s, which

indicate star-formation within the past∼ 1Gyr, it is likely that the S0’s formed at even

earlier times. While the strength of the absorption will be weaker for galaxies with

no burst of star-formation, Yang et al. (2008) find E+A galaxies with burst fractions
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Figure 3.5 Plot of e-folding time (τ ) vs. tthresh for model galaxies with exponentially

declining SFH’s, where tthresh is the time for the model galaxy to drop below our

NUV detection threshold. The model galaxies have log(M∗)[M⊙] = 10.5 at the time

their SFR begins to decline. The shaded regions, from darkest to lightest, are ruled

out by our NUV detection limit assuming SFR’s of 1, 5, and 10 M⊙ yr−1, respectively.

The dashed lines demarcate the parameter space considered in Balogh et al. (2011).
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as low as 7% are consistent with their observations, demonstrating that low burst

strengths can still yield measurable E+A spectra.

We next consider the limits we can place on a gradual reduction in SFR. Moran

et al. (2007) find evidence for newly-formed S0’s in groups at the outskirts of two

massive clusters at z ∼ 0.5. In the process of forming, the SFR’s of these S0’s is inter-

preted to consist of a gradual decline over a ∼ 1 Gyr timescale, consistent with stran-

gulation. In Figure 3.5, we model the S0’s in SG1120 with similarly extended SFH’s.

Our S0’s are consistent with a similar slow conversion, provided that they started this

decline at earlier times. The current phase in SG1120’s evolution, as the four groups

merge, is therefore unlikely to play the dominant role in S0 formation. Interestingly, a

population of galaxies that lie in the so-called “green valley” have been identified in

groups at z ∼ 0.8–1 (Balogh et al., 2011), and have been interpreted as those moving

from the blue cloud to the red sequence due to an exponentially declining SFR with

τ ∼ 0.6–2. These galaxies are candidate S0 progenitors given (1) their presence in

groups, and (2) their intermediate colors, since (red) S0’s forming from (blue) spirals

must traverse a similar path in color space. Our models in Figure 3.5 have stellar

masses typical of these transition candidates. Models with an initial SFR of 1 M⊙ yr−1

over the full range of τ ∼ 0.6–2 are consistent both with these high redshift objects

and our UV limits. Models with higher initial SFR’s begin to violate our limits for

certain combinations of τ and tthresh. Galaxies similar to these “green valley” group

galaxies could be the progenitors of the S0’s in SG1120, but this would again imply

that the cluster assembly process is not associated with the S0 transformation phase.

A similar picture appears to unfold at z = 0. Hughes & Cortese (2009) find locally

that “green valley” galaxies in NUV −H color are predominantly HI-deficient spirals

with quenched star formation found in higher-density environments. Further analy-

sis has shown that these galaxies are consistent with migration from the blue cloud



69

to the red sequence over at least a ∼ 3 Gyr timescale due to ram-pressure stripping

(Cortese & Hughes, 2009). A concordant result is also found over a wider range of

density (Gavazzi et al., 2010). While these results at low redshift cannot be directly

applied to higher z, they demonstrate that a slow process of migration across the

“green valley” is a viable physical mechanism for quenching star formation, which

for SG1120 would require S0 formation prior to the cluster assembly phase.

Although the S0 fraction of SG1120 is already sufficiently large to match that of

Coma within the uncertainties and the scatter in S0 fractions, one could envision the

S0 fraction of SG1120 growing by as much as a factor of two between its current

redshift and today. If so, then S0’s should be added at a rate of ∼ 3–10 per Gyr.

For models with a gradual halting in the SFR, this implies that a significant number

of S0’s should be in the process of forming. However, the likely progenitors can-

didates are not seen: there are ∼ 6 non-star-forming “passive spirals”, and at most

one star-forming S0. Hence, if strangulation is chiefly responsible for S0 formation,

then SG1120 has finished forming S0’s. Conversely, if S0 formation is ongoing in this

system, then the S0’s are forming without a gradual reduction in SFR (e.g., van den

Bergh, 2009).

We find that nearly all of the S0’s in SG1120 show no trace of star-formation, and

by modeling their star-formation histories with both a rapid truncation and a grad-

ual reduction in SFR, are able to place limits on the time since their last significant

star-forming episode. Our constraints are weaker in the rapid reduction scenario,

particularly if S0 formation does not involve a significant burst of star formation;

from our models, the S0’s could have formed stars as recently as ∼ 0.1 Gyr ago and

be consistent with our NUV limit. In models where a burst of star-formation occurs,

forming at least 20% of the stellar mass, our limits imply that this occurred at least

∼ 0.3 Gyr ago. If a more gradual reduction in star-formation occurred, modelled as
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an exponentially declining SFR from a level of 1–10 M⊙ yr−1, then our limits increase

to ∼ several Gyr. This scenario is incompatible with SG1120 continuing to form new

S0’s, as a significant number of transition galaxies would be expected that are not ob-

served. Evidently, the formation of S0’s occurred prior to the assembly phase of the

cluster.
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CHAPTER 4

THE INFALLING GALAXY POPULATION OF EDISCS CLUSTERS

We present the results of a low-resolution spectroscopic survey for a subsample of

16 clusters selected from the ESO Distant Cluster Survey (EDisCS) that span 0.45 <

z < 0.80. Spectra were taken using the Low-Dispersion Prism (LDP) in IMACS on

the Magellan telescope, resulting in 32, 377 redshifts with precision σz = 0.007. Of

these, 916 galaxies brighter than R < 22.6 have redshifts that place them in the cluster

environment. We identify the galaxies expected to be accreted by the clusters as they

evolve to z = 0 using spherical infall models, and find that the red fraction of infalling

galaxies in clusters with σ < 600 km s−1 is as high as the population within the virial

radius of those clusters, while more massive clusters have a red fraction comparable

to the field. Given the increasing S0 fraction in less-massive clusters at z < 0.5, the

high red fraction among infalling galaxies suggests that the color transformation is

unassociated from the morphological one. We also find that the infalling galaxies are

more clustered than in the field, with a marked excess of red galaxies at separations

< 2Mpc, a sign of preprocessing taking place in the infall regions of clusters or earlier.

4.1 Introduction

Although a relationship exists between the evolution of galaxies and their environ-

ment, as demonstrated by correlations between density and galaxy color (Hogg et

al., 2004), star-formation (Lewis et al., 2002; Gómez et al., 2003), and morphology

(Dressler, 1980), the physical processes that drive these changes and the connection

between those processes and environment are not established. While the cores of

clusters are the final resting place for these galaxies, and so were the first place these

trends were discovered, the key to understanding the quenching of star formation
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and morphological transformation is to identify galaxies in the environment where

they are being transformed, not where they ultimately end up.

Quenching and morphological transformation do not occur primarily in the cores

of clusters. The decrease in star formation sets in at several virial radii (Lewis et al.,

2002; Gómez et al., 2003), and the increasing S0 fraction since z ∼ 0.5 (Dressler et al.,

1997; Fasano et al., 2000) is most dramatic in less-massive, and thus lower-density)

clusters (Poggianti et al., 2009). Environment-driven evolution occurs primarily at

intermediate densities, which should include outside the cluster virial radius among

the infalling galaxies. Establishing the size and characteristics of the infalling popu-

lation will therefore constrain the path to transformation.

As a result, a number of studies have begun to target the outskirts of z >
∼ 0.5 mas-

sive clusters (e.g., Moran et al., 2007; Patel et al., 2011). However, such studies are

limited to several clusters (∼ 5), making general statements difficult given the vari-

ation in properties from cluster to cluster. Furthermore, owing to the large masses

of these systems, and correspondingly large virial radii, some of these studies do not

probe very far past the virial radius and may miss some of the infalling galaxies. The

large masses also make them rare systems, hence the infalling population of more

typical cluster masses has not been explored. This may paint an incomplete picture,

given the cluster-mass dependence on S0 evolution (Poggianti et al., 2009).

A general difficulty in studying the infalling population in the cluster outskirts is

the need to remove interloping foreground/background galaxies, an issue that be-

comes more important at larger cluster-centric radii. The studies listed above use

spectroscopic redshifts, but these data require significant telescope time to cover a

wide field of view (FOV) and thus are limited to those few clusters. An alternative

involves using photometric redshifts (e.g., Kodama et al., 2001), which can be mea-

sured over a wide FOV for many objects with much less observational cost. However,
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photometric redshifts are not individually precise enough to associate a galaxy to a

particular cluster, where δcz ≈ 500 km s−1 resolution is needed.

We present a study of the infalling population of a sample of clusters drawn from

the ESO Distant Cluster Survey (EDisCS). We are able to isolate the infalling galaxy

population for 15 clusters at 0.45 < z < 0.80, using the Low-Dispersion Prism (LDP1)

installed in the Inamori-Magellan Areal Camera and Spectrograph (IMACS; Bigelow

et al., 1998; Dressler et al., 2006) on the 6.5 m Magellan Baade telescope. With these

data, we measure the number of galaxies these clusters will accrete by z = 0, because

their accretion history influences the observed trends with star formation rate and

morphology. We also compare models (e.g., Poggianti et al., 2006) that predict the

amount of mass accreted by these clusters to these observations. Finally, we quantify

the amount of evolution necessary for galaxies in the infall regions in order to match

the galaxy properties within the virial radii at the current time.

This chapter is organized as follows. In §2 we describe our sample selection and

its basic properties, and in §3 and 4 we present the imaging and spectroscopic data,

respectively. In §5 we analyze our clusters usingmass infall models, and present color

magnitude diagrams of galaxies in the infall regions in §6. We discuss our results in

§7 and conclude in §8. All magnitudes in this chapter are in the AB-system; to convert

these to Vega, subtract 0.06, 0.23, and 0.45 from the ABmagnitudes for the V RI bands,

respectively. Throughout the chapter we adopt H0 = 70 km s−1 Mpc−1, Ω0 = 0.3, and

ΩΛ = 0.7 and all cosmology-dependent quantities taken from other studies also use

these values.

1Designed by S. Burles for use by the PRIMUS redshift survey (Coil et al., 2011).
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4.2 Sample

Our sample consists of 16 galaxy clusters from the 20 clusters in the ESO Distant

Cluster Survey (EDisCS; White et al., 2005). See §4.4.1 for details on the four clus-

ters not observed. We present basic information of the clusters appearing in this

chapter in Table 4.1. The EDisCS clusters were drawn from candidates in the Las

Campanas Distant Cluster Survey (Gonzalez et al., 2001) identified as surface bright-

ness enhancements in the image background. The EDisCS clusters lie in a band from

≈ 10–14 hr in right ascension and ≈ −11 to −13 degrees in declination. They span a

redshift range from z ≈ 0.4–0.8 and cover a spread in velocity dispersion (σ) ranging

from σ ≈ 200–1000 km s−1 (Halliday et al., 2004), a wider range of σ than other cluster

samples at these redshifts andmore representative of the progenitors of z ∼ 0 clusters

(Milvang-Jensen et al., 2008).

We have a variety of data on the cores (i.e. the central ≈ 6.5′ × 6.5′ FOV) of these

clusters, with deep (I <
∼ 25) optical imaging from VLT/FORS2 (White et al., 2005),

near-infrared imaging from SOFI at the New Technology Telescope (White et al.,

2005), and optical spectroscopy (Halliday et al., 2004; Milvang-Jensen et al., 2008),

and they have been the subject of studies regarding weak-lensing (Clowe et al., 2006),

morphological content (Desai et al., 2007), fundamental plane (Saglia et al., 2010),

brightest cluster galaxies (Whiley et al., 2008) and star-formation rate evolution (Finn

et al., 2005). Wide-field imaging in the mid-infrared with MIPS (∼ 50′ × 20′ FOV)

and ultra-violet with GALEX (≈ 38′ radius FOV) also exist, but do not appear in this

study.

