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Abstract

Clusters of galaxies represent the largest laboratories in the universe for testing the
incredibly chaotic physics governing the collapse of baryons into the stars, galaxies,
groups, and diffuse clouds that we see today. Within the cluster environment, there
are a wide variety of physical processes that may be acting to transform galaxies.

In this thesis, we combine extensive Keck spectroscopy with wide-field HST imag-
ing to perform a detailed case study of two intermediate redshift galaxy clusters,
Cl 002441654 (z = 0.395) and MS 0451-03 (z = 0.540). Leveraging a comprehensive
multiwavelength data set that spans the X-ray to infrared, and with spectral-line
measurements serving as the key to revealing both the recent star-formation histo-
ries and kinematics of infalling galaxies, we aim to shed light on the environmental
processes that could be acting to transform galaxies in clusters.

We adopt a strategy to make maximal use of our HS7T-based morphologies by
splitting our sample of cluster galaxies according to morphological type, character-
izing signs of recent evolution in spirals and early types separately. This approach
proves to be powerful in identifying galaxies that are currently being altered by an en-
vironmental interaction: early-type galaxies that have either been newly transformed
or prodded back into an active phase, and spiral galaxies where star formation is
being suppressed or enhanced all stand out in our sample.

We begin by using variations in the early-type galaxy population as indicators
of recent activity. Because ellipticals and SOs form such a homogeneous class in the
local universe, we are sensitive to even very subtle signatures of recent and current
environmental interactions. This study has yielded two key results: By constructing

the Fundamental Plane (FP) of Cl 0024, we observe that elliptical and SO galaxies



viii
exhibit a high scatter in their FP residuals, which occurs only among galaxies in the
cluster core, suggesting a turbulent assembly history for Cl 0024 early types. Near
the Virial radius of Cl 0024, we observe a number of compact, intermediate-mass
ellipticals undergoing a burst of star formation or weak AGN activity, indicated by
strong [O 11] emission; their locations may mark the minimum radius at which merging
is effective in each cluster.

While E+S0 galaxies do prove to be sensitive indicators of environmental interac-
tion, it is the spiral galaxies that, of course, host the bulk of star formation within and
around these clusters. We therefore probe for kinematic disturbances in spiral disks by
measuring resolved rotation curves from optical emission lines, and constructing the
Tully-Fisher relation for spirals across Cl 0024 and MS 0451. We find that the cluster
Tully-Fisher relation exhibits significantly higher scatter than the field relation. In
probing for the origin of this difference, we find that the central mass densities of star-
forming spirals exhibit a sharp break near the cluster Virial radius, with spirals in the
cluster outskirts exhibiting significantly lower densities. We argue that these results
considered together demonstrate that cluster spirals are kinematically disturbed by
their environment, likely due to galaxy—galaxy interactions (harassment).

We then discuss our most powerful method of tracking galaxy evolution across
C1 0024 and MS 0451: identifying and studying “transition galaxies” —galaxies whose
stellar populations or dynamical states indicate a recent or ongoing change in mor-
phology or star formation rate. Such galaxies are often revealed by star formation
histories that seem to be at odds with the galaxy morphologies: for example, spiral
galaxies with no signs of star formation, or elliptical galaxies that do show signs of
star formation.

We identify and study one such class of objects, the “passive spirals” in Cl 0024.
These objects exhibit no emission lines in their spectra, suggesting a lack of star
formation, yet are surprisingly detected in the UV, revealing the presence of young
stars. By modeling the different temporal sensitivities of UV and spectroscopic data
to recent activity, we show that star formation in Cl 0024 passive spirals has decayed

on timescales of less than 1 Gyr, consistent with the action of “gas starvation”.
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We then build on and link together our previous indications of galaxy evolution at
work, aiming to piece together a more comprehensive picture of how cluster galaxies
are affected by their environment at intermediate redshift. To accomplish this, we
document what we believe to be the first direct evidence for the transformation of
spirals into SOs: through an analysis of their stellar populations and recent star
formation rates, we link the passive spiral galaxies in both clusters to their eventual
end states as newly generated cluster SO galaxies. Differences between the two clusters
in both the timescales and spatial location of this conversion process allow us to
evaluate the relative importance of several proposed physical mechanisms that could
be responsible for the transformation. Combined with other diagnostics that are
sensitive to either ICM-driven galaxy evolution or galaxy-galaxy interactions, we
describe a self-consistent picture of galaxy evolution in clusters.

We find that spiral galaxies within infalling groups have already begun a slow
process of conversion into SOs primarily via gentle galaxy-galaxy interactions that
act to quench star formation. The fates of spirals upon reaching the core of the
cluster depend heavily on the cluster ICM, with rapid conversion of all remaining
spirals into SOs via ram-pressure stripping in clusters where the ICM is dense. In the
presence of a less-dense ICM, the conversion continues at a slower pace, with galaxy—
galaxy interactions continuing to play a role along with “starvation” by the ICM. We
conclude that the buildup of the local SO population through the transformation of
spiral galaxies is a heterogeneous process that nevertheless proceeds robustly across

a variety of different environments from cluster outskirts to cores.
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Chapter 1

Introduction

1.1 Nature vs. Nurture in the Evolution of Galaxy
Morphologies and Star-Formation Rates

In the local universe, the dense central regions of rich galaxy clusters are overwhelm-
ingly populated by early-type (elliptical and S0) galaxies (>90%), with virtually no
ongoing star formation. The fraction of star-forming, spiral galaxies increases as one
looks further from the cluster center, eventually matching the field value (~55%),
where early types and spiral galaxies are both common (Dressler et al. 1997). This
trend was first quantified by Dressler (1980), and has come to be known as the
morphology—density relation.

More recently, a variety of studies (e.g., Dressler et al. 1997; Smith et al. 2005a;
Postman et al. 2005; Desai et al. 2007; Treu et al. 2003, hereafter T03) have traced
the evolution of the morphology—density relation since z ~ 1. They find that the
early-type fractions at high and intermediate densities, corresponding to cluster cores
and groups of galaxies, respectively, have increased with time, as can be seen in
Figure 1.1. The increase of the early-type fraction, fgzigo, in the cores of clusters
from 0.7+ 0.1 at z =1 to 0.9 £ 0.1 today stands in contrast to the lack of evolution
among field galaxies, and demonstrates that galaxy morphologies evolve in a manner
that depends on the environment in which the galaxies reside.

At the same time, evidence suggests that there has been a parallel decline in

the integrated star-formation rate of cluster galaxies since at least z ~ 1 (Butcher
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Figure 1.1 The time evolution in the fraction of E4-S0 galaxies in three different bins
of local density, from Smith et al. (2005a). Density, in Mpc™2, is defined in terms
of the projected area enclosed by a galaxy’s ten nearest bright neighbors (absolute
magnitude My < —20). Note that in the highest-density regions, corresponding to
the cores of clusters, the E4S0 fraction rises monotonically from z = 1 to today, while
the early-type fraction in moderately dense regions (corresponding to groups or the
infall regions of clusters) has increased dramatically only in the last 5 Gyrs (z ~ 0.5).

& Oemler 1978; Margoniner et al. 2001; Poggianti et al. 2006). Little evolution is
observed in the early types at the cores of clusters (Ellis et al. 1997; Tran et al. 2007),
but wide field studies of clusters have traced an increasing star-formation rate with
increasing cluster-centric radius (Poggianti et al. 1999; Balogh et al. 1999; Kodama
et al. 2001, 2004; Kauffmann et al. 2004).