4.3 Wide-Field Imaging Data

We use wide-field (∼ 30′ × 30′) imaging of our clusters to (1) measure galaxy mag-

nitudes and colors, (2) identify targets for our LDP masks, and (3) contribute to the
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Table 4.1. LDP-Observed EDisCS Cluster Properties

Field Cluster ID RA Dec z σ R200 M200 Imaging

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 Cl1018.8−1211 10:18:46.8 −12:11:53 0.4734 486 0.93 1.53(14) V RI

2 Cl1037.9−1243 10:37:51.2 −12:43:27 0.5783 319 0.58 4.06(13) BV RIz

3 Cl1040.7−1155 10:40:40.4 −11:56:04 0.7043 418 0.70 8.47(13) BV RIz

4 Cl1054.4−1146 10:54:24.5 −11:46:20 0.6972 589 0.99 2.38(14) BV RIz

5 Cl1054.7−1245 10:54:43.6 −12:45:52 0.7498 504 0.82 1.44(14) BV RIz

6 Cl1059.2−1253 10:59:07.1 −12:53:15 0.4564 510 0.99 1.78(14) V RI

7 Cl1103.7−1245 11:03:43.4 −12:45:34 0.9586 534 0.77 1.52(14) BV RI

8 Cl1138.2−1133 11:38:10.3 −11:33:38 0.4796 732 1.40 5.20(14) BV RI

9 Cl1216.8−1201 12:16:45.1 −12:01:18 0.7943 1018 1.61 1.16(15) BV RI

10 Cl1227.9−1138 12:27:58.9 −11:35:13 0.6357 574 1.00 2.29(14) BV RI

11 Cl1232.5−1250 12:32:30.5 −12:50:36 0.5414 1080 1.99 1.61(15) V RIz

12 Cl1301.7−1139 13:01:40.1 −11:39:23 0.4828 687 1.31 4.29(14) V RI

13 Cl1353.0−1137 13:53:01.7 −11:37:28 0.5882 666 1.19 3.67(14) V RI

14 Cl1354.2−1230 13:54:09.7 −12:31:01 0.7620 648 1.05 3.05(14) BV RIz

15 Cl1411.1−1148 14:11:04.6 −11:48:29 0.5195 710 1.33 4.63(14) V RI

16 Cl1420.3−1236 14:20:20.0 −12:36:30 0.4962 218 0.41 1.36(13) V RI

Note. — (1) cluster field; (2) cluster name; (3,4) J2000 right ascension (hours) and declination (deg);

(5) cluster redshift; (6) cluster velocity dispersion in km s−1; (7) cluster virial radius in Mpc from Finn

et al. 2005; (8) cluster virial mass in units of M⊙with power of ten in parentheses from Finn et al. 2005;

(9) Wide-field imaging available for each field
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redshift fitting portion of the LDP pipeline.

Our photometry consists of BV RIz imaging, with the V RI data coming from

the Wide Field Imager (WFI) instrument on the 2.2m MPG/ESO telescope (Baade et

al., 1999) and the Bz data from MOSAIC on the CTIO Blanco telescope, which have

34′ × 33′ and 36′ × 36′ FOVs, respectively. Given the different sources of the data, not

all clusters have been observed in all 5 bands. Our entire sample has V RI data while

a subset, those which appear in Guennou et al. (2010), have either B or z, or both (see

Table 4.1). Details on the imaging data are given below.

4.3.1 V, R, and I Data from WFI

We reduce the raw images using the techniques described in Clowe & Schneider

(2001, 2002), which involves bias subtracting and flat fielding each chip separately

and removing fringing in the R- and I-band images. We correct the images astro-

metrically by comparing the image centroids of USNO reference stars, and use the

utility imwcs to write a new world coordinate system (WCS) header based on those

matches.2 This procedure results in an RMS of ≈ 0.3′′ relative to the USNO coordi-

nates. For Cl1354-1230, this method failed, so we define the astrometry using SCAMP

(Bertin, 2006).

Tomatch the point-spread functions (PSFs) among bands so that aperture-matched

colors probe the same region of the galaxy, we smooth the images with a gaussian ker-

nel to match the image with the largest seeing for that field (often the V or I band).

The resultant effective seeing is typically 1.2′′ (full-width half max, or FWHM) for

the different fields, except Cl1037–1243, which has seeing ≈ 2′′. For most clusters

the seeing varies < 0.1′′ (< 0.5 pixel) over the image; for Cl1227–1138, Cl1232–1250,

Cl1353–1137, Cl1354–1230, and Cl1411–1148 it varies < 0.2′′ (< 1 pixel).

2Originally written at the University of Iowa, but since adapted and amplified by Doug Mink at the
Smithsonian Astrophysical Observatory. http://tdc-www.harvard.edu/wcstools/imwcs/
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We create photometric catalogs using SExtractor (Bertin & Arnouts, 1996). We

detect sources in the seeing-matched R-band image, requiring at least 12 adjacent

pixels containing flux > 5 σRMS above the background. We calculate magnitudes in

1′′-radius apertures to match the FWHM in the worst seeing-matched image (Cl1037-

1243). Photometry is performed in two-image mode for the other bands.

R-band imaging from the VLT, with which to determine zeropoints (ZPs; see be-

low), was not available for Cl1018−1211, Cl1059−1253, Cl1232−1250, Cl1301−1139,

Cl1353 − 1137, Cl1411 − 1148, and Cl1420 − 1236. In what directly follows, all band-

passes refer to the VLT filters. We estimate R-band magnitudes from synthetic R-

band magnitudes; we obtain the latter by fitting the BV IK spectral energy distri-

butions (SEDs) to stellar templates from Hauschildt et al. (1999). We also use this

methodology on clusters with V RIJK photometry to assess its accuracy. We find

that the difference between predicted and observed R-band magnitude is < 0.02. For

these seven clusters without VLT R-band imaging, we use the derived R-band mag-

nitudes.

We determine ZPs as follows. Cross-correlating stars from the WFI images with

those from the VLT using a 0.5′′ matching threshold results in ≈ 800 matches per

field. Using non-extinction-corrected VLT magnitudes, we calculate color terms, i.e.

functions of ZP with V − R color, for each of the bands by linear regression. With

a first guess for the V − R color, we calculate V RI magnitudes using the color term

equation, which in turn gives a new V − R color. This process is iterated until con-

vergence. Comparison with the VLT magnitudes give an RMS precision of 0.06, 0.03,

and 0.07 for the V , R, and I bands, respectively, for the combined photometry of the

full sample.

Given the wide FOV, we correct for Galactic extinction in V RI differentially. The

color excess varies across a given field ranges from ∆E(B − V ) ≈ 0.01–0.02. We



78

determine E(B − V ) at each photometric source using the dust maps of Schlegel et

al. (1998), and interpolate the extinction curve of Cardelli et al. (1989) to the effective

wavelength of each bandpass to determine the extinction, assuming RV = 3.1.

We use fixed apertures of 1′′-radii when calculating colors to ensure the same re-

gion is measured in both bands and to maximize signal-to-noise; using a larger aper-

ture introduces more noise into our color measurement. We estimate the total mag-

nitude using the FLUX AUTOmeasurements from SExtractor, which fit sources with

an ellipse similar to that used for Kron magnitudes (Kron, 1980). Two-image mode,

where the aperture in the detection image is fixed in the other bands, is not appropri-

ate for calculating AUTOmagnitudes, since the Kron aperture varies between bands.

This means that for a given source, its R-band Kron radius is used for the V and I

images as well, so that light may be lost when estimating the total magnitudes of the

latter two. When we determine V - and I-band AUTOmagnitudes we use the V - and

I-band Kron radii. Therefore, we perform detections separately on the V RI images,

with a > 5 σRMS threshold on the R-band image and > 1 σRMS threshold on the V -

and I-band images. We thenmatch the detections in V and I to the R-band detections

using a 1′′ matching threshold. To calculate ZPs, we perform the iterative method de-

scribed above, although two changes need to be made. First, the colors used in the

color terms are from the 1′′ apertures, since the Kron radii vary with magnitude for a

given source. Second, since we are interested in deriving total magnitudes, we cali-

brate the ZPs to the V RI total magnitudes from the VLT data, which was also derived

using AUTO measurements from SExtractor. Comparison with the VLT magnitudes

suggests an RMS precision that varies with limiting magnitude, in that the RMS in-

creases at faint magnitudes. If we only include WFI galaxies with RAUTO < 23.3 (our

completeness limit; see below), the RMS precision is 0.08, 0.04, and 0.09 for the total

V , R and I magnitudes, respectively.
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4.3.2 B and z Data from MOSAIC

We obtained B and z data for nine of our clusters with the CTIO Blanco telescope

using MOSAIC, and reduced them with the MIDAS, SCAMP and SWarp packages

(Banse et al., 1988; Bertin et al., 2002; Bertin, 2006). Exposure times for the B and z

data are 11× 600s and 18× 800s, respectively. Guennou et al. (2010) describe the data

in more detail.

The B-band ZPs were corrected for galactic extinction using a single E(B − V )

value per field from the Schlegel et al. (1998) dust maps; we “de-correct” the B-band

ZPs so that we can correct each source for extinction individually. We applied the B-

and z-band ZPs to their corresponding photometric catalogs generated in two-image

mode based on detections in R (see §3.1), and correct for extinction differentially us-

ing the method described above.

4.3.3 Photometric Completeness

We estimate our magnitude-limited completeness by examining the galaxy number

counts as a function of magnitude (Figure 4.1). Differential number counts with mag-

nitude (dN/dm) follow a power-law distribution until the shape of the curve turns

over once the catalog starts to become incomplete, with deeper catalogs turning over

at fainter magnitudes (e.g., Figure 1 of White et al., 2005). In Figure 4.1, dN/dm fol-

lows a power-law until RAUTO ≈ 23.3, at which point the distribution turns over. This

turnover happens at a similar magnitude in all of our fields and provides an estimate

of our completeness, i.e. we are complete to RAUTO < 23.3.

In Figure 4.1, we also investigate our R-band completeness as a function of V − I

color from 0.5 < (V − I) < 2.5, the range of colors relevant for our galaxy clusters

(see §4.6). For bluer galaxies, (V − I) < 1.5, the number counts follow a power-

law until magnitudes comparable to our overall completeness limit (RAUTO ≈ 23.3).

However, the number counts of redder galaxies depart from a power-law at brighter
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Figure 4.1 Differential number counts of R-band detected sources per 0.1-sized mag-

nitude bin (dN/dm) as as function of RAUTO. The distribution follows a power law

until RAUTO = 23.3, a clear sign of incompleteness beyond that magnitude. Colored

lines show similar distributions, but divided into different bins of (V − I) color.

magnitudes (RAUTO ∼ 22). Our completeness limit for red galaxies is fainter than for

blue galaxies; this is apparent in the color-magnitude diagrams (see §4.6), where we

find blue cluster members at fainter magnitudes than red cluster members.

4.4 LDP Spectroscopic Data

4.4.1 Target Selection

We utilize the LDP and the IMACS camera on the Magellan I Baade 6.5m telescope

at Las Campanas Observatory. This instrument provides spectra with a resolution
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of R = λ/∆λ ≈ 40, an improvement over the resolution achieved with photometric

redshifts (R ∼ 5). The corresponding redshift precision is also improved, as is the

overall accuracy. Coil et al. (2011) present more details about the prism and camera

characteristics.

Of the original 20 EDisCS fields, four were not targeted with the LDP, and so

do not appear in this chapter. Cl1119 − 1129 and Cl1238 − 1144 do not have near-

infrared (NIR) data; the former has a 166 km s−1 cluster while the latter has only four

spectroscopic redshifts at the cluster distance (Milvang-Jensen et al., 2008). Cl1122 −

1136 does not contain a confirmed cluster, and Cl1202 − 1224 was not observed due

to limited telescope time awarded to our LDP survey.

We obtained the LDP data during two observing runs, on 7–9 February 2008 and

27–30 March 2009. Slit dimensions are 1′′ × 0.8′′, compared to 1′′ × 1.6′′ for the bulk of

the PRIMUS survey (Coil et al., 2011); this choice allows the placing of ≈ 1800–2800

slits per mask. We chose exposure times of 32 × 60 s per mask and used nod and

shuffle mode to improve sky subtraction.

We observed each field with two masks, except Cl1216+1201 and Cl1232+1250,

which were observed with three masks. Portions of each field are masked out due to

bright stars. The FOV covers∼ 0.2 square degrees around each cluster, corresponding

to cluster-centric distances of ∼ 6–8 Mpc. Since each mask in a given field has a

different center, the final footprint for each field has a non-uniform shape.

There are 1–2×104 sources in ourWFI catalog within each LDP footprint. Of these,

we target ≈ 3000–5000 objects per field with the LDP (≈ 20% of potential targets,

although the percentage ranges among the fields from 15–40%), weighing all galaxies

with RAUTO < 23 equally.

The mean separation between adjacent slits for a given mask is ≈ 20′′, with a

minimum separation of 10′′. However, multiplexing done with multiple masks per
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field increases the sampling density, with a mean separation of ≈ 15′′ and 15–20% of

slits separated by < 10′′ (with the closest pairs ≈ 1′′ apart).