Given these observations, understanding why a galaxy’s environment is so strongly
correlated with its current appearance and star-formation history becomes a key
question in developing a unified picture of how galaxies form and evolve. This long-
standing question can be posed in a simple, somewhat philosophical way: nature
or nurture? That is, do massive, red early-type galaxies predominate in the cores

of clusters because they represent the descendants of the first objects to form in
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the universe, with characteristics today that are the inevitable result of their longer
evolutionary history (nature)? Or are these galaxies stripped of their star formation
and spiral morphologies because of the harsh environment in which they live, an
environment that inevitably shapes the properties of galaxies to be red and early
type (nurture)?

In fact, as is almost always the case when such a stark choice is presented, the
answer likely lies somewhere in the middle. Indeed, even the precise definitions of
nature and nurture are muddled. The earliest galaxies to grow and turn red through
the successive mergers of hierarchical formation—galaxies that we consider to have
reached their current state by nature—have of course resided in a special environment
right from their beginnings in the largest overdensities in the early universe. Never-
theless, if we restrict our definition of nurture to include only those interactions with
gas, galaxies, and gravity that occur as a galaxy migrates through a range of environ-
ments, there remains abundant observational evidence in support of both scenarios,
nature and nurture.

For example, in order to explain the fact that the most massive galaxies in the
universe are red, a host of recent studies have proposed the action of “feedback”
via winds from AGN or starbursts, an intrinsic mechanism that serves to halt star
formation within a galaxy once a particular mass threshold is passed (e.g., Granato
et al. 2004; Cattaneo et al. 2006). Without feedback, simulations of the hierarchical
evolution of galaxies would incorrectly predict that the most massive galaxies at any
epoch are blue, because these are the systems that have most recently merged out
of smaller objects (many of which are star-forming) (Croton et al. 2006; de Lucia
et al. 2006). Under the feedback scenario, galaxies by nature will turn red as their
hierarchical assembly progresses.

At the same time, other observations point to a role for environmental interactions.
The large fraction of spiral galaxies observed near the centers of intermediate redshift
clusters (~30%) is remarkably similar to the fraction of non-star-forming disk galaxies
(S0s) that appear to have been created since that time (e.g., Tran et al. 2005; Dressler
et al. 1997). Arguments have been made for (Kodama & Smail 2001) and against
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(Burstein et al. 2005) the idea that these spirals will directly transform into SOs by
being nurtured through interactions specific to their local environment. Nevertheless,
spirals near the centers of clusters must disappear via some sort of transformation by
z = 0, at a rate that is much faster than is observed in spirals of similar mass in lower
density environments (Smith et al. 2005a). The large populations of “poststarburst”
galaxies seen in some clusters (>5%, Dressler et al. 1999; Poggianti et al. 1999; Tanaka
et al. 2007) only reinforces the notion that galaxies are having their star formation
halted in the cluster environment, sometimes quite suddenly.

One might imagine a simple picture where giant ellipticals form through mergers
accompanied by feedback to halt star formation, and SOs form from spirals that
experience interactions with their local environment. Whether or not this simple
picture holds up to greater scrutiny, at least some of the observed trends in galaxy
morphology and star-formation rate should be due to physical processes that act
only in the dense cluster environment. Gaining a better understanding of the precise
physical processes that drive this environmental evolution will be the focus of this

thesis.

1.2 Understanding “Nurture”:
A Wide Field Survey of Two z ~ 0.5 Clusters

Clusters of galaxies represent the largest laboratories in the universe for testing the
incredibly chaotic physics governing the collapse of baryons into the stars, galaxies,
groups, and diffuse clouds that we see today. Within the cluster environment, there
are a wide variety of physical processes that may be responsible for the evolutionary
trends detailed above—including galaxy mergers, harassment, interactions with the
intracluster medium, or tidal processes (Moore et al. 1999; Fujita 1998; Bekki et al.
2002; Gunn & Gott 1972), which will each be described in §1.2.1 below.

While the action of different physical mechanisms will leave distinct spectral and

dynamical signatures in the affected galaxies, many physical processes occur simulta-
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neously in the central 0.5-1 Mpc of a cluster. In addition, clusters themselves exhibit
a range of assembly states and intracluster gas densities (e.g., Smith et al. 2005b).
As a result of the overlapping regimes of influence and the intrinsic variation among
clusters, it has, so far, been impossible to disentangle the effects of the various pro-
cesses (see Figure 1.2). Further complicating the picture, the relation between the
overall decline in star formation rate and any morphological transformation is un-
clear, and may occur over different timescales (Poggianti et al. 1999; Kodama et al.
2004). But gaining an understanding of the complex interplay between the cluster
gas, the internal properties of assembling galaxies, and the overall cluster dynamical
state is crucial if we are to have a complete picture of the growth and evolution of
galaxies in a hierarchical universe.

Much recent work on environmentally driven galaxy evolution has focused on
intermediate redshift clusters, with redshifts in the range 0.3 < z < 0.8 (e.g., Tran
et al. 2007; Tanaka et al. 2007; Poggianti et al. 2006; Tran et al. 2005; Kodama et
al. 2004; Lubin et al. 2002; Kodama et al. 2001; Balogh et al. 1999; Poggianti et
al. 1999). Clusters in this redshift range are excellent targets for tracing the effect
of environmental processes on galaxies, as they represent the period in time when
the mix of galaxy morphologies and star-formation rates was evolving most rapidly.
Particularly in the moderately dense regions outside the cores of such clusters, the
morphologies of galaxies are transforming rapidly with redshift (Smith et al. 2005a),
and so spectroscopic surveys are likely to catch galaxies in a transitional state, as
they first encounter the cluster environment.

However, few such studies so far have combined spectroscopy that reaches to the
outskirts of the cluster (e.g., Balogh et al. 1999) with detailed morphological informa-
tion that can only be provided by HST imaging at these redshifts. In order to make
progress in disentangling the effects of the various processes, it is essential to combine
spectral diagnostics with morphologies that span the full range of cluster environ-
ments from the outskirts to the core, allowing simultaneous study of morphological
evolution and the decline in star-formation rate.

In this thesis, we aim to take this fundamental next step, combining extensive
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Keck spectroscopy with wide-field HST imaging to perform a detailed case study of
two intermediate redshift galaxy clusters, Cl 0024+1654 (z = 0.395) and MS 0451-03
(z = 0.540). Leveraging a comprehensive multiwavelength data set that spans the
X-ray to infrared, and with spectral line measurements serving as the key to revealing
both the recent star-formation histories and kinematics of infalling galaxies, we aim to
shed light on the environmental processes that could be acting to transform galaxies
in clusters.

By undertaking an in-depth, wide-field comparative study of two prominent clus-
ters, we hope to provide a complement to other observational (e.g., Cooper et al.
2007; Poggianti et al. 2006) and theoretical investigations (e.g., de Lucia et al. 2006)
which trace with a broad brush the evolution in star-formation rate and the buildup
of structure in the universe. As these two clusters have now been observed in more
detail than perhaps any others at these redshifts, we have also endeavored to make as

much of our data as practical available to other investigators through our web site.

1.2.1 Physical Processes

Before presenting a plan for the thesis that outlines our strategy for identifying the
most important processes acting on infalling galaxies, we give a brief overview of the
variety of physical mechanisms that have been proposed to be important in the trans-
formation of star-formation rates and/or morphologies of galaxies as they assemble

onto clusters.

1.2.1.1 Cluster Gas Interactions

Over 90% of the baryonic mass in galaxy clusters is not found within galaxies, but
rather takes the form of a hot diffuse plasma—the intracluster medium (ICM) (White
et al. 1993). Due to temperatures of up to 10 kev (10® K), thermal free—free emission
from the gas is well traced by X-ray observations, and in the unperturbed case the
ICM is in virial equilibrium with the deep potential well of the cluster. Due to its

dominant mass and high thermal energy, the cluster ICM can have a dramatic effect
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on a galaxy newly infalling into the cluster.