4.4.2 LDP Redshifts

The PRIMUS reduction pipeline involves fitting the spectral and photometric data to

a set of galaxy templates (convolved with the LDP’s resolution) at different redshifts

and calculating a χ2 value at each redshift. Because we calculated a new astrometric

solution for the WFI imaging after the LDP slit positions were determined, we cross-

correlate the WFI catalog with the slits using a 1′′ matching threshold. The pipeline

treats photometric data similarly to one pixel of the spectrum. Based on the χ2 dis-

tribution, a best-fit redshift is calculated. It is not strictly the minimum in the χ2

distribution, but utilizes the wider distribution during the fitting. This nearly always

results in a best-fit reshift close to the minimum χ2. A redshift confidence parameter,

Q, is calculated also based on the χ2 distribution, and ranges from 2 to 4, with Q = 4

being the most secure. Further details on the redshift fitting procedure will appear in

Cool et al., in preparation.

The χ2 distribution can be converted into a probability distribution, dP/dz, with

P (z) the probability of finding the galaxy at redshift z obtained by calculating

dP/dz = exp(−χ2). (4.1)

We normalize dP/dz such that the integrated probability from z = 0 − 1.2 (the range

of possible redshifts we fit), is equal to unity.

We define cluster membership as galaxies that have aQ = 4 best-fit redshift within

±0.02 (±6000 km s−1) of the cluster redshift, which is approximately three times the

precision of the LDP redshifts (see §4.4.2.1). This selection results in 916 galaxies

placed in the cluster environment. Alternatively, one can integrate dP/dz over a

range of the cluster redshift, which defines cluster membership in terms of proba-
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bility. Selecting galaxies with greater than 5% (10%) probability of being in the cluster

results in 2138 (817) cluster members. The distribution of cluster galaxies as a func-

tion of z differs between the two methods; the latter results in a larger fraction of

cluster galaxies in lower redshift clusters and a smaller fraction in higher redshift

clusters compared to the former method. We adopt the former method (selecting by

zclus ± 0.02 in redshift) in this chapter.

A summary of the number of LDP targets, redshifts, and cluster members is pre-

sented in Table 4.2.

4.4.2.1 LDP Redshift Precision

We assess the precision of our LDP-derived redshifts (zLDP) by comparing them to the

subset of 427 galaxies also observed with VLT/FORS2 (zSPEC) over a wide range of

redshifts andwith photometric redshifts calculated in Pelló et al. (2009) from BVR/VRI

imaging of the cluster cores. We match galaxies to within 1′′, and show the results of

these comparisons in Figure 4.2. We only consider galaxies with zLDP < 0.85, which is

just above our highest redshift cluster (Cl1216 − 1201 at z = 0.7943); considering the

full range of redshifts that PRIMUS fits (out to z = 1.2) does not significantly affect

the precision nor outlier rate.

The LDP-derived redshifts are more precise than the photometric redshifts by an

order-of-magnitude, with the RMS of σ(|zLDP − zSPEC|) = 0.007 compared to 0.08

for the photometric redshifts. The outlier rates of LDP-derived redshifts, defined as

|zLDP − zSPEC| > 0.02, depend on the quality cut, and range from 25% (Q ≥ 2) to 20%

(Q ≥ 3) to 16% (Q = 4).

We compare the outlier rate using the δz = ±0.02 selection and P(z) method and

find that P(z) underestimates the probability of a galaxy being at the cluster redshift.

For example, the outlier fraction of galaxies with P (z) ∼ 5% is 35% (for Q ≥ 2 red-

shifts), such that the empirical probability of a galaxy being at the cluster is 65%.
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Table 4.2. LDP Information

Cluster Nphot Ntargets NLDP Nmemb

(1) (2) (3) (4) (5)

Cl1018–1211 8039 1039 641 71

Cl1037–1243 9075 1459 970 31

Cl1040–1155 8265 1964 795 25

Cl1054–1146 9002 1381 667 21

Cl1054–1245 8424 1846 907 59

Cl1059–1253 7756 1373 1026 116

Cl1103–1245 8049 1031 418 3

Cl1138–1133 9393 1060 865 74

Cl1216–1201 8782 1851 870 42

Cl1227–1138 8458 2030 1083 69

Cl1232–1250 9186 1421 1045 123

Cl1301–1139 8126 1138 860 121

Cl1353–1137 8909 1154 806 26

Cl1354–1230 10353 1666 1214 18

Cl1411–1148 8825 757 568 44

Cl1420–1236 8981 1026 638 73

Note. — All numbers only include galax-

ies brighter than R < 22.6. (1) cluster name;

(2) number of photometric sources; (3) num-

ber of LDP targets; (4) number of successfully

extracted LDP spectra; (5) number of cluster

members, defined by zclus ± 0.02
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Figure 4.2 (Left panels) Comparison of LDP-derived (zLDP) and photometric redshifts

(zPHOT) with spectroscopic redshifts (zSPEC). The LDP redshifts are split showing dif-

ferent cuts in the quality flag, Q. The outliers in zLDP systematically underestimate

the redshift. (Right panels) Histograms of the residuals from the left panels. verti-

cal dotted lines show ±0.02, which is the size of the redshift interval used in selecting

cluster galaxies. Percentages in the upper left corner show the fraction of outliers out-

side this interval. The precision with the zLDP (σ = 0.007) is an order-of-magnitude

improvements over the photometric redshifts.
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In Figure 4.3 we plot the LDP redshift precision and outlier rate with R-bandmag-

nitude. The precision is constant, even at fainter magnitudes. However, the outlier

rate increases significantly at RAUTO > 21. This is a reflection of the larger number

of Q = 2 and 3 spectra at these magnitudes (see §4.4.2.2). The outlier rate is constant

with magnitude for spectra of a given Q value (although the absolute value changes).

We do not find a significant difference in the precision of the redshifts with varying

V − I color (Figure 4.4). We have the best statistics for the Q = 4 redshifts (which

make up most of our redshifts), and find a stable outlier fraction of ∼ 16%.

There exists a second sequence in Figure 4.2 where zZLP is consistently lower than

zSPEC by ≈ 0.1. This predictable offset is likely due to [OII] emission blending with

the 4000Å break, thus “dragging” the break to lower redshift. If this is true, one

could select cluster members from this sequence, whichwould improve completeness

but increase contamination by interlopers. Of the outliers between −0.16 < ∆z <

−0.02, over 94% are fit by templates with strong [OII] emission (EW > Å). Identifying

[OII] emission in the spectrum itself is difficult, given the low resolution. However, it

appears the pipeline has difficulty with spectra that it fits with strong [OII] emission.

4.4.2.2 Spectroscopic Completeness

Figure 4.5 shows the distribution of RAUTO sources (analogous to Figure 4.1) for the

LDP targets with successfully measured redshifts. The different curves show the dis-

tributions for Q = 2, 3, and 4 redshifts. At the brightest magnitudes the vast majority

of redshifts have a secure Q = 4 flag. However, at RAUTO
>
∼ 20, redshifts with lower Q

flags begin to appear in significant numbers. For all Q values the distribution turns

over before RAUTO ∼ 23; our photometric catalog is therefore complete to fainter

magnitudes than our spectroscopic one. The full distribution (including all Q values)

departs from a power-law at RAUTO ≈ 22.6, which we take as the estimate of our

spectroscopic completeness. All analyses in this chapter only include galaxies above
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Figure 4.3 (Top panel) Residuals between LDP and FORS2 redshifts as a function of

R-band magnitude. (Bottom panel) Outlier rate (|∆z| > 0.2) as a function of R-band

magnitude for Q = 4 (black), Q = 3 (blue), and Q = 2 (red) redshifts. The outlier rate

is approximately flat for a given Q flag. The vertical dotted line is our photometric

completeness.
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Figure 4.4 (Top panel) Residuals between LDP and FORS2 redshifts as a function of

V − I color. (Bottom panel) Outlier fraction as a function of V − I color. Symbols are

the same as Figure 4.3. Error bars are suppressed for clarity; no significant trends of

outlier fraction with color exist.
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this limit.

4.4.2.3 Radial Completeness

We also quantify the percentage of sucessfully measured redshifts as a function of

clustercentric distance. We consider the fraction of redshifts above our spectroscopic

completeness, RAUTO < 22.6, relative to the number of photometric sources above

that same magnitude cut, as a function of angular distance (dθ) from the cluster. Fig-

ure 4.6 shows that the percentage of targets with measure redshifts is ∼ 20–30%, de-

pending on Q-cut, out to ∼ 10′, and then drops off. Converting this to a physical

distance for our typical clusters puts the drop-off at ∼ 4 Mpc.

At small separations (< 10′′), we extract spectra for ∼ 10% of the photometric

sources within that distance; we therefore do not sample galaxies as efficiently at

small separations (see § 4.4.3).

4.4.3 Potential Biases

From Figures 4.2 and 4.3, it is apparent that the outliers in LDP redshift are skewed

towards lower redshift values (i.e., the LDP fits a lower redshift than the ”true” one).

Moreover, given the sequence offset from the 1:1 line by 0.1, we may be missing a

population of [OII] emitting galaxies (if this is the cause of the offset; see §4.4.2.1).

Further studies investigating the populations of LDP-selected cluster members will

need to account for this.

Given surface density of slits on the sky, we are also relatively insensitive to close

pairs. While multiplexing with 2–3 masks per field allows us to measure redshifts

for galaxies ∼ 1′′ apart, these are few compared to the average separation between

adjacent slits (≈ 15′′). Only ≈ 15–20% of slits have separations of 10′′ or less, and we

place slits on ∼ 15% of galaxies brighter than RAUTO < 22.6 at such separations.
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Figure 4.5 Similar to Figure 4.1, the differential number counts per 0.1-sized mag-

nitude bin for LDP-targeted galaxies with successfully extracted spectra. The black

curve shows the distribution for Q = 4 spectra, while the orange and green show

distributions for Q = 3 and 2, respectively. At bright magnitudes, the redshifts have

the highest quality flag.
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Figure 4.6 Fraction of photometric sources with LDP redshifts (NLDP/NPHOT) as a

function of cluster-centric angular distance (dθ). Bin sizes are one arcminute, and

solid, dotted, and dashed lines include redshifts with Q = 4, Q ≥ 3, and Q ≥ 2,

respectively.
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4.5 Cluster Infall Regions

We use the theory of secondary infall to estimate (1) themass our clusters are expected

to accrete by z = 0 (Minfall), (2) the projected radius at the cluster redshift that encloses

the mass that will reach the cluster center by z = 0 (Rinfall), and (3) the density profile

of the cluster out to Rinfall. We then calculate the number of galaxies within the infall

radius, Ninfall, compare the expected evolution of the clusters in both mass and galaxy

number (§4.7.1), and examine the properties of galaxies in the infall region.

We center on the location of the BCG. However, the BCG may be offset from the

distribution of galaxies, which would affect the definition of the infall region. We es-

timate the magnitude of these offsets from Figure 6 of White et al. (2005), which mark

the BCG position on adaptively smoothed contours of cluster galaxy surface density.

The offsets are <
∼ 10% at Rinfall for all clusters except Cl1037–1243, whose BCG is offset

by ∼ 25% of Rinfall. These values are larger than the typical offsets found in Zitrin et

al. (2012), although the galaxy distributions from White et al. (2005) includes all pho-

tometric sources around the cluster and therefore a significant number of interlopers

that make the centering less precise. Even with these offsets, there are not enough

galaxies affected by a change of definition for the infall regions to significantly change

our results.

In Table 4.3 we present the results of the models for our clusters. Details on how

Minfall and Rinfall are calculated appear in the Appendix. The infall radii range from

0.9–4.9 Mpc; the ratio of Rinfall to R200 is set entirely by the redshift of the cluster,

in that higher-z clusters have larger ratios, and range from 2–3. The models predict

an increase in cluster mass of 25–50% from the observed frame to the current one.

Because velocity dispersion is expected to increase as σ ∼ M1/3, the mean growth

corresponds to σ increasing 8–14%. This increase in σ is at least a factor of 2 lower

than the predictions for the most massive cluster in our sample Poggianti et al. (2006),
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Table 4.3. Mass Infall Model Results

Cluster RInfall
RInfall

R200
M200,z=0

M200,z=0

M200
σz=0

σz=0

σ
α

(1) (2) (3) (4) (5) (6) (7) (8)

Cl1018–1211 1.89 2.03 2.01(14) 1.27 525 1.08 1.8

Cl1037–1243 1.36 2.37 5.67(13) 1.33 351 1.10 2.0

Cl1040–1155 1.94 2.77 1.27(14) 1.44 472 1.13 2.1

Cl1054–1146 2.72 2.75 3.55(14) 1.45 667 1.13 2.1

Cl1054–1245 2.39 2.92 2.21(14) 1.47 572 1.14 2.1

Cl1059–1253 1.95 1.98 2.33(14) 1.25 550 1.08 1.8

Cl1103–1245 · · · · · · · · · · · · · · · · · · · · ·

Cl1138–1133 2.86 2.05 6.88(14) 1.27 793 1.08 1.8

Cl1216–1201 4.87 3.02 1.82(15) 1.50 1165 1.14 2.1

Cl1227–1138 2.55 2.55 3.29(14) 1.38 639 1.11 2.0

Cl1232–1250 4.48 2.25 2.21(15) 1.31 1182 1.09 1.9

Cl1301–1139 2.70 2.06 5.69(14) 1.27 744 1.08 1.8

Cl1353–1137 2.86 2.40 5.16(14) 1.35 736 1.11 2.0

Cl1354–1230 3.09 2.96 4.70(14) 1.47 737 1.14 2.1

Cl1411–1148 2.89 2.18 6.27(14) 1.29 773 1.09 1.9

Cl1420–1236 0.87 2.10 1.82(13) 1.29 237 1.09 1.9

Note. — (1) cluster name; (2,3) infall radius in Mpc and virial radii; (4,5) virial mass

evolved to z = 0 in M⊙ and observed-epoch virial masses; (6,7) velocity dispersion

evolved to z = 0 in km s−1 and observed-epoch σ; (8) power-law profile of density

computed by combining high-resolution N-body simulations of Wechsler et al. (2002)

with cluster concentration parameters Bullock et al. (2001).

We next parameterize the radial density profile, assuming a power-law profile

with index α, such that

α = 3 − log(Ψ + 1)

log(Rinfall) − log(R200)
, (4.2)

where Ψ is the mass ratio Minfall/M200. We find values of α that range from ∼ 1.8–

2.1 (Table 4.2). The small spread is due to the logarithmic dependence on the mass
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and radius ratios, and the strong correlation between those ratios (a larger mass ratio

corresponds to a larger radius ratio).

Finally, we estimate the richness of the infall regions (R200 < R < Rinfall), which we

define as the number of cluster galaxies in the infall region (Ninfall) above an absolute

magnitude in R-band of MR = −20.43, which corresponds to RAUTO ≈ 23 at our

highest redshift cluster (z = 0.79). While this magnitude is somewhat fainter than

our spectroscopic completeness limit (RAUTO < 22.6), there are a significant number

of spectroscopically confirmed galaxies with 22.6 < RAUTO < 23 (Figure 4.5).

Because we lack redshifts for all galaxies, to estimate Ninfall we use the number of

photometric sources between R200 < R < Rinfall, Nphot, multiplied by an estimate of

the fraction within ∆z±0.02 of the cluster and within the infall region. The fraction is

the ratio of LDP-selected cluster members, Nmemb, divided by the number of LDP slits,

Nslits, limiting both to the infall region. This procedure accounts for the incomplete

spatial sampling due to chip gaps and masked bright stars.

For each cluster we estimate the contamination from field galaxies using the frac-

tion of galaxies at the cluster redshift in the other fields (i.e., field galaxies at zclus ±

0.02).

In Figure 4.7 we present a plot of Ncluster andNinfall with velocity dispersion. Errors

on Ncluster and Ninfall are Poissonian and errors on σ come from Halliday et al. (2004)

and Milvang-Jensen et al. (2008). Because Rinfall is redshift dependent, we split our

sample roughly evenly into two bins, 0.45 < z < 0.60 and 0.60 < z < 0.80, to account

for this dependence. This division splits the sample into bins spanning ≈ 1 Gyr

each. Using linear regression, we fit the low- and high-z bins independently, and

find for the low-z clusters Ncluster ∝ σ1.6±0.6 and Ninfall ∝ σ1.5±0.9, and for the high-z

clusters Ncluster ∝ σ2.0±0.8 andNinfall ∝ σ2.4±0.4. While the trend forNcluster has a steeper

dependence on σ than the z ∼ 0 clusters observed by Finn et al. (2008), who found
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Ncluster ∝ σ1.4, the results are within the uncertainties.

The range in the number of galaxies that clusters at this redshift will accrete by

the current time varies by ≈ 0.5 dex for clusters with typical velocity dispersions

(σ ∼ 600 km s−1). However,≈ 80% of the clusters are consistent with the best-fit trend

at this velocity dispersion, such that the scatter in could be due to the uncertainties on

σ. Therefore 0.5 dex is an upper limit, and these clusters are consistent with having

no intrinsic scatter in Ninfall.

4.6 Color-Magnitude Diagrams

We now examine the color-magnitude diagrams (CMDs) for our clusters, and com-

pare the CMDs for core (< R200), infalling (R200 < R < Rinfall), and field galaxies. We

construct a field sample for each cluster by selecting galaxies at the same redshift but

observed in different fields, excluding any that overlap in redshift.

In Figure 4.8 we present observed-frame V − I vs. MR (non-k-corrected R-band

absolute magnitude) CMDs for 15 of our 16 clusters (Cl1103–1245, at z = 0.95, has

only 3 LDP-selected cluster members and so does not appear in this figure). We find

well-defined color-magnitude relations (CMRs), where old, passive galaxies at that

redshift lie, in all of our clusters except Cl1354–1230, which has a relatively few LDP-

selected cluster members. We adopt and modify the CMR fits from Rudnick et al.

(2009), which were derived using only FORS2-confirmed cluster members lacking

emission lines and within R200. Although these CMR fits were derived for CMDs

in V − I vs. apparent I-band magnitude; we find that changing the slope from

−0.09 to −0.05 and subtracting 2.8 from the intercepts provides satisfactory fits to

our CMDs (based on visual inspection of the CMDs and comparison to the indepen-

dently measured slope and intercept for Cl1059–1253, our lowest-z cluster with the

clearest CMR.)
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Figure 4.7 (Top panel) Number of galaxies within the virial radius (Ncluster) as a func-

tion of cluster velocity dispersion (σ). Circles and squares mark clusters in the low-

and high-z bins, respectively. The dotted (dashed) line is the best-fit for the low (high)

redshift points. (Bottom panel) Same as top panel, only for galaxies in the infall region

(Ninfall).
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Figure 4.8 Color-magnitude diagrams (CMDs) for our clusters in (V − I) vs. absolute

R-band magnitude. LDP-selected cluster members are circles, while our field sample

is marked using dots. Solid lines show the color-magnitude relations (CMRs) taken

from Rudnick et al. (2009), and red/blue circles mark galaxies meeting our red/blue

definition.
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We plot spatial maps of our clusters in Figure 4.9, with red and blue galaxies high-

lighted and virial and infall radii overplotted.

Now that we have identified the infalling galaxy population, we can ask if there

are any differences in its color-magnitude diagram compared to the field. Although

the field and infalling galaxies trace similar ranges in color and magnitude, the rela-

tive numbers of galaxies in each area of the diagram constrains the evolution of the

infalling population.

When calculating the red fraction, those galaxies with colors within 0.3 of the CMR

or redder are classified as red, while the others are classified as blue. We find a sig-

nificant increase in the red fraction as one moves from the field to the cluster (44% to

65%), with the infalling red fraction intermediate between the two (53%).

Because the evolution of galaxies has a dependence on σ (e.g., Poggianti et al.,

2009), we divide our sample into high- and low-σ bins above and below σ = 600 km s−1

in Figure 4.10. Although the cluster and field fractions are the same, the red fraction

of infalling galaxies is different between the two bins. The lower-σ systems have a

red fraction that is elevated relative to the field and similar to the clusters, while the

higher-σ systems have a red fraction similar with the field and lower than the clus-

ters. We discuss possible reasons for this and expand on the implications of this result

below (§4.7.2).

4.7 Discussion

4.7.1 Accretion of Infalling Galaxies

In §4.5 we estimated the number of galaxies within the virial radius and infall region

(Ncluster and Ninfall, respectively). Using these estimates we compute the expected

mass growth of the virialized region as the cluster evolves to z = 0 and compare to

models (e.g., Poggianti et al., 2006).
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Figure 4.9 Spatial maps of our clusters. Red and blue circles mark cluster members

meeting our red/blue definition, and black circles corresponding to the virial and

infall radii are also shown.
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Figure 4.10 (Top panel) Red fraction for the cluster, infalling, and field populations,

defined by r < R200, < R200 < r < Rinfall, and r > Rinfall, respectively. (Bottom panel)

Same as above, only divided into low- and high-σ bins, less than and greater than

600 km s−1, respectively.



101

Because clusters with large values of σ will have larger infall regions, they will

naturally have more galaxies in the infall region. The more interesting question when

comparing infall rates is whether the galaxy number densities evolve with σ. We

estimate the densities of the infall and field regions by calculating the fraction of slits

in each region that return a galaxy at the cluster redshift. In all of our fields but one,3

there is a larger return for the infall regions than for the field. Therefore, the density

of the infall regions is genuinely higher than that of the field, and the trend between

Ninfall and σ is not simply due to the larger infall radii of more massive clusters. Using

the values for Ncluster and Ninfall, a typical cluster in our sample should increase the

number of galaxies within the virial radius by a factor of ∼ 2.5 as they evolve to

z = 0. Any apparent evolution in the properties of galaxies within R200 is therefore

the evolution of galaxies withinR200 at z ∼ 0.5 plus the evolution of the larger number

of infalling galaxies.

We account for the enhanced clustering of galaxies relative to the underlying mass

distribution, parameterized by σ8, the RMS fluctuation of galaxies in an 8h−1 Mpc

sphere relative to fluctuation in mass. Adopting a recent value, σ8 = 0.81 (Jarosik et

al., 2011), a ∼ 2.5× increase in number of galaxies is associated with a ∼ 2.50.81 ∼ 2.1

increase in mass. Mass scales as σ1/3, implying an increase of 28% in the velocity

dispersion of the z = 0 cluster. The models of Poggianti et al. (2006) predict the

velocity dispersion of a 600 km s−1 cluster will increase by ≈ 20% as it evolves to

z = 0, which is broadly consistent with our estimate, considering we are focusing on

scales smaller than 8h−1 Mpc that will be more biased and we are centered on known

galaxy clusters.

We now examine whether clusters of greater mass accrete proportionally more

3Cl1037–1243 has a 1% higher return from field galaxies than infall galaxies. The low velocity
dispersion for this cluster (σ = 319 km s−1) means it has a small infall region that does not contain
many slits. Therefore the 1% higher return is not statistically significant.
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galaxies. Such behavior would have ramifications for the σ-dependent increase in

S0s as a fraction of cluster galaxies (Chapter 2). If more-massive systems accrete a

larger percentage of their galaxies at late times relative to less-massive systems, then

it may be that the (proportionally larger) infalling population dilutes any increase in

the S0 fraction in themore-massive systems, rather than that the less-massive systems

are intrinsically more efficient at converting spirals to S0s. In Figure 4.11 we compare

the ratio of Ninfall to Ncluster as a function of σ. We find that there is no trend with

velocity dispersion,which argues that the build-up of S0s in less-massive systems is

indeed due to their efficiency in converting spirals to S0s. Mechanisms that are more

prevalent in these clusters, such as minor mergers and tidal interactions, are therefore

strong candidates for the process responsible for S0 formation.

4.7.2 Properties of the Infalling Population

We now consider the properties of the infalling population relative to the cluster and

field, to constrain how much further evolution is necessary to match the observed

trends within the virial radius.

Among the lower-σ clusters in our sample, further color evolution for the infalling

population is unnecessary. However, without high-resolution imaging, we cannot

assess whether the red infalling galaxies already have S0-type morphologies. Thus,

it is possible that (1) the S0 galaxies have already formed in the outskirts and are

waiting to be accreted by the cluster, as is, or (2) that the progenitors of S0s have al-

ready formed in the outskirts, and while their colors match the virialized population,

further morphological transformation is needed. Among the high-σ systems, the in-

falling galaxy population has a lower red fraction than the cluster galaxies, suggesting

a larger fraction of star-forming galaxies are present.