In the simplest scenario, a galaxy that is freely infalling at speeds of up to
~1000 km s~! experiences a head wind, or “ram pressure”’, due to the ICM, with
pressure equal to P = pv?, where p is the mass density of the ICM and v is the
relative velocity of the galaxy with respect to the ICM (Gunn & Gott 1972). In
general, this pressure is inversely proportional to radius, r, as both the ICM density
and free-fall velocity increase as a galaxy approaches the cluster center.

If the ram pressure is high enough to overcome the gravitational binding energy
(~2mGEgesXstar), gas that was once bound to the infalling galaxy can be stripped
away, likely leading to a cessation of star formation. While the ICM even in the
most massive clusters is not dense enough to disrupt cold molecular clouds (Boselli
& Gavazzi 2006), both analytical arguments (Fujita 2001) and simulations (Quilis et
al. 2000) show that stripping of the HI disk of a galaxy should be possible, and likely
occurs at least in the cores of most massive galaxy clusters across a range of redshifts.
A mild starburst due to gas compression may or may not precede the stripping (Fujita
1998).

However, other, more subtle interactions between a galaxy and the ICM may also
be acting, and could serve to halt star formation in a galaxy even before ram pressure
becomes important. Two such processes are thermal evaporation of galactic gas by
contact with the hot ICM (Cowie & Songaila 1977), and stripping of gas due to
turbulence in the ICM (Nulsen 1982). Recent calculations show that the effects of
each of these mechanisms are less important than ram pressure in the restricted case
where we consider typical large spirals (>0.1 L,) assembling onto a massive cluster
with velocity dispersion, o 2 500 km s~! (Boselli & Gavazzi 2006).

A final potentially important interaction with the ICM is “starvation” (Larson et
al. 1980; Bekki et al. 2002). Starvation is a process by which the ICM strips away
only the loosely bound halo gas surrounding a disk galaxy. In a normal galaxy, this
loosely bound gas—only recently observed for the first time (Oosterloo et al. 2007,
and references therein)—is thought to slowly accrete onto the galactic disk, acting

as a reservoir of gas to fuel star formation. As proposed by Larson et al. (1980) and
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modeled by Bekki et al. (2002), when this gas is stripped away via starvation, no
new gas accretion occurs, and so star formation decays over the course of ~1 Gyr.
Intriguingly, the simulations of Bekki et al. (2002) also predict a slow conversion of

spiral galaxies to SO after star formation stops.

1.2.1.2 Galaxy—Galaxy Interactions

Before an infalling galaxy ever reaches the core of a cluster where ICM interactions
become important, it may well be altered or transformed by the ever increasing fre-
quency of interactions with other galaxies. The observation that mass and light trace
each other on large to small scales around clusters (Kneib et al. 2003) suggests that
groups of roughly constant mass to light ratio—rather than individual galaxies—are
the fundamental building blocks that coalesce to build up the cluster.

Galaxies within these infalling groups may well undergo “preprocessing” during
initial infall, and being located in a group presents a rich opportunity for a galaxy
to experience mergers or other close interactions with neighbors. It has been shown
that a merger between spirals of unequal mass may result in the creation of an SO
galaxy (Bekki 1998), while major mergers are commonly presumed to result in a giant
elliptical galaxy (e.g., Naab & Burkert 2003). Mergers therefore represent a viable
mechanism for the decline in abundance of spiral galaxies and the corresponding
increase in E+S0s.

In the inner regions of galaxy clusters, mergers are suppressed due to the high
relative speeds of galaxies, which prevent the creation of a gravitationally bound pair
during close encounters. Instead, an infalling cluster galaxy is likely to experience
repeated close encounters at high speed due to the high density of galaxies in the
cluster. This process, called galaxy—galaxy harassment, can lead to dramatic changes
in a galaxy (Mastropietro et al. 2005; Moore et al. 1996, 1999). Moore et al. (1999)
have shown through simulations that the fate of a harassed galaxy depends on its
original mass and central density. Strongly concentrated Sa/Sb-type galaxies were
seen to puff up their disks during infall, and so harassment may represent one way in

which spirals transform into SOs in clusters. On the other hand, lower density Sc/Sd
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spirals are more strongly affected by harassment; Moore et al. (1999) found that they
were either completely disrupted, or else transformed into an object resembling a

dwarf galaxy.

1.2.1.3 Tidal Processes

At the very cores of clusters, tidal interactions between galaxies and between a galaxy
and the cluster potential can be intense. Several authors have suggested that these
tidal interactions can dramatically affect the distribution of any remaining gas in a
galaxy (Fujita 1998), as well as the kinematic structure itself (Natarajan et al. 1998),
particularly in the case of spirals, which are less centrally concentrated than the giant
ellipticals that reside stably in cluster cores. Due to the wide variety of processes
hostile to galactic gas that operate much further from the cluster core, it may be
that the primary role of tidal interactions in the cluster core would be to alter the

morphology of a galaxy whose star formation has already been suppressed.

1.2.2 Disentangling the Effects of the Various Processes

Each of the processes discussed above provides a viable explanation for the observed
decline in star formation and increase in early-type morphology that has been well
traced from z ~ 1 to today. As introduced above, we aim in this thesis to use detailed
case studies of Cl 0024 and MS 0451 to help reveal the most important processes
contributing to environmental evolution in clusters and to identify the regimes within
clusters where the most active transformations are taking place. To accomplish this,
we have chosen two clusters for study whose global characteristics are similar, but
which exhibit key differences in properties that serve to either highlight or suppress
the action of one or more physical mechanisms.

Specifically, Cl 0024 and MS 0451 are similar in having comparable total masses,
Abell richness class (Abell et al. 1989), and strong lensing features, yet they exhibit
X-ray properties that are quite distinct (see Table 1.1). While MS 0451 is one of

the most X-ray luminous clusters known (Donahue et al. 2003), C1 0024 is somewhat
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Table 1.1. Basic properties of the clusters

Name RA DEC RVIR M200 Z LX TX
(°) (°) (Mpc) (Mg) (Lo) (kev)

Cl1 0024 6.65125  17.162778 1.7 8.7x10% @ 0395 7.6x1010 G 3503

MS 0451 73.545417 —3.018611 2.6 1.4x10% @ 0540 53x1011 @ 10.04

Note. — (1) Treu et al. (2003), ®) Kneib et al. (2003), ) Zhang et al. (2005), (¥ Donahue et
al. (2003).

underluminous in the X-ray, with a mass inferred from XMM/Newton observations
that significantly underestimates the mass derived from other methods (Zhang et
al. 2005). MS 0451 has X-ray luminosity seven times larger than Cl 0024, with
a corresponding gas temperature nearly three times as high. This implies a large
difference in the density and radial extent of the intracluster medium (ICM) between
the two clusters. As a result, ICM-related physical processes are naively expected to
be more important in the evolution of currently infalling MS 0451 galaxies than in
Cl 0024.

In addition, as we will discuss in more detail in Chapter 6, there are marked
differences in the levels of substructure between the two clusters, including evidence
that Cl 0024 has recently experienced a merger with a smaller subcluster along the
line of sight (Czoske et al. 2002). These differences in overall assembly state may be
important in the evolution of the galaxy populations.

In the schematic diagram shown in Figure 1.2, we apply simple scaling relations
to estimate the regimes of influence for several key physical processes which could be
acting on infalling galaxies. Following the procedure described in T03 for Cl 0024,

2 with total mass

we construct a simple mass model for each cluster, assuming p oc r~
derived from X-ray measurements (Table 1.1), and allow a galaxy to freely fall from
the outskirts on a radial orbit. Under this model, we estimate the radius at which
ram pressure becomes strong enough to strip a Milky Way-like spiral, the radius at

which tidal truncation of a galaxy is important, and the radii at which harassment and
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Figure 1.2 Schematic diagram indicating the cluster-centric radius over which each of
several listed physical mechanisms may be effective at fully halting star formation or
transforming the visual morphology of a radially infalling galaxy. Each physical mech-
anism listed can act effectively over the radial range indicated by the solid (Cl 0024)
or dashed line (MS 0451). Each regime of influence was calculated according to the
simple models described in T03 for Cl 0024, using the global cluster properties given
in Table 1.1. The virial radius of each cluster is marked with an arrow at the top.

galaxy mergers are possible (see T03). Variation in the physical conditions and orbital
characteristics of galaxies will, of course, matter a great deal, but this simplistic case
yields conservative estimates of the maximal radial range over which each process
could operate within each cluster.