“Preprocessing” has been suggested as a way of transforming galaxies in locally

overdense clumps prior to their incorporation into the cluster. To explore this further,
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Figure 4.11 Ratio of infalling galaxies to cluster galaxies as a function of velocity dis-

persion (σ). There is a wide range of ratios, but values typically are ∼ 1.5. No trend is

present, such that clusters over this range of σ accrete proportionally similar numbers

of galaxies as they evolve to z = 0.
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for each field we calculate the physical separations between the infalling red/blue

galaxies to every other red/blue galaxy at the cluster redshift. We measure the phys-

ical separations between the red/blue infalling galaxies and all of the galaxies with

zLDP outside zclus ± 0.02 in that same field. We then normalize the area of each distri-

bution, binned by 0.5 Mpc, and detect an excess of both blue and red galaxies at small

separations.

In Figure 4.12 we plot the excess, defined as the number of red/blue galaxies mi-

nus the control sample (normalized to have the same number of galaxies), against

physical separation, R. The excess of red galaxies is higher than for blue. Evidently

most of the clustered galaxies are red, implying that the “preprocessing” has occurred

in the infall regions of clusters a z ∼ 0.6.

4.8 Conclusion

We isolated the galaxies in the infall regions of 15 EDisCS clusters at 0.45 < z < 0.80

using LDP/IMACS low-resolution spectroscopy and a simple model of secondary

infall. We determined the projected distance which encompasses the infalling galax-

ies population, identified the number of galaxies in the infall regions, and quantified

the degree to which more massive clusters contain a larger infalling population. Our

prediction for the increase in cluster velocity dispersion from z ∼ 0.6–0 is broadly

consistent with the models of Poggianti et al. (2006) (∼ 28% and∼ 20%, respectively),

while both predict a stronger evolution in σ than the secondary infall models them-

selves (∼ 10%).

We find that the red fraction in the infall regions of σ < 600 km s−1 clusters is

elevated relative to the field and as high as it is within the virial radius, implying

no further evolution in color is needed. Given the strong S0 evolution observed in

less-massive clusters (Poggianti et al., 2009), the elevated infalling red fraction sug-
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Figure 4.12 Excess (defined in the text) as a function of physical separation, R, for red

and blue infalling galaxies.
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gests that the color evolution of the infalling galaxies is decoupled from their eventual

morphological transformation.

Appendix

Estimate of Infall Mass and Infall Radius

We begin by characterizing the density profile around the cluster as

ρ(r) = ρ200

(

R200

r

)α

. (4.3)

This density profile diverges at r → 0 (although the enclosed mass does not diverge

for α < 3), but given our low sampling within R200 this description is sufficient for

analyzing the large-scale (i.e. r > R200) environs of our sample of clusters. For this

density profile, the mass of a shell between radii r1 and r2 is

M(r1 < r < r2) =
∫ r2

r1

4πr2ρ(r)dr =
4πρ200R

α
200

3 − α
[r3−α

2 − r3−α
1 ]. (4.4)

The theory of secondary infall (Fillmore & Goldreich 1984; Bertschinger 1985; White

& Zaritsky 1992) describes how shells of mass around a cosmic perturbation evolve

over time. They begin by expanding outward, until a time tt when they turnaround

due the pull of gravity. The shells do not cross during this time, and there is a critical

mass shell, M∗, which is marginally bound. All mass shells within M∗ eventually

turnaround and collapse while shells outside continue to expand forever. We follow

the equations of the White & Zaritsky (1992) by setting the cosmological constant

ΩΛ = 0, which will not have a significant effect on the analysis given the physical

scales involved.

The equations for secondary infall in an open universe withΩ0 < 1 give a turnaround

time for a shell of mass M :

tt(M) =
π

2

Ω

H(1 − Ω)3/2

[

(

M∗

M

)2/3

− 1

]−3/2

. (4.5)
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The factor involving Ω and H is a constant. The Friedmann equation for a flat uni-

verse with only matter and curvature is

(

ȧ

a

)2

=
8πGρ

3a3
− K

a2
. (4.6)

Writing this in terms of H = ȧ/a and a = 1/(1 + z), and dividing by H2
0 , gives

H2

H2
0

= (1 + z)2

[(

8πGρ0

3H2
0

)

(1 + z) − K

H2
0

]

. (4.7)

Now, using Ω0 = (8πGρ0)/(3H2
0) and ΩK = −K/H2

0 ,

H2

H2
0

= (1 + z)2[Ω0(1 + z) + ΩK ] (4.8)

H2 = H2
0 (1 + z)2[Ω0 + Ω0z + ΩK ]. (4.9)

Finally, setting Ω0 + ΩK = 1 gives

H2 = H2
0 (1 + z)2[Ω0 + Ω0z + 1 − Ω0] = H2

0 (1 + z)2(1 + Ω0z) (4.10)

H(z) = H0(1 + z)
√

1 + Ω0z. (4.11)

Combining Equation 4.11 with:

ρ(z) = ρ0(1 + z)3 (4.12)

Ω(z) =
8πGρ(z)

3H(z)2
(4.13)

yields

Ω(z) =
8πGρ0(1 + z)3

3H2
0 (1 + z)2(1 + Ω0z)

=
8πGρ0

3H2
0

1 + z

1 + Ω0z
(4.14)

Ω(z) = Ω0
1 + z

1 + Ω0z
. (4.15)

Using these we can show that

Ω

H(1 − Ω)3/2
=

Ω0(1+z)
1+Ω0z

H0(1 + z)
√

1 + Ω0z(1 − Ω0(1+z)
1+Ω0z

)3/2
(4.16)
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=
Ω0(1 + z)

H0(1 + z)(1 + Ω0z)3/2(1+Ω0z−Ω0(1+z)
1+Ω0z

)3/2
=

Ω0(1 + z)(1 + Ω0z)3/2

H0(1 + z)(1 + Ω0z)3/2(1 + Ω0z − Ω0 + Ω0z)3/2

(4.17)

or simply

Ω

H(1 − Ω)3/2
=

Ω0

H0(1 − Ω0)3/2
. (4.18)

Now we can define

τ ≡ π

2

Ω

H(1 − Ω)3/2
=

π

2

Ω0

H0(1 − Ω0)3/2
(4.19)

such that

tt(M) = τ

[

(

M∗

M

)2/3

− 1

]−3/2

. (4.20)

Using Ω0 = 0.3 and H0 = 70 km s−1 Mpc−1 = 0.0716 Gyr−1 gives

τ = 11.2 Gyr. (4.21)

So the turnaround time tt for a given cluster is set entirely by M∗, which we solve for

by determining what M∗ gives the virial mass at the redshift of the cluster, i.e.

M∗ = M200



1 +

(

τ

0.5 tage

)2/3




3/2

, (4.22)

where we have set the turnaround time in this equation to tt = 0.5 tage with tage the

age of the cluster at redshift zclus. After M∗ is determined, one can vary tt to get the

enclosed mass as a function of time.

We now determine the power-law index for the mass density from the theory

above. We define the fractional mass increase by:

M(R200 < r < Rinfall)

M200
≡ Ψ. (4.23)

which, by combining Equations 5 and 6 with the appropriate radii, is equal to

Ψ =
(

Rinfall

R200

)3−α

− 1 (4.24)
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and therefore

α = 3 − log(Ψ + 1)

log(Rinfall) − log(R200)
. (4.25)
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CHAPTER 5

GLOBAL VS. LOCAL ENVIRONMENT AS THE DRIVER OF GALAXY EVOLUTION

5.1 Introduction

The properties of galaxies correlate with environment. The red fraction in clusters and

groups is higher than in the field (e.g. Cooper et al., 2006, 2007; Cassata et al., 2007),

which is interpreted as a decrease in star formation in those environs. A number of

processes have been proposed to quench star formation and reproduce the observed

trends. These include: ram-pressure stripping(RPS; Gunn & Gott, 1972), in which the

cold gas supply is directly removed from the galaxy; strangulation(Larson et al., 1980;

Bekki et al., 2002), in which the hot halo reservoir of gas is stripped; mergersToomre

& Toomre (1972), in which galaxies collide and merge, potentially triggering a burst

of star formation that uses up the available supply of gas; and tidal interactions(e.g.

Mihos, 2004), in which galaxies a close encounter between galaxies funnels gas to the

core of the galaxy and triggers a star burst.

The decrease in star formation has been observed at low redshift in terms of both

clustercentric radius (Lewis et al., 2002) and local density (Gómez et al., 2003). This is

not surprising, given the correlation between the two quantities; the cores of groups

and clusters are denser than the outskirts, which in turn are denser than the field.

Quantifying the relative importance of cluster-centric distance, in units of the virial

radius, and local density is important for understanding the mechanism responsible

for quenching star formation because the candid2ate quenching mechanisms have

distinct dependences on radius and local density. Mechanisms that are sensitive to

the global environment of the group/cluster, which includes ram-pressure stripping

and strangulation, vary mostly with cluster-centric radius. Mechanisms that involve

direct galaxy interactions, such as merging and tidal interactions, are better traced
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by the local density. Unfortunately, this approach is complicated by the correlation

between radius and density.

Studies have attempted to disentangle this degeneracy. For example, Li et al.

(2012) find for groups at 0.15 < z < 0.52 that at fixed group-centric distance, the

red fraction of galaxies depends significantly on the local density, while gradients red

fraction with group-centric distance are also seen when holding local density fixed.

They argue that both parameters need to be considered when interpreting environ-

mental trends, with both local and global mechanisms playing a role.

Throughout this chapter we adopt with H0 = 70 km s−1 Mpc−1, Ω0 = 0.3, and

ΩΛ = 0.7.

5.2 Data and Measurements

5.2.1 Sample

Our sample consists of 15 clusters drawn from the optically-selected ESO Distant

Cluster Survey (EDisCS; White et al., 2005), which we observed with the Low Disper-

sion Prism (LDP) as described in Chapter 4. EDisCS clusters were chosen to target

candidates from the Las Campanas Distant Cluster Survey (LCDCS; Gonzalez et al.,

2001). The clusters in this chapter lie at redshifts 0.45 < z < 0.80 and have velocity

dispersions ranging from 218 < σ < 1080 km s−1.

5.2.2 LDP Redshifts and Cluster Membership

To confirm membership in the cluster environment, we use spectroscopic redshifts

from Magellan/IMACS/LDP, where the low-dispersion prism (LDP) instrument is

installed within the imaging spectrograph IMACS (Bigelow et al., 1998; Dressler et

al., 2006). The LDP data includes galaxies both inside and well outside R200. The LDP

targeting catalog consists of galaxies brighter than R = 23. We reduce the LDP spec-

tra using the PRIMUS pipeline (Cool et al., 2012), which includes flat-fielding, bias
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subtraction, wavelength calibration, spectral extraction, and galaxy template spectral

fitting. By minimizing χ2 over a range of galaxy templates (that include different lev-

els of reddening) and redshifts, it determines redshifts with an accuracy of σz ≈ 0.007

over the range of redshifts, magnitudes, and galaxy types of relevance here (Chap-

ter 4).

5.2.3 Wide-Field Photometry and Completeness

Galaxy magnitudes and colors come from V RI images obtained with the Wide Field

Imager (WFI) instrument on the 2.2mMPG/ESO telescope (Baade et al., 1999), which

covers a 30′ × 30′ field-of-view (FOV) for each cluster. We reduce the data follow-

ing standard procedures, and create photometric catalogs using SExtractor (Bertin

& Arnouts, 1996) in two-image mode based on detections in the R-band images.

We calculate colors using 1′′ radius apertures and total magnitudes using Kron radii

(Kron, 1980). We correct the photometry for Galactic extinction using the dust maps

of Schlegel et al. (1998) and the extinction curve of Cardelli et al. (1989). TheWFI data

are described in further detail in Chapter 4.

Our spectroscopic R-band completeness is RAUTO < 22.6 (Chapter 4). Throughout

this chapter, we use an absolute R-band cut of MR < −20.46, which corresponds

to RAUTO < 23.0 for our highest redshift cluster (z = 0.79). While this is 0.4-mag

fainter than our completeness, which we determined from the magnitude at which

the number counts of galaxies with secure (Q = 4) spectra depart from a power-law,

we acquire redshifts for significantly more galaxies using this cut.

5.2.4 Stellar Masses

Stellar masses are derived from rest-frame B − V colors and absolute B-band magni-

tudes calculated using InterRest (Taylor et al., 2009). We use the prescription of Bell
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et al. (2003) to estimate B-band mass-to-light ratios (M∗/L)B with

log(M∗/L)B = 1.737(B − V ) − 0.942, (5.1)

assuming the diet Salpeter initial mass function (IMF) defined in Bell & de Jong (2001)

and rest-frame Vega magnitudes. Masses (in M⊙) are calculated from absolute B-

band magnitudes determined using MB = 5.48 for the Sun.

In Figure 5.1 we show a color-mass diagram with the derived stellar masses and

apparent V − I color, with galaxies meeting our red/blue criteria highlighted (see

§5.2.5). Calculating M∗ with Equation 1 results in a strong correlation between the

mass and color. Therefore, when analyzing trends with stellar mass we only consider

galaxies with 10.2 < log(M∗) < 10.9 in this chapter, which covers the widest range of

apparent color without a introducing significant correlations between the color and

mass.

5.2.5 Red Fraction, Local Density, and Virial Radius

Red fractions are defined relative to the color-magnitude relation (CMR) for each clus-

ter. We adopt the CMR fits from Rudnick et al. (2009), which were calculated for V −I

vs. apparent I-band total magnitudes using cluster members (1) within the virial ra-

dius, (2) confirmed with FORS2 spectroscopy (Halliday et al., 2004; Milvang-Jensen

et al., 2008), and (3) that lack [OII] emission. We account for the different color by

changing the slope from −0.09 to −0.05 and subtracting 2.8 (Chapter 4). Those galax-

ies with colors within 0.3 of the CMR or redder are classified as red, while the others

are classified as blue. While rest-frame B−V colors are available, our observed-frame

definition of color is relative to the CMR and therefore sensitive to non-passive evolu-

tion in the blue/red populations while it avoids the modelling uncertainties involved

in calculating rest-frame color.

We estimate the local density (Σ) for a given galaxy as follows. We identify the
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Figure 5.1 (Top panel) Absolute rest-frame B-band magnitude (MB) vs. stellar mass

(M∗). The horizontal dashed line shows the magnitude cut used in this chapter, and

vertical lines show the mass range selected in this chapter. (Bottom panel) Observed

V − I color vs. stellar mass.
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number of galaxies within a 500 kpc radius aperture centered on the target galaxy

and sum the R-band luminosity of the neighbors; if there are no neighbors within

that range, we assign log(Σ) = 0. We apply a correction to account for incomplete slit

sampling that is equal to number of photometric sources divided by the number of

slits with secure redshifts within the aperture. We then divide the luminosity (in solar

units) by the physical area of the 500 kpc aperture, giving Σ in units of L⊙,R kpc−2.

As a consistency check, we calculate local density using two other methods, and

find that the results in this chapter are independent of the estimator. First, we de-

fine Σ500 Mpc as the number of galaxies in a 500 kpc aperture divided by the area of

that aperture. Second we use the more common N th nearest neighbor method, in

particular the fifth nearest neighbor defined by

Σ5 =
5

πr2
5

, (5.2)

where r5 is the distance to the fifth nearest neighbor. We do not correct for edge

effects, but this estimator is only used as a consistency check with the above methods.

Rather than use physical cluster-centric radii, we scale the radius by the virial ra-

dius, which comes from converting the cluster velocity dispersion (σ; Halliday et al.,

2004; Milvang-Jensen et al., 2008) to the radius inside which the density is 200 times

the critical density (R200) using Equation 8 of Finn et al. (2005).

5.3 Global Trends with Density and Radius

We first establish the dependence of red fraction on local density and cluster-centric

radius before assessing any residual trends.

Studies investigating environmentally-driven quenching have accounted for the

importance of luminosity (e.g., Cooper et al., 2006) and mass (e.g., Peng et al., 2010).

We account for the differential effects of luminosity and mass versus environment

on quenching galaxies, first by binning in rest-frame B-band magnitude (with MB =
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Figure 5.2 Red fraction as function of local luminosity density (left panel) and radius

(right panel), binned by luminosity.

−19.9 as the dividing magnitude), and then by stellar mass, selecting galaxies with

over a 0.5 dex range from 10.2 < log(M∗)[M⊙] < 10.7. We show the different selections

in mass and magnitude in Figure 5.1.

In Figure 5.2, we show the red fraction plotted against local density and radius,

split into the bright and faint luminosity subsamples. Four bins are chosen in each

to roughly divide the sample into equal numbers of galaxies per bin. For clarity, the

1σ error bars for the log(Σ) = 0 bin are plotted as gray bands, rather than extend the

x-axis to zero. A statistically significant trend is apparent for each curve; i.e. both the

bright and faint bins have significantly changing red fractions with both local density

and virial radius.



117

Figure 5.3 Red fraction as function of local density (left panel) and virial radius (right

panel), binned by stellar mass.

We perform a similar analysis selecting galaxies by mass, to confirm the trends

while accounting for mass more directly (Figure 5.3). Again we find a significant

difference in red fraction between galaxies at the highest densities and small radii

relative to those at low densities and large radii.

5.4 Residual Trends Binning by Density and Radius

We now estimate whether local density or virial radius is primarily responsible for

the increasing red fraction using two methods. First we test whether the colors of

the galaxies are more correlated with density or radius by performing a partial cor-

relation analysis on rest-frame B − V color, R200, and Σ. Then we identify whether
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the fraction of red/blue galaxies is more correlated with density or radius by binning

the data by R200 and Σ and looking for significant trends with the other (unbinned)

parameter.

A partial correlation test allows us to measure the correlation between variables A

and B, while controlling for the impact of C on their correlation. We use the partial

correlation coefficient ρ defined by

ρAB,C =
rAB − rACrBC

√

(1 − r2
AC)(1 − r2

BC)
(5.3)

where r is the correlation between the two variables. To determine a significance of

a given correlation, we follow the work of Kendall & Stuart (1977) and use a statistic

ZB,C , where B is the dependent variable and C the control variable, defined by

ZB,C =
1

2
ln

(1 + ρAB,C)

(1 − ρAB,C)
(5.4)

This statistic follow a normal distribution with a variance σ2
Z = 1/(N − 2), where N

is the number of data points.

We present the results of this analysis in Table 5.1. We calculate Z separately for

both the faint and bright magnitude samples and the mass-selected sample (§5.3). In

all three subsamples, when controlling for density or virial radius, we do not find any

significant (> 3σ) correlations between B − V and the other parameter. However, in

the faint sample (MB > −19.9), the significance of ZΣ,R200
(i.e. controlling for R200) is

2.5σ compared to 0.1σ for ZR200,Σ, suggesting that among the faintest galaxies density

is more responsible for the denser galaxies being redder.

We now bin our samples by Σ and R200 and look for trends of red fraction with the

other parameter. We make this measurement for the luminosity- and mass-selected

samples.

Luminosity-selected sample. We bin galaxies as follows. In terms of density, we

distinguish between isolated (log(Σ) = 0) and non-isolated (log(Σ) > 0). We bin
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Table 5.1. Partial Correlation Results

Faint samplea Bright sampleb Mass samplec

Parameter Set Z(σ) Z(σ) Z(σ)

R200-(V − I), σ −0.00 ± 0.04 (0.1) −0.03 ± 0.06 (0.4) −0.02 ± 0.06 (0.3)

σ-(V − I), R200 0.10 ± 0.04 (2.5) 0.05 ± 0.06 (0.8) 0.09 ± 0.06 (1.5)

Note. — comments here

radially into three equal sized bins from 0 to 6 × R200. In Figure 5.4 and Figure 5.5

we plot the red fraction against local density and radius while binning by the other

parameter for the faint and bright subsamples.

In Figure 5.4, we find that for MB > −19.9 galaxies,the strongest residual correla-

tion is between the red fraction and radius among non-isolated galaxies. For brighter

galaxies, trends exist between red fraction and the two environmental parameters

with 2 × R200 and log(Σ) > 0.

Mass-selected sample. We bin galaxies into those with log(Σ) = 0 and those at

nonzero density. We then further subdivide each of those into galaxies less than and

greater than R200. This results in four bins, chosen to bin along physically interesting

radii and densities, i.e. isolated vs. non-isolated galaxies in terms of density, and

inside/outside the radius at which the break in the SFR-radius is seen in Lewis et al.

(2002). The number of galaxies per bin ranges from 21–66.

The results are presented in Figure 5.6. For both the inner and outer radial bins,

the red fraction is constant (to within the errors) with density. However, the red

fraction of a given density bin are significantly different for galaxies within 2 × R200

and outside that radius.
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Figure 5.4 Red fraction of faint galaxies (MB > −19.9) plotted against Σ and radius,

binned by the other variable. The only significant trend among faint galaxies is the

between red fraction and R200 among non-isolated galaxies (log(Σ) > 0).
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Figure 5.5 Similar to Figure 5.4 but for bright galaxies (MB < −19.9).
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Figure 5.6 Red fraction plotted against density, Σ, binned by R200. There is no signifi-

cant trend between red fraction andΣ in either the inner or outer radial bin. However,

in a given density bin, the galaxies within 2×R200 have a significantly higher red frac-

tion, with the effect more pronounced among the isolated (log(Σ) = 0) galaxies.
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5.5 Discussion and Conclusion

In this chapter we determined the extent to which global and local environment affect

galaxy color and red fraction.

We find that, whether binning by luminosity or selecting a narrow mass range,

the red fraction of galaxies is correlated with both local density and environment.

The more luminous galaxies are offset from the fainter ones, in that they have higher

red fractions; using luminosity as a proxy for mass, this reflects the well known result

that more massive galaxies tend to be redder. While this mass-color correlation is

important, the fact that correlations between red fraction and radius/density exist

within each binned subsample shows that environment does play a role in setting the

red fraction.

We next tested whether local density or radius is the more important parameter

(in a given luminosity/mass subsample). Partial correlation analyses showed that the

optical color of galaxies does not have a stronger correlation with density than radius,

or vice-versa. However, after binning by one environmental parameter and looking

for trends in red fractionwith the other, it is clear from Figure 5.4 and Figure 5.5 some

residual trends exist between red fraction and density/radius.

Trends with cluster-centric radius over many virial radii can be difficult to inter-

pret, since infalling galaxies will move over ∼ Mpc scales if the quenching timescale

is longer than a ∼ Gyr. Therefore they may be affected by the environment at one ra-

dial distance but not exhibit the effects until later, when they are observed at another

distance.

While determining the relative importance of density and clustercentric radius, i.e.

local versus global effects, is difficult, we have found a clear signal that environment

plays an important part in setting the red fraction among galaxies independent of

mass and luminosity.
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CHAPTER 6

THE ONCE AND FUTURE BRIGHTEST CLUSTER GALAXY

Utilizing a spectroscopic survey of the infall regions around 15 intermediate redshift

(0.46 < z < 0.79) clusters, we examine whether there are infalling galaxies that could

surpass the observed brightest cluster galaxy (BCG) in its preeminence by the current

time. We find that BCGs are well established by these redshifts and that in only two

of these clusters is there a brighter red sequence galaxy (blue galaxies will likely fade

as they enter the cluster) that might be accreted and replace the designated BCG; with

only projected distance and radial velocity measurements we cannot ensure that these

lie within the infall region. Even though we find that > 85% of BCGs at intermediate

redshifts are likely to retain their status as BCGs until today, systems as dominant in

stellar mass as BCGs can form beyond the virialized regions of rich clusters and in

some cases BCG replacement should be expected to occur at modest redshifts.

6.1 Introduction

A continual challenge in the study of galaxy evolution is assessing the association

between galaxies seen at different epochs. One line of reasoning involves limiting

the range of galaxy characteristics in an attempt to make the case for direct lineage

more plausible. However, studies constrained to galaxies of limited stellar masses

or morphological classes can develop peculiar biases (for a discussion of one such

case see van Dokkum & Franx, 2001). The alternative approach, to consider the entire

galaxy population at each redshift as an ensemble, is sufficiently complex that one

must appeal to comparisons to models, which are imperfect in their own ways.

One class of galaxy for which the low to high redshift association has been pre-

sumed to be simple is the brightest cluster galaxy (BCG). This assumption is key both
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for their use in cosmological studies (Humason, Mayall, & Sandage, 1956; Gunn &

Oke, 1975) and evolutionary ones (Aragon-Salamanca et al., 1998;Whiley et al., 2008).