From Figure 1.2, we see that ICM-related processes, such as gas starvation (Larson
et al. 1980; Bekki et al. 2002) and ram-pressure stripping (Gunn & Gott 1972) begin
to affect galaxies at much larger radius in MS 0451. An important caveat, however,
is that the role of difficult-to-observe shocks in the ICM are unknown, and are not
accounted for in Figure 1.2 (but see Chapters 3 and 6). Similarly, the two clusters’
differing masses set the radial regions where galaxy merging will be effective; because

of the ~50% higher mass of MS 0451, typical galaxy relative velocities become too
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fast for mergers to occur at a higher radius than in Cl 0024.

The differing regimes of influence for the physical mechanisms illustrated in Fig-
ure 1.2 provide the key template for our attempt to disentangle the relative importance
of the various processes. By surveying the galaxies of both clusters for signs of recent
transformation or disturbance, across the entire radial range to ~5 Mpc, we hope to
associate the sites and characteristics of galaxies in transition with the likely causes
from Figure 1.2.

An important limitation of Figure 1.2, however, is that it does not take into
account the variations in overall assembly state and level of substructure between each
cluster. The effects of tidal processes and galaxy—galaxy harassment, for example,
should occur in much the same regions across both clusters, according to Figure 1.2,
yet in reality they may very well differ greatly between clusters depending on how
well each is virialized. Therefore, Figure 1.2 can only be used as a guide, and we must
carefully consider throughout this thesis the effects that large-scale cluster assembly

and irregularities may have on galaxies as well.

1.3 Plan of the Thesis

In this section, we outline our plan for leveraging our wide-field surveys of Cl 0024 and
MS 0451 into a better understanding of the physics behind galaxy transformations
in clusters. Before delving into analysis of the various galaxy populations in each
cluster, we first introduce, in Chapter 2, the characteristics of the data set and sample
selection, as well as key reduction and analysis techniques that are common to the
investigations presented in later chapters. We discuss the optical HST mosaics along
with the complementary ground- and space-based imaging from the X-ray to mid-IR.
We also describe our extensive ground-based optical spectroscopy, primarily obtained
with DEIMOS on Keck II. Observations in all bands cover an area extending from
the cluster core to the turn-around radius in the cluster outskirts, >5 Mpc physical
radius. Together, Cl 0024 and MS 0451 have been observed in more depth and in

more wavelength ranges than perhaps any other systems at intermediate redshift.
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1.3.1 Overall Strategy

The core of this thesis, contained in Chapters 3 through 6, has been divided into parts
following a strategy to make maximal use of our HST-based morphologies: we split
our sample of cluster galaxies according to morphological type, characterizing signs
of recent evolution in spirals and early types separately. This approach is similar
to using the color-magnitude relation to divide our sample into “red sequence” and
“blue cloud” galaxies (as a proxy for star-formation rate, e.g., Cooper et al. 2007),
but it provides additional leverage to identify galaxies undergoing evolution. Early-
type galaxies that have either been newly transformed or prodded back into an active
phase, or spiral galaxies where star formation is being suppressed or enhanced, will
all stand out in our sample. At the same time, their morphologies reveal important
information about their formation histories prior to their current transition state,
information that colors alone do not provide. Our strategy also has the benefit of
allowing us to directly investigate the hypothesis that many cluster spirals transform
into SOs between z ~ 0.5 and today (Poggianti et al. 2001) (see Chapter 6).

A detailed understanding of how the cluster environment affects infalling galaxies
requires the use of a control sample, composed of galaxies that are either unperturbed
by the environment or else represent an end state of evolution. Attempting to directly
compare cluster galaxies at z ~ 0.5 to their presumed descendants in nearby clus-
ters presents a challenge due to redshift-dependent biases and selection effects. The
difficulties arise both from the different rest wavelengths we are probing (e.g., mor-
phological identification through redshifted bandpasses, the substitution of [O11] for
Ha as a star-formation indicator), as well as the uncertainty involved in associating
local galaxies with their likely progenitors ~5 Gyrs in the past (so-called progenitor
bias, van Dokkum & Franx 2001), compounded by the vastly differing spatial resolu-
tions of local vs. z ~ 0.5 observations. Such difficulties largely limit us to qualitative
comparisons to local galaxy samples.

As an alternative, throughout this work we quantitatively measure the effects of

environment at z ~ 0.5 through a comparison to galaxies in the field at this same
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redshift. As our field sample is assembled from foreground or background galaxies
identified in the course of our observations of Cl 0024 and MS 0451, they have been
observed in an identical fashion, thus minimizing any biases. By comparing cluster
galaxies to their counterparts in the field, we can pinpoint the locations and strengths
of cluster-related processes by identifying peculiarities in star formation or galaxy
dynamics that occur only in the cluster population and not in the field. Then, armed
with a better understanding of the physics that drives galaxy transformations at
this particular redshift, we can make informed predictions for the processes affecting
galaxies at other redshifts, even though the precise conditions within clusters vary

and evolve with time.

1.3.2 Using E+4SO0s as Sensitive Indicators of Interaction

In Chapter 3, we consider spectral diagnostics of galaxy evolution restricted to E4S0
members of Cl 0024. In the local universe, cluster early-type galaxies are an ex-
tremely homogeneous population in terms of their stellar populations and structural
properties (e.g., Dressler et al. 1987; Djorgovski & Davis 1987; Bower et al. 1992;
Bender, Burstein, & Faber 1992). By studying these galaxies at intermediate redshift
and contrasting their spectral properties with those of their counterparts in the field
and local universe, we are sensitive to even very subtle signatures of recent and cur-
rent environmental interactions. In this sense, we explore early-type galaxies as “test
particles” of recent activity. This study has yielded two key results:

By constructing the Fundamental Plane (FP) of Cl 0024, we observe that elliptical
and SO galaxies exhibit a high scatter in their FP residuals, equivalent to a spread
of 40% in mass to light ratio (M/Ly). The high scatter occurs only among galaxies
in the cluster core, suggesting a turbulent assembly history for cluster early types,
perhaps related to the recent cluster—subcluster merger (Czoske et al. 2002).

Around the virial radius of Cl 0024, we observe a number of compact, intermediate-
mass ellipticals undergoing a burst of star formation or weak AGN activity, indicated

by strong [O 11] emission. Due to their locations within a narrow range in radius, we
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raise the possibility that the observed activity is caused by a rapidly acting physical
process: two candidates are galaxy harassment and shocks in the ICM, though we
return to these objects in Chapter 6 to consider the possibility that mergers are

responsible.

1.3.3 Kinematic Disturbances in Spiral Disks

While E+S0 galaxies do prove to be sensitive indicators of environmental interaction,
it is the spiral galaxies that of course host the bulk of star formation within and around
these clusters. In Chapter 4, we probe for kinematic disturbances in spiral disks by
measuring resolved rotation curves from optical emission lines, and constructing the
Tully-Fisher relation (Tully & Fisher 1977) for spirals across Cl 0024 and MS 0451.
We find that the cluster Tully-Fisher relation exhibits significantly higher scatter
than the field relation, in both V' and K¢ bands. In probing for the origin of this dif-
ference, we find that the central mass densities of star-forming spirals exhibit a sharp
break near the cluster virial radius, with spirals in the cluster outskirts exhibiting
significantly lower densities. We argue that the lower-density spirals in the cluster
outskirts, combined with the high scatter in both Kg- and V-band TF relations,
demonstrate that cluster spirals are kinematically disturbed by their environment,
even as far from the cluster center as twice the virial radius. We propose that such

disturbances may be due to a combination of galaxy merging and harassment.