At least at lower redshifts, these galaxies tend to be unique systems rather than just

those that happen to be the brightest among a set (Sandage et al., 1976; Dressler,

1978). For example, they tend to be surrounded by extended stellar envelopes (Gon-

zalez, Zabludoff & Zaritsky, 2005). As such, one might expect that they hold a dis-

tinguished position at other redshifts as well and that their study will indeed at least

illuminate how these particular systems evolve. Nevertheless, whether the specific

galaxies identified as BCGs at higher redshifts remain BCGs until the current time or

whether another galaxy, perhaps one that falls into the cluster, usurps its role remains

an open question. Models address these questions, some examining the hierarchical

growth of BCGs in particular (De Lucia & Blaizot, 2007), and so observational studies

provide tests of the assumptions in models as well.

Assessing whether galaxies exist in the vicinity of intermediate redshift galaxy

clusters that might, once accreted, become the new BCG, is a straightforward question

that simply requires large redshift surveys around such clusters. The challenge is

therefore principally a technical one given the relatively long exposure times required

to measure redshifts for intermediate redshift galaxies even with 8m-class telescopes.

Here we utilize a survey completed with the low dispersion prism available for the

IMACS instrument on Magellan that explores the infall regions around 15 clusters

that was done to address a variety of questions (Chapter 4). In §2 we briefly describe

the data that are presented in more detail in (Chapter 4). In §3 we outline how we

select the alternative BCG candidates. In §4 we present our results and conclude in

§5.
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6.2 Photometric and Spectroscopic Data

Galaxy magnitudes and colors come from V RI images obtained with the Wide Field

Imager (WFI) instrument on the 2.2mMPG/ESO telescope (Baade et al., 1999), which

covers a 30′ × 30′ field-of-view (FOV) for each cluster. We reduce the data follow-

ing standard procedures, and create photometric catalogs using SExtractor (Bertin

& Arnouts, 1996) in two-image mode based on detections in the R-band images.

We calculate colors using 1′′ radius apertures and total magnitudes using Kron radii

(Kron, 1980). We correct the photometry for Galactic extinction using the dust maps

of Schlegel et al. (1998) and the extinction curve of Cardelli et al. (1989). Although

we have higher quality images obtained with FORS2 (Appenzeller et al., 1998) on the

VLT for the central 6.5′ × 6.5′ FOV of each cluster (White et al., 2005), we use only the

WFI photometry in this Chapter to maintain data homogeneity across all radii. The

WFI data are described in further detail in (Chapter 4).

To confirm membership in the cluster environment, we use spectroscopic redshift

measurements from both VLT/FORS2 (Milvang-Jensen et al., 2008; Halliday et al.,

2004) andMagellan/IMACS/LDP, where the low-dispersion prism (LDP) instrument

is installed within the imaging spectrograph IMACS (Bigelow et al., 1998; Dressler et

al., 2006). We also utilize FORS2 photometric redshifts (Pelló et al., 2009) for rejecting

foreground/background interlopers. The FORS2 data sample a FOV that lies almost

entirely within the virial radius (R200) for most of our clusters, while the LDP data

includes galaxies both inside and well outside R200. The parent catalog we used for

FORS2 targeting contains galaxies with 18.6 < I < 23, and the spectra from Halliday

et al. (2004) were reduced using the IRAF1 package and standard techniques while the

spectra from Milvang-Jensen et al. (2008) were reduced using a combination of IRAF

1IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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and IDL with the improved sky subtraction method of Kelson (2003). The redshifts

are based on emission lines when available, otherwise from prominent absorption

lines, and have an accuracy of σz ≈ 0.0003. These data are described in further detail

and presented by Halliday et al. (2004) and Milvang-Jensen et al. (2008).

The LDP targeting catalog consists of galaxies brighter than R = 23. We re-

duce the LDP spectra using the PRIMUS pipeline (Cool et al., 2012), which includes

flat-fielding, bias subtraction, wavelength calibration, spectral extraction, and galaxy

template spectral fitting. By minimizing χ2 over a range of galaxy templates (that

include different levels of reddening) and redshifts, it determines redshifts with an

accuracy of σz ≈ 0.007 over the range of redshifts, magnitudes, and galaxy types of

relevance here (Chapter 4). Photometric redshifts (zphot) based on the VLT imaging,

obtained using two different codes (Bolzonella et al., 2000; Rudnick et al., 2001) are

also available (Pelló et al., 2009) and have an accuracy of σz ∼ 0.05, but are primarily

used to exclude galaxies that are foreground or background.

6.3 BCG Candidate Selection

White et al. (2005) identified the BCGs in these clusters based on their magnitude,

color, spatial position, photometric redshift and, when available, spectroscopic data

and weak lensing maps. In most cases this identification was unambiguous. Their

principal goal was to define the center for the candidate cluster overdensity. We are

currently interested in identifying galaxies that may potentially supersede the iden-

tified BCG, either because they do not happen to lie near the center of the global

potential or because they have yet to be accreted onto the structure. The former re-

quires a re-examination of the available data at the time of the White et al. (2005)

study because those omissions were primarily the result of the imposed requirement

that the BCG lie near the center of the overdensity. The latter is the more challenging
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objective because it requires a survey of a much larger volume.

The data that enable us to search beyond the virial radius of these clusters comes

from the WFI imaging and LDP spectroscopy. Because we want to identify galaxies

that may possibly become the BCG of these clusters by the current time, we consider

only those galaxies with cluster-centric projected distances that are smaller than each

cluster’s infall radius, Rinfall. We estimate the infall radius by calculating the projected

distance enclosing all the matter that is expected to cross the center of the cluster by

z = 0 according to secondary infall models (Fillmore & Goldreich, 1984; Bertschinger,

1985; White & Zaritsky, 1992) that are normalized to match the measured virial mass

(determined by the velocity dispersion, σ), of each cluster at its observed redshift (for

more details on how Rinfall is calculated, see Chapter 4).

For galaxies within Rinfall with redshifts from multiple sources, we use the highest

precision redshift available (FORS2 followed by LDP and then photometric redshifts).

We define cluster membership, including the infall region around the cluster, as re-

quiring (1) either a FORS2 or LDP redshift within±0.02 of the cluster redshift (zclus) as

defined by Halliday et al. (2004) and Milvang-Jensen et al. (2008), or (2) a photomet-

ric redshift with a 1σ confidence interval that overlaps the range of ±0.1 from zclus,

where the galaxy is not flagged as an interloper. The interval ±0.02 is ≈ 3× the LDP

accuracy. Interloper flags are set if the integrated redshift probability distribution,

P (z), within ±0.1 of zclus is sufficiently low. The specific threshold was calibrated

using FORS2 redshifts to retain 90% of confirmed cluster members while limiting

foreground/background contamination (see §6.2 of Pelló et al., 2009). We find that

72% of galaxies included as members solely on the basis of their photometric redshift

are rejected when we also have an LDP redshift. This result highlights the importance

of LDP (or better) redshift precision when studying galaxy environments.

We construct color-magnitude diagrams (CMDs) of V − I versus ITOT for each
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cluster with fits to the red sequence color magnitude relation (CMR) from Rudnick et

al. (2009). To account for potential photometric errors, we define our alternative BCG

candidates as sources with ITOT < ITOT,BCG + 0.1, i.e. brighter than 0.1 mag fainter

than the identified BCG.

In terms of completeness, LDP redshifts, which continue out to Rinfall, exist for

27% of these bright galaxies, leaving 73% unconstrained by spectroscopic redshift.

Since only 1.2% of the galaxies with LDP redshifts are within zclus ± 0.02, we should

be missing 73% × 1.2% ∼ 1% (or ∼ 8) of bright galaxies within Rinfall at the cluster

redshift.

In order to use WFI photometry for galaxies with FORS2 and photometric red-

shifts, we cross-correlate the galaxy positions of the latter with WFI positions using a

1′′ matching threshold. For galaxies meeting our photometric criterion (i.e. brighter

than ITOT,BCG +0.1), no FORS2 candidates and < 7% of galaxies with only photomet-

ric redshifts are lost in this process. Those lost are due to a combination of blending

near bright stars and astrometric errors.

6.4 Results

There is no alternative BCG within the infall regions of 73% (11/15) of our clusters.

The remaining 27% (4/15) have at least one spectroscopically-confirmed candidate

that could potentially usurp the role of the currently identified BCG. Among these

four clusters, there are ten galaxies (three from FORS2 data and seven from LDP data)

that are comparably luminous or brighter than the identified BCG (ITOT−ITOT,BCG <

0.1) within the infall radius. Due to completeness issues, this a lower bound on the

set of potential rivals to the identified BCGs.

To address the completeness issue, we also consider candidates selected on the

basis of zphot. Across the full sample, eighteen additional galaxies meet our selection
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criteria solely by zphot selection. Ten of these candidates were imagedwithHST (Desai

et al., 2007). Using those data, Desai et al. (2007) classified five of these as stars and the

remaining five as ellipticals. Of the remaining eight galaxies, two were described as

likely stars on the basis of their SEDs (Pelló et al., 2009, based on standard templates

from Pickles (1998)).

From the original eighteen, we are then left with 11 zphot-selected viable candi-

dates, five of which aremorphologically confirmed as extragalactic. Given that 50% of

the zphot-selected candidates with classifications are stars, and that 72% of the broader

population of zphot-selected cluster members do not meet our stricter FORS2/LDP

selection, we expect ∼ 2 of these galaxies to be bona fide cluster galaxies. We con-

clude that we have not missed a large population of candidate BCGs by using only

the FORS2 spectra and LDP data, and hereafter only consider the spectroscopically

confirmed candidates.

These galaxies are highlighted in Figure 6.1, where we present both the distribu-

tion on the sky of the cluster galaxies and BCG candidates and the associated CMDs

for the four clusters that host alternative BCG candidates. Our sample of clusters span

a redshift range of 0.46 ≤ z ≤ 0.79, corresponding to lookback times of 4.7–6.8 Gyr,

and a velocity dispersion range of 218 ≤ σ ≤ 1018 km s−1. The clusters with alterna-

tive BCG candidates span the same redshift range, but a narrower velocity dispersion

range of 504 ≤ σ ≤ 732 km s−1. Seven of the ten BCG candidates lie beyond the virial

radius but within the infall region (R200 < R < Rinfall). Those candidates within R200

were noted by White et al. (2005) but passed over due to the emphasis on selecting

the candidate closest to the peak of the galaxy density distribution. Eight of the ten

have colors consistent with those of the red sequence galaxies, defined to be within

±0.3 of the CMR.

Below we discuss the candidates in each of the four clusters individually.
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Figure 6.1 (Top panels) Spatial distributions of cluster galaxies for the four clusters with

confirmed alternate BCG candidates. North is up and east is left. Blue (red) symbols

mark galaxies selected by their FORS2 (LDP) redshift. The inner (outer) circle show

the virial (infall) radii, and black stars denote the BCG location. For clarity, circles

and triangles mark galaxies in the virial and infall region, respectively. Alternate

BCG candidates are highlighted with a large circle. (Bottom panels) Color magnitude

diagrams for the same clusters; symbols are the same as the top panels. Solid lines

show the best-fit CMR, and vertical dotted lines are the magnitude cut used in se-

lecting candidates. One candidate in Cl1138–1133 with ITOT = 16.9 is not directly

plotted, but shown as an arrow at its V − I color.
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Cl1054–1146: This cluster contains one candidate significantly brighter than the

BCGwithin the defined R200 and three other candidates that are similar in luminosity

to the designated BCG beyond R200. Although the designated BCG is near a local

galaxy density maximum, the current spectroscopy suggests that the center of the

cluster may lie to the southwest of the defined center, in which case the alternative

BCG candidate would be closer to the global center. This ambiguity highlights the

difficulty that can occur in selecting BCGs relative to local densitymaxima or to global

ones. In this case, the ambiguity has significant potential repercussions given that the

alternative BCG candidate is ∼ 45% more luminous than the designated one. Even

so, this case is analogous to what is sometimes seen locally (Beers & Geller, 1983;

Zabludoff & Mulchaey, 1998), where BCGs can be displaced from the global center

but instead lie in a local overdensity, rather than the type of system that we aimed to

identify, where a potential BCG is infalling from beyond the virial radius.

Cl1054–1245: Although this cluster contains two candidates within the infall ra-

dius and beyond R200, both are bluer than the BCG and at best only modestly more

luminous. These galaxies will fade as they evolve to CMR (e.g., Blanton, 2006) which

would make neither the BCG. This case highlights the ambiguity in selecting BCGs

only along the red sequence or across the entire color range. This ambiguity is partic-

ularly critical when examining the evolution of BCGs, since any color selection will

select against certain star formation histories. Nevertheless, we note that this is one

of only two cases in our sample where there is an alternative BCG candidate that is

both brighter than the designated BCG and significantly bluer, and that the second

example, described below, is likely a foreground interloper.