1.3.4 When Stellar Population and Morphology Tell Con-

flicting Stories

Analysis of just the early types or just the spiral populations of these two clusters
provide valuable clues to the environmental processes that may be acting. However,
the most powerful method of tracking galaxy evolution across Cl 0024 and MS 0451
involves the identification and study of “transition galaxies”—galaxies whose stellar
populations or dynamical states indicate a recent or ongoing change in morphology or

star-formation rate. Such galaxies are often revealed by star-formation histories that
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seem to be at odds with the galaxy morphologies: for example, spiral galaxies with
no signs of star formation, or elliptical galaxies that do show signs of star formation.

In Chapter 5, we identify and study one such class of objects, the “passive spirals”
in Cl 0024. These objects exhibit no emission lines in their spectra, suggesting a lack
of star formation, yet are surprisingly detected in the UV, revealing the presence of
young stars. By modeling the different temporal sensitivities of UV and spectroscopic
data to recent activity, we show that star formation in Cl 0024 passive spirals has
decayed on timescales of less than 1 Gyr, consistent with the action of “gas starvation”
(Bekki et al. 2002). Intriguingly, the fraction of spirals currently observed in the
passive phase is consistent with the longer period expected for the morphological
transformation and the subsequent buildup of cluster SOs observed since z ~ 0.4.

In Chapter 6, we build on and link together our previous indications of galaxy
evolution at work, aiming to piece together a more comprehensive picture of how
cluster galaxies are affected by their environment at intermediate redshift. To ac-
complish this, we document what we believe to be the first direct evidence for the
transformation of spirals into SOs: through an analysis of their stellar populations
and recent star-formation rates, we link the passive spiral galaxies in both clusters to
their eventual end states as newly generated cluster SO galaxies.

Differences between the two clusters in both the timescales and spatial location of
this conversion process allow us to evaluate the relative importance of several proposed
physical mechanisms that could be responsible for the transformation. Combined with
other diagnostics that are sensitive to either ICM-driven galaxy evolution or galaxy—
galaxy interactions—including the residuals from the Fundamental Plane and the
properties of “signpost” compact emission line galaxies—we describe a self-consistent
picture of galaxy evolution in clusters. We find that spiral galaxies within infalling
groups have already begun a slow process of conversion into SOs primarily via gentle
galaxy—galaxy interactions that act to quench star formation. The fates of spirals
upon reaching the core of the cluster depend heavily on the cluster ICM, with rapid
conversion of all remaining spirals into SOs via ram-pressure stripping in clusters where

the ICM is dense. In the presence of a less-dense ICM, the conversion continues at
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a slower pace, with galaxy—galaxy interactions continuing to play a role along with
“starvation” by the ICM.

Using our successful model for the sites and strengths of the various important
physical processes, in Chapter 7 we asses future opportunities for testing our conclu-
sions in several different manners at a variety of redshifts. We also discuss how our
simple picture of evolution in clusters fits in with the popular picture that is emerging
on the role of AGN- or star-formation fueled feedback as a mechanism for halting star

formation and building up the red sequence of galaxies.
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Chapter 2

A Wide-Field Survey of Two Intermediate
Redshift Galaxy Clusters: Characteristics
of the Survey

We describe our comprehensive wide-field survey of two intermediate redshift galaxy
clusters, Cl 0024417 (z = 0.395) and MS 0451-03 (z = 0.540), which forms the
basis of the investigations presented in later chapters. For both clusters, optical HST
mosaics are complemented by ground- and space-based imaging from the X-ray to
mid-IR, as well as extensive ground-based optical spectroscopy, primarily obtained
with DEIMOS on Keck II. Observations in all bands cover an area extending from
the cluster core to the turn-around radius in the cluster outskirts, >5 Mpc physical
radius. Together, Cl 0024 and MS 0451 have been observed in more depth and in
more wavelength ranges than perhaps any other systems at intermediate redshift. We
describe here the characteristics of the data set and sample selection, as well as key
reduction and analysis techniques that are common to the investigations presented
in later chapters. We also present our full spectroscopic catalogs, which we make

available to the community.

2.1 Imaging

The key HST imaging of Cl 0024 and MS 0451 have been introduced and described in
T03 and G. P. Smith et al. (2007, in preparation), respectively. Details of the image

reduction are presented in those works, but we present here the key characteristics



19

of each data set. In Cl 0024, HST coverage consists of a sparsely sampled mosaic
of 39 WFPC2 images taken in the F814W filter (~I band), providing coverage to
a projected radius of >5 Mpc at exposure times of 4-4.4 ks. MS 0451 observations
were taken with the ACS, also in F814W, and provide contiguous coverage within a
10 Mpcx 10 Mpc box centered on the cluster, with single orbit (2 ks) depth over the
field. Both sets of observations are complete to F814W> 25.0. Astrometry for each
frame of each mosaic has been calibrated to match that of the wide-field ground-based
images detailed below. In Figures 2.1 and 2.2, we display each entire HST mosaic
with the locations of confirmed cluster members marked with blue circles.

Cl 0024 and MS 0451 were respectively observed for 15 ks and 80 ks with The
Galazy Evolution Explorer (GALEX) (Martin et al. 2005) in 2004 October (GO-22;
Cycle 1; PI Treu), in both near (NUV) and far ultraviolet (FUV) filters (Martin et al.
2005; Morrissey et al. 2005). As GALEX’s field of view is ~1.2°) the images readily
cover the full HST mosaics. The two exposures reach comparable depths in rest frame
FUV, which is a close match to observed NUV at the redshifts of the clusters. Images
were reduced and sky-subtracted using the standard automated GALFEX reduction
pipeline.

We also use panoramic ground-based K -band imaging of both clusters, and J-
band imaging of Cl 0024, with the WIRC camera (Wilson et al. 2003) on the Hale 200”
Telescope. These data comprise a 3 X 3 mosaic of pointings, spanning a contiguous
area of 26’ x 26’ centered on each cluster. Observations were made in 2004 November
for MS 0451 and 2002 October for Cl 0024. The details of the observations and data
reduction are described by Smith et al. (2005a) and Kneib et al. (2003) for Cl 0024,
and for MS 0451 data were reduced the same way: we used standard IRAF tasks to
dark subtract, linearize, flat field using a local sky median, integer pixel align, and
coadd the individual frames to remove defects and cosmic rays. The total integration
time per pointing was 1.1 ks for Cl 0024 and 2.4-2.7 ks in MS 0451. Point sources in
the final reduced mosaics have a full width half maximum (FWHM) of 0.9” and 1.0”
in Cl 0024 and MS 0451 respectively, and the 30 point source detection thresholds
are J = 21.6 and K, = 19.7 for Cl 0024 and K, = 20.2 for MS 0451. The full mosaics
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Figure 2.1 Mosaic of 39 WFPC2 images of Cl 0024, arranged as they are distributed
on the sky. The locations of all spectroscopically confirmed cluster members are
marked as blue circles. The large black circle indicates the virial radius of the cluster,
1.7 Mpec, corresponding to 5.4 on the sky. Cluster members located outside of the
HST coverage are covered by ground-based imaging, but do not have morphological
typing available.
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Figure 2.2 Mosaic of 41 ACS images of MS0451, arranged contiguously on the sky.
The locations of all spectroscopically confirmed cluster members are marked as blue
circles. The large black circle indicates the virial radius of the cluster, 2.66 Mpc,
corresponding to 7.0’ on the sky. Cluster members located outside of the HST coverage
are covered by ground-based imaging, but do not have morphological typing available.
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for Cl 0024 and MS 0451 are displayed in Figures 2.3 and 2.4, respectively.

The HST and near-infrared data are supplemented with wide-field ground-based
optical imaging. We make use of BVRI-band imaging of Cl 0024 with the 3.6 m
Canada-France-Hawaii Telescope (CFHT) using the CFH12k camera (Cuillandre et
al. 2000), full details of which are available in Czoske et al. (2002) and T03. MS 0451
was observed by Kodama et al. (2005) for the PISCES survey through the BVRI-band
filters using Suprime-Cam on the Subaru 8 m Telescope. Full details of these data are
published by Kodama et al. (2005). The CFH12k data reach 3 o depths of B = 27.8,
V =26.9, R=26.6 and I = 25.9 in ~0.9” seeing, and the Suprime-Cam data reach
3 o depths of B = 28.1, V = 27.0, R = 27.3, I = 25.8 in seeing ranging from 0.6"
to 1”. All near-IR, UV, and HST imaging has astrometry matched to these ground-
based optical image sets. The fields of view of all imaging sets are well matched to
the ground-based data.

X-ray observations of C1 0024 with XMM/Newton (Zhang et al. 2005) and Chandra
(Ota et al. 2004), and MS 0451 with Chandra (Donahue et al. 2003) reveal markedly
different X-ray luminosities and temperatures for these two clusters, as discussed in
Chapter 1. The clusters’ X-ray properties shed light on the physical processes that
may be working to transform galaxies, and will be discussed further in Chapter 6.

However, we do not directly make use of the X-ray images themselves in this work.

2.1.1 Source Extraction and Photometry

Photometry was measured using SExtractor version 2.2.2 (Bertin & Arnouts 1996).
For ground-based imaging, we use SExtractor in two-image mode with source detec-
tion performed on the ground-based /-band images. Source detection on the HST
images was performed independently, and then matched to the ground-based cata-
log. For all imaging, we adopt magnitudes from the MAG_AUTO measurement of
SExtractor.

For GALEX data, galaxy fluxes were measured within 6” circular apertures, cen-

tered on the optical position of each galaxy of interest. The aperture size is chosen
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Figure 2.3 Cl 0024 Kg-band mosaic obtained with WIRC on the Palomar 200” tele-
scope. The cluster core is visible as the overdensity of objects in the central pointing.
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Figure 2.4 MS 0451 Kg-band mosaic obtained with WIRC on the Palomar 200”
telescope. More sources are visible in this mosaic compared to Cl 0024 due to the
increased depth, as more than twice the observing time was required to reach similar
rest-frame luminosity limits in the more distant MS 0451.
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to be comparable to the measured NUV FWHM (5.5”). We apply an aperture cor-
rection to bring the fluxes into agreement with SExtractor-derived total magnitudes
(MAG_AUTO), and for comparison to MAG_AUTO magnitudes in F814W (Bertin & Arnouts
1996).

For most of our analysis, we convert observed magnitudes into rest-frame absolute
magnitudes using k-corrections. We use the kcorrect software v.4_1_2 (Blanton et al.
2003) to estimate the necessary k-corrections; we make use of imaging in all available
bands from NUV to K, modeling each galaxy’s spectral energy distribution and
deriving the best-fit correction on a galaxy by galaxy basis. However, we find that the
derived k-correction is mostly insensitive to the omission of one or several bands. As
the observed and rest-frame bands match well, the required k-corrections are typically
small, and the rms scatter in k-corrections for all spiral or all early-type galaxies is
typically only ~0.1 magnitudes. We assume a Galactic extinction of E(B-V)=0.056
for C1 0024 and 0.033 for MS 0451 (Schlegel et al. 1998), and all absolute magnitudes
in this work will be expressed on the AB system. Observed optical magnitudes are

quoted on the Vega system, but GALEX photometry is AB.

2.1.2 Morphological Classification

For both clusters, reliable morphological classification is possible to rest frame ab-
solute V-band magnitude My = —19.6, corresponding to I = 22.1 in MS 0451 and
I = 21.1 in Cl 0024. Broader classification as early or late type is possible to a
fainter limit, My = —18.0. All galaxies that have spectroscopically confirmed red-
shifts and are brighter than this limit are classified visually following the procedure
described in T03 for Cl 0024. In MS 0451, galaxies were classed by R. S. E., and we
expect that the typing is accurate to the quoted limits based on previous experience
with ACS imaging of similar depth (e.g., Treu et al. 2005b). Morphologies were as-
signed according to the Medium Deep Survey scheme introduced by Abraham et al.
(1996b): T=-2=star, —1=compact, 0=E, 1=E/S0, 2=S0, 3=Sa-+b, 4=S, 5=Sc+d,
6=Irr, 7=Unclass, 8=Merger, 9=Fault. In the following, all galaxies assigned types
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T=0, 1, 2 are together labeled as “early types” or E4+S0s, and all galaxies with T=3,
4,5 are labeled as spirals. An M;, galaxy corresponds to I ~ 19.5 in C1 0024 (Smail et
al. 1997), where M, indicates the absolute magnitude equivalent to the characteristic
luminosity, L,, of the cluster luminosity function. Our sample with fine morphological
distinction reaches to My, + 1.6, and our deeper sample with only broad classification
extends to M7, + 3.0.

In Figure 2.5, we display a montage of example MS 0451 cluster members from
our ACS imaging. The chosen galaxies span all morphological types considered in
this thesis, at each of three luminosities, roughly corresponding to L, galaxies (My =
—21.2), galaxies near the limit for fine morphological typing (My = —19.6), and
fainter galaxies where only distinction between early and late types is reliable (My =
—18.2). Similar examples of morphological typing are available for C1 0024 in T03.

Crucial to our strategy of studying galaxy evolution by analyzing early- and late-
type galaxies separately is understanding our accuracy at distinguishing elliptical
from SO galaxies on the one hand, and spirals from SOs on the other. Either type of
misclassification could bias our results, especially in comparison to samples at higher
or lower redshift, due to the effects of band shifting and surface brightness dimming
on our ability to class galaxies (Smail et al. 1997; Fabricant et al. 2000).

In the following chapters, we take several steps to mitigate any confusion between
classes. These include using the GALFIT software (Peng et al. 2002) to subtract
smooth, fitted galaxy profiles from each galaxy image. We inspect these residuals for
signs of low-contrast spiral arms, in the case of galaxies classed SO, or else unnoticed
disk components in the case of galaxies classed E. More details on these procedures
are detailed in Chapters 3 and 6, but we note that few signs of misclassified galaxies
have been found. We also avoid uncertainties due to misclassification by comparing
our cluster samples, where possible, to similar field samples constructed from the

same data set, but in the background of each cluster field.
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Figure 2.5 Montage of MS 0451 cluster members from ACS imaging. Galaxies
span all morphological types from T = 0 (elliptical) to T = 5 (Sc/d), at each of
three luminosities, as indicated on the figure. Luminosities roughly correspond to
L, galaxies (My = —21.2), galaxies near the limit for fine morphological typing
(My = —19.6), and galaxies where only distinction between early and late types is
reliable (My = —18.2). We note that, in some cases, limitations in the dynamic
range of the figure obscure morphological characteristics that are important in as-
signing types.
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2.2 Spectroscopy

We have used the DEIMOS spectrograph on Keck II to obtain deep spectra of ~1500
galaxies/cluster in the fields of Cl 0024 and MS 0451. In both clusters, we observe
with 1”7 wide slits with lengths much larger than the galaxy size (typically 8" — 12").
For each cluster, spectral setups were chosen to span rest-frame wavelengths from
~3500 A to ~6700 A, covering optical emission lines [O11], [O 1], HB, and, more
rarely, Ho.