We conclude that at these redshifts there is no evidence for strong BCG color evo-

lution in these environments (see Wilson et al., 2012, however, for evidence of more

modest differential color evolution as a function of environment over these same red-
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shifts).

Cl1059–1253: This cluster contains one alternative BCG candidate beyond R200

and within the infall region, with a similar color and brighter magnitude than the

designated BCG. This is one of two galaxies that we have found (one other in Cl1054–

1153, if one keeps the original BCG selection; see above) that are this far out in radius,

brighter than the designated BCG, and already on the red sequence. These are the

only clear examples of candidates that may usurp the role of the designated BCG in

the future.

Cl1138–1133: This cluster contains three alternative BCG candidates, although the

two red candidates are slightly fainter than the BCG and lie within R200. The remain-

ing candidate lies at large radius, but it is more than 1.2 mag bluer than the CMR

and ∼ 2 magnitudes brighter than the BCG in the I-band. These extreme proper-

ties suggest that this likely a misidentified foreground interloper; inspection of the

V -band image reveals asymmetric spiral structure, further indicating it is unlikely to

be associated with the cluster.

In the discussion so far we have ignored growth bymerging and accretion of either

the designated BCG or its rivals. Observations of z ∼ 1.5 clusters argue that the

average stellar mass(Collins et al., 2009; Stott et al., 2010) and size (Stott et al., 2011)

of BCGs remain the same between that epoch and the present. Alternatively, models

and observations have found an increase in BCG stellar mass since z ∼ 1. The models

of De Lucia & Blaizot (2007) suggest that BCGs will grow by≈ 40–70% in stellar mass

from z ∼ 0.8 to the current time, while Conroy et al. (2007) find an increase in mass

ranging from ∼ 50% to more than double, depending on the amount of stars that end

up in the intracluster light. From observations, Whiley (2008) find in each EDisCS

cluster a galaxy of mass ∼ 1011M⊙ capable of merging with the BCG by z = 0 due

to dynamical friction. Given the observed metric aperture magnitudes, this growth
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must contribute to the stellar envelope rather than to the core of the galaxy (De Lucia

& Blaizot, 2007). Even so, comparison on the BCG designations to those provided by

the models provides a way to test both the models and our observational approach.

For BCGs at z = 0.7 in the Millennium Simulation, 12+4
−3% of those with halo masses

of ∼ 1014M⊙ eventually become satellites, while this happens for only 2+3
−1% of more

massive halos (De Lucia, private communication). De Lucia & Blaizot (2007) find that

by z ∼ 0.7, the BCG mass function is established and BCGs predominantly accrete

minor galaxies. Therefore, our findings are in agreement with those models to within

the uncertainties.

6.5 Conclusions

By confirming environmental membership via spectroscopy for galaxies within the

infall regions of a sample of 15 EDisCS clusters (White et al., 2005) at 0.46 < z < 0.79,

we address the question of whether potential rivals exist to the designated BCGs that

reside within the virial radii of these clusters. We obtained the new redshifts using

a low dispersion prism, which provides the required multiplexing necessary to effi-

ciently survey the infall regions where the membership return of any spectroscopic

survey is low (7% in our survey; Chapter 4). In only two of the 15 clusters do we

find such galaxies that already lie on the red sequence and are at least comparably

luminous as the designated BCG. In one other case, there are blue galaxies that are

more luminous than the designated BCG, but these are likely to fade to some degree

and may, therefore, be fainter than the designated BCG by the current time. These

arguments ignore subsequent hierarchical growth of any of these galaxies between

the observed frame and the current time, although at least for the BCGs this is ex-

pected to contribute luminosity to the envelope rather than the core that we measure

(De Lucia & Blaizot, 2007). We conclude that in only a small fraction of the sample is
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there the potential that the identified BCGwill be overthrown by a rival. As such, the

study of BCG evolution is unique because the progenitors can be identified at least

out to intermediate lookback times (≤ 7 Gyr). This statement is not only important

to evolutionary studies (Aragon-Salamanca et al., 1998; Whiley et al., 2008; Wilson et

al., 2012) but also to those of the growth of the intracluster medium (Gonzalez et al.,

2005).

While the BCG designation is secure for the majority of clusters at these redshifts,

we also find that BCG formation is not solely the domain of clusters. For two of the

15 clusters, galaxies comparably luminous to the BCG are found in the infall region.

While this happens in only ≈ 15% of the clusters, it demonstrates the possibility of

bright galaxies forming outside the virial radius, presumably in groups, that are ca-

pable of entering the cluster before the current epoch.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

This thesis addressed current questions regarding the influence of environment on

the evolution of galaxies. In an effort to pin down the environmental mechanisms

important in shaping galaxy evolution, we studied S0 galaxies and BCGs, two classes

of galaxies which show a predilection for the cluster environment.

We find that the formation of S0 galaxies takes place primarily in low-density

environments. Chapter 2 shows the increasing S0 fraction with declining redshift is

driven by less-massive systems, Chapter 3 shows that S0s in z ∼ 0.4 groups formed

when the groups were isolated, and Chapter 4 identifies signs of “pre-processing”,

where star formation is quenched in the galaxies prior to their incorporation into the

cluster.

In Chapter 6, we found that in 85% of clusters infalling galaxies are not likely to

overtake the BCG as the system evolves to the present epoch, but that some galaxies

similar to the BCG in luminosity (at least when excluding the low-surface brightness

envelope) are found well outside the cluster centers.

We now summarize the main results of these chapters in more detail, and suggest

some avenues for future work that will lead to further advances in our understanding

of cluster galaxy evolution.

7.1 The Evolving S0 Fraction

Chapter 2 analyzed the increasing S0 fraction with decreasing redshift, which is in-

terpreted as the formation of S0 galaxies from spirals entering the cluster from the

field, through the lens of environment. The sample analyzed by Fasano et al. (2000)

did not have velocity dispersion measurements for ∼ 20% of their clusters. By ob-
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taining redshifts for that portion of the sample, we were able to identify that clusters

with velocity dispersions σ < 750 km s−1 are responsible for most of the evolving S0

fraction (fS0), with a significantly different slope between fS0-z than that of higher-σ

clusters.

This result provides evidence that whatever mechanism is operating to convert

spirals to S0s in these clusters, it is more efficient in lower-σ systems. This suggests

that direct galaxy interactions, such as tidal stripping and merging, are likely respon-

sible.

7.2 Star Formation in SG1120 S0 Galaxies

In Chapter 3 we utilized UV observations of SG1120, a collection of four galaxy

groups at z ∼ 0.37 that are gravitationally bound to each other and will coalesce

into a ∼ Coma-sized cluster as they evolve to z = 0, to look for signs of recent or

ongoing star formation in the S0 galaxies. SG1120 has an S0 fraction comparable to

clusters at this redshift, and thus allows us to test how recently S0s form in groups

prior to their accretion into a cluster (preprocessing).

None of the S0s in SG1120 were detected in either the NUV or FUV; after stacking

the positions of the 37 S0s, we still do not secure a detection in either band. Con-

verting the magnitude limit (mNUV < 26.0) to a SFR using Kennicutt (1998), we can

estimate the ongoing star formation in these galaxies to be < 0.01 M⊙ yr−1.

We then used models to estimate how recently the S0s in SG1120 could have been

forming stars and still be consistent with our UV limit. We conclude from this mod-

eling that star formation in the S0s ceased at least 0.1–0.7 Gyr ago, depending on

assumptions of how extended the star formation was. Therefore S0 formation oc-

cured well before the groups were in this current pre-assembly phas, suggesting S0

formation is even more likely to be predominantly occurring outside the cluster en-
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vironment.

7.3 The Infalling Galaxy Population

In Chapter 4, we presented the results of a spectroscopic survey of the EDisCS sample

(White et al., 2005), which enables us to identify galaxies at the cluster redshift ex-

tending out to radial distances of ∼ 6–8R200. The key data are low-resolution spectra

taken with the LDP instrument on IMACS at theMagellan/Baade telescope, allowing

a sufficient trade-off between multiplexing and redshift precision to identify galaxies

in the large-scale environs without prohibitively large amounts of telescope time.

Using the theory of secondary infall (e.g., White & Zaritsky, 1992), we estimate the

infall radii of our clusters, i.e. the projected distance around a given cluster that in-

cludes galaxies expected to be accreted by the cluster as it evolves to z = 0. With these

radii and the LDP redshifts, we identified the infalling galaxy population, and com-

pared their number to models and other observations. We found that less massive

clusters accrete a smaller fraction of their galaxies at late times.

We next constructed color-magnitude diagrams of both infalling and field galax-

ies, and found they span the same range in color and magnitude. However, for clus-

ters at 0.55 < z < 0.80, we found an excess of faint red galaxies in the infall regions.

It is possible that at fainter magnitudes, blue galaxies have already been transformed

at these cluster-centric distances (∼ 2–3R200).

7.4 Radius vs. Density in Driving Galaxy Evolution

In Chapter 5 we investigate the role of local and global environment in quenching

star formation by measuring how fraction of red galaxies changes as a function of

both local density and clustercentric radius, respectively. The physical effects that are

capable of shutting off star formation act with different efficiencies based on these
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two parameters.

We find that the red fraction correlates with both local density and radius, whether

selecting by luminosity or mass. The more luminous galaxies are offset from fainter

ones, with higher red fractions, reflecting the well-known result that more massive

galaxies tend to be redder. While this mass-color correlation is important, the fact

that correlations between red fraction and radius/density exist within each binned

subsample shows that environment plays a role in determining the red fraction.

7.5 Overtaking the BCG Designation

In Chapter 6, we use the LDP data and infalling galaxy population (see Chapter 4)

to estimate the fraction of clusters at 0.4 <
∼ z <

∼ 0.8 in which a galaxy brighter than the

BCG enters the system from outside as it evolves to z = 0. This has ramifications for

BCG evolutionary studies, as they assume a continuous lineage between the galaxies

from higher and lower redshift, and major mergers from the infalling galaxy would

result in abrupt changes in their accretion history.

We constructed color-magnitude diagrams of galaxies within the infall radius, and

identified those that are comparable or brighter in I-bandmagnitude to the presump-

tive BCG, which in all cases lies close to the center of the galaxy distribution. We find

a galaxy candidate capable of usurping the role of BCG in four of the 15 clusters.

However, closer inspection of the candidates suggests that only two of them are ca-

pable of overtaking the BCG, as some of the candidates are blue galaxies (which will

presumably fade during their evolution from the blue cloud to red sequence) or are

foreground interlopers.

We thus find that in two of clusters an infalling galaxy capable of overtaking the

BCG. This suggests that for ∼ 85% of clusters, the evolution of the BCG does not

involve merging with significantly bright galaxies entering from the field. It also
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means that associating low-z BCGs as direct descendents of high-z BCGs is a valid

assumption.

7.6 Future Directions

Here we provide suggestions for how to advance our understanding in environment-

driven galaxy evolution, particularly with regards to the evolution of S0 galaxies.

Truly understanding the formation of S0 galaxies rests on identifying where they

are formed as opposed to where they are found.

A first path to achieving this would be to identify the environment where one

finds transitional objects, i.e. galaxies that are in the process of transforming into an

S0 or have recently done so. Candidates include passive spirals, which have disky

morphology but little ongoing star formation, and post-starburst galaxies, which ex-

perienced a burst of star formation ∼ 1 Gyr prior and thus have strong Balmer ab-

sorption from A-type stars.

Another approach would be to identify the environment where one finds sig-

natures of environmental processes. With increasingly sensitive radio telescopes,

identifying signature of recently ram-pressure stripped galaxies is possible, such as

searches for tails of neutral hydrogen, analogous to the low-z study of Chung et al.

(2007).

Given the difficulty in getting these data at higher redshift over the large fields-of-

view required, internal kinematics provide an appealing complementary approach.

Not only would measurements of the relative strengths of rotation- and dispersion-

support identify S0s unambiguously, but they provide a physical measurement that

follows a spectrum of different values, potentially allowing one to trace the build-up

of the spheroidal component of S0s.

With the above approaches approach, unambiguously identifying the environ-
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ment in which the spiral-to-S0 conversion is taking place will place tight constraints

on the mechanism or mechanisms responsible.
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