Designed to both identify cluster members and acquire high signal to noise spectra
of galaxies in Cl 0024, we began our spectroscopic campaign in 2001 October with
LRIS on Keck I. While some observations were completed that year (see T03), the
bulk of our spectroscopic campaign has been completed in four observing seasons
from 2002 October through 2005 December, all using the DEIMOS spectrograph on
Keck II (Faber et al. 2003).

Cl 0024 targets were selected from the CFHT I-band mosaic, with priority given
to known cluster members with HST morphologies, followed by galaxies in the HST
survey without a known redshift, to I < 22.5. Galaxies without HST images filled
the remainder of each slit mask, with priority given to known members. All targeted
galaxies were brighter than I = 22.5. Masks were designed so as to provide good
coverage across the Cl 0024 field, while also maximizing the number of known-member
spiral galaxies that could be observed with tilted slits (for extracting rotation curves
from extended line emission; see Chapter 4).

We observed CI 0024 with a total of 12 DEIMOS slit masks in 2002 and 2003,
covering the entire field of the HST mosaic. We employed the 900 line/mm grating,
with a central wavelength of 6200A. This setup provides spectral coverage from 4500
to 8000 A, with a pixel scale of approximately 0.12”x 0.44 A, and yielding a spectral

resolution of o ~ 50 km s~ 1.

For most masks, the exposure time was 2.5 hr (5 X
1800s), though four masks were only observed for 2 hr (4 x 1800s). In December 2004,
we observed a single additional mask for 3 hr, 10 m, (5 x 1200 s plus 3 x 1800 s)

with the 600 line/mm grating, providing resolution of ~ 70 km s™'. The central
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wavelength was again 6200A, providing similar spectral coverage. In 2002, conditions
were fairly poor, with thin clouds frequently interrupting observations. Seeing was
approximately 0.7”. In 2003, seeing was good (0.5”"-0.6"), though conditions were
not photometric. And in 2004, conditions were generally good, with seeing varying
between 0.7” and 1.1” across three nights.

We undertook an initial redshift survey of MS 0451 during 2003 October, observing
14 slit masks for one hour each, with the 600 1/mm grating set to central wavelength
7500A. This allowed redshift identification for 1300 objects, including 250 cluster
members. Targets were selected from the /-band Subaru image discussed above, as
the ACS mosaic was not yet available. We first selected objects randomly from the
set with I < 21.5, and then filled in slit mask gaps with fainter objects (I < 23.0).

In 2004, most targeted objects in MS 0451 were selected for deeper follow-up after
already being identified as cluster members in our previous year’s redshift survey.
However we excluded bright cluster members that had already yielded spectra of
sufficient signal to noise in the 1hr integrations of 2003. We observed 3 masks for 4 hr
each, with gaps between high-priority targets filled as before with random objects to
I < 23.0. Observations used a 600 1 mm~' grating set to a central wavelength of
6300A.

In 2005 October, objects in both clusters were observed with the same spectral
setup and integration times as in 2004, with six masks observed per cluster. However,
in 2005 our goal was to follow up on sources detected in both GALEX imaging and
Spitzer MIPS imaging (Geach et al. 2006), and so we filled masks with these sources
preferentially. Targets in these latest observations were not constrained to the same
magnitude limits as previous observations, so some fainter objects were observed, to

I <24.0 in MS 0451 and [ < 23.0 in Cl 0024.
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Figure 2.6 A typical spectrum for a galaxy with luminosity near the median of our
sample. The entire 1D spectrum is plotted at top, with a segment of the 2D spec-
trum displayed below it. We have measured equivalent widths for the spectral lines
indicated (see Chapter 3). Overplotted in red is the best-fit template spectrum used
in measuring the stellar velocity dispersion, discussed further in Chapter 3.

2.2.1 Data Reduction and Redshift Determination

Spectra were reduced using the DEEP2 DEIMOS data pipeline! (Davis et al. 2003).
The pipeline performs bias removal, flat fielding, and cosmic-ray rejection. It then
separates slitlets and performs wavelength calibration and sky subtraction. For wave-
length calibration, the pipeline uses an optical model of the DEIMOS mask to generate
an initial wavelength solution. Arc-lamp frames, consisting of 1 s exposures with Ne,
Ar, Kr, and Xe lamps, are then used to refine the calibration.

From the reduced two-dimensional (2D) spectra, the pipeline extracts one-dimen-
sional (1D) spectra using either a variance-weighted boxcar function, or a variant of
the optimal extraction method described by Horne (1986). We perform our analysis

on spectra extracted via the boxcar method, though the difference using the optimal

1Software available at http://astron.berkeley.edu/~cooper/deep/spec2d
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Figure 2.7 Montage of reduced 2D spectra from DEIMOS, for ten MS 0451 cluster
members. Galaxy spectra are aligned side by side, shifted to a common rest-frame
spectral axis running vertically from ~ 3700A to ~ 4000A. Readily apparent spectral
features are marked to the side. The full spectral range of each DEIMOS observation
is over ten times longer than the portion shown here.
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extraction is minimal. We further correct each spectrum for the instrumental response
function before measuring line strengths, but we do not perform flux calibration.
Figure 2.6 presents a 1D reduced spectrum of a Cl 0024 member galaxy that is near
the median luminosity targeted, along with a portion of the reduced 2D spectrum for
the same object. Figure 2.7 displays a selection of reduced 2D spectra of MS 0451
cluster members, spanning a range of magnitudes to My < —19.6.

For LRIS data, individual slitlets were separated and reduced in a standard man-
ner (see, e.g., Treu et al. 1999, 2001b).

For each reduced spectrum, redshifts were determined by examining the spectra
to identify key absorption and emission lines. We obtained initial redshift guesses via
automated fitting of template stellar spectra to each object spectrum. Each spectrum
was then judged by eye to determine the correct redshift.

Following Czoske et al. (2002), we define a C1 0024 cluster member to be a galaxy
that lies in either of the two prominent redshift peaks in the cluster distribution,
as illustrated in Figure 2.8. This encompasses a redshift range from z = 0.374 to
z = 0.402. In MS 0451, we define cluster membership to include all galaxies in the
range 0.52 < z < 0.56; as can be seen in Figure 2.8, the galaxy counts fall to a
minimum at approximately these two limits. In total, we have obtained spectra of
over 300 member galaxies per cluster, to My = —18.0 (I = 22.7 in Cl 0024 and
I = 23.6 in MS 0451), boosting the total known cluster members to 504 in Cl 0024
and 319 in MS 0451. We have also obtained spectra for over 2500 field objects, with
700 having redshifts similar to the clusters (0.3 < z < 0.65), suitable for use as a
comparison sample to the cluster members (see Chapter 4).

As in T03, we combine our new spectroscopy with data from previous surveys
(Czoske et al. 2001; Dressler et al. 1999) to compile a comprehensive redshift catalog
for objects in the fields of Cl 0024 and MS 0451. In Tables 2.1 and 2.2, we present a
sample of our full redshift catalogs for Cl 0024 and MS 0451, respectively. The two
catalogs contain redshifts for 1632 (Cl 0024) and 1562 (MS 0451) objects. The full

catalogs are made available in electronic form on our web site,? including positions

Zhttp://www.astro.caltech.edu/~smm/clusters/
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Figure 2.8 Distribution of redshifts for both Cl 0024 (top) and MS0451 (bottom),
including all galaxies with spectroscopically confirmed redshifts from our observations
as well as previously published redshifts. In Cl 0024, we identify 508 cluster members,
defined to lie in the range 0.373 < z < 0.402. In MS 0451, we count 319 cluster
members in the range 0.52 < z < 0.56.
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Table 2.1. Cl 0024+17 redshift catalog

«Q ) Zbest Quality® Source®  (z) 0z N,

O
6.845741 17.133789 0.3940 0 2 0.3940 0.0000 1
6.837580 16.997200 0.3966 1 1 0.3964 0.0004 2
6.827622 17.378466 0.3792 0 2 0.3792 0.0000 1
6.821529 17.200779 0.3758 0 2 0.3758 0.0000 1
6.812725 17.213043 0.3813 0 2 0.3813 0.0000 1
6.801040 17.199699 0.3955 1 5 0.3955 0.0001 2
6.765210 17.191099 0.3955 1 5 0.3956 0.0002 3
6.759056 17.073933 0.3790 0 2 0.3790 0.0000 1
6.744001 17.070641 0.3940 0 2 0.3940 0.0000 1
6.737525 17.066620 0.1870 2 3 0.1870 0.0000 1

2Quality codes: 0 = Quality unspecified by source, 1 = Secure, 2 =

Probable, 3 = Uncertain

PSource codes: 1 = Czoske et al. (2001), 2 = Frazier Owen (private com-

munication), 3 = Hale/COSMIC, 4 = Keck/LRIS, 5 = Keck/DEIMOS

Note.

— The complete version of this table

is available at
http://www.astro.caltech.edu/~smm/clusters/ or via Moran et al. (2005).
Explanation of columns: 2z, Quality, and Source refer to the most reliable
redshift for each object. If a redshift is available from more than one source,
then (z) gives the mean redshift from all sources, dz is the rms difference

between them, and NV, is the number of redshifts included in the mean.
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Table 2.2. MS 0451-03 redshift catalog
Qo ) z Source?
o0

73.321434 -3.022260 0.6670 1

73.328568 —3.033381 0.3704 1

73.325325 —-3.024078 0.3000 1

73.334717 -3.043395 0.1281 1

73.331795 -3.002323 0.5391 1

73.344551 -3.028507 0.7254 1

73.346550 —-3.024269 0.3707 1

73.339874 -3.009066 1.1598 1

73.337769 -3.004604 0.3882 1

73.343781 -3.007794 0.9951 1

2Source codes: 1 = Keck/DEIMOS, 2 =
Ellingson et al. (1998)

Note.
sion

of this

The
table

18

complete
available

ver-
at

http://www.astro.caltech.edu/~smm/clusters/

matched with photometric measurements, HST morphologies, and redshifts.

2.2.2 Completeness

We define the redshift completeness of each catalog, as a function of magnitude or
cluster radius, as the number of objects with identified redshifts divided by the total
number of objects in the imaging catalog (see T03). As the Cl 0024 HST mosaic
does not provide full coverage across the field of that cluster, we can define two
completeness measures: redshift completeness for galaxies that fall within the HST
coverage (and hence have morphologies available), and completeness across the entire
field delineated by the ground-based coverage.

In Figure 2.9, we plot both completeness measures for Cl 0024, as well as com-



36

pleteness for MS 0451, as a function of absolute magnitude at the cluster redshift,
My,. The corresponding observed F814W magnitudes are given in the axis at the top
and bottom of the plot. Overall completeness in both clusters is ~25% to a limiting
magnitude My, = —19.6, roughly 1.5 magnitudes below M,, and the approximate
point where completeness begins to fall rapidly. Brighter than this limit, our samples
are representative of the clusters as a whole: if we divide the completeness histogram
into early- and late-type galaxies, the two subsamples do not differ substantially.
However, in the range —19.6 < My < —18.0, we are biased toward detection of emis-
sion line cluster galaxies over absorption line galaxies, and completeness is lower in
MS 0451 than C1 0024. In the following chapters, we will focus our analysis on cluster
members with My < —19.6, except where specified otherwise.

Within the HST coverage of Cl 0024, completeness is much higher to this same
My = —19.6 limit, ~75%. Likewise, if we confine ourselves to within 3 Mpc radius
of each cluster center, completeness also jumps, to 40% and 60% for MS 0451 and
Cl 0024, respectively. Both of these figures indicate that we have identified a sub-
stantial fraction of the total population of bright cluster galaxies within the virialized
regions of these clusters. Hence, our analysis in later chapters should yield a reliable
and representative picture of the spectral properties and dynamical states of cluster

galaxies.

In this thesis, our goals are to combine our HS7T imaging, used for morphological
classification and photometry, with high signal /noise Keck spectroscopy to probe star-
formation rates, star-formation histories, and galaxy kinematics through the various
methods described in later chapters. Supplementary imaging in various bands is used
to characterize galaxy spectral energy distributions for k-correction of photometry,
and to provide further valuable constraints on the recent star-formation histories of
cluster galaxies. Together, HST imaging and Keck spectroscopy will prove to be a

powerful combination for uncovering galaxy evolution at work.
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Figure 2.9 Redshift completeness of the Cl 0024 and MS 0451 spectroscopic samples,
as a function of absolute magnitude My (middle axis), with the corresponding ob-
served F814W for each cluster indicated on the top and bottom axes. Completeness
is defined as the number of objects with a spectroscopically confirmed redshift in a
magnitude bin (XV,), divided by the total number of objects at that magnitude (V).
In the top panel, the dashed line indicates the completeness for just those areas cov-
ered by the sparsely sampled HST mosaic of Cl 0024, while the solid line indicates
completeness for the full area covered by the ground-based imaging. In MS 0451, the
HST mosaic has full spatial coverage, so the overall completeness is shown. Dotted
vertical line indicates My = —19.6; below this limit, completeness falls off, and we

are biased towards emission line galaxies. In Cl 0024, the brightest cluster galaxy
(BCG) has magnitude My = —23.5, and in MS 0451 the BCG is at My = —23.8.
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Chapter 3

Signatures of Environmental Interaction
in Cl 0024 Early-Type Galaxies!

In this work, we analyze the properties of early-type (E+S0) members of Cl 0024 as
a function of environment, using them as sensitive tracers of the various physical pro-
cesses that may be responsible for galaxy evolution. By constructing the Fundamental
Plane of Cl 0024, we infer an evolution in the mean mass to light ratio of early types
with respect to z = 0 of A < log(M/Ly) >= —0.14 £ 0.02. In the cluster center, we
detect a significantly increased scatter in the relationship compared to that seen in
local clusters. Moreover, we observe a clear radial trend in the mass to light ratios of
individual early types, with the oldest galaxies located in the cluster core. Galaxies
are apparently younger at larger radius, with E+S0s in the periphery having M/ Ly
ratios that nearly match values seen in the field at a similar redshift. The strong
radial trend is seen even when the sample is restricted to a narrow range in galaxy
mass. Independent spectral indicators used in combination reveal an abrupt inter-
action with the cluster environment which occurs near the virial radius of Cl 0024,
revealed by small bursts of star formation in a population of dim early types, as well
as by enhanced Balmer absorption for a set of larger E4-S0s closer to the cluster core.
We construct a simple infall model used to compare the timescales and strengths
of the observed interactions in this cluster. We examine the possibility that bursts
of star formation are triggered when galaxies suffer shocks as they encounter the

intracluster medium, or by the onset of galaxy harassment.

Much of this chapter has been previously published as Moran et al. (2005).
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3.1 Introduction

Environmental processes have clearly played a significant role in shaping the mor-
phological evolution of galaxies. Butcher & Oemler (1978) first noted the increased
fraction of actively star-forming galaxies in cluster cores at redshifts of z ~0.4, and
subsequent studies clarified direct evolution in the relationship between morphologi-
cal fractions and local density (Dressler et al. 1997). Recent work has extended these
measures to galaxy samples in lower density environments and at higher redshifts
(Treu et al. 2003; Smith et al. 2005a; Postman et al. 2005), delineating a picture
where the fraction of early-type (hereafter elliptical and SO, E4+S0) galaxies to some
rest-frame luminosity limit grows with time, and at a rate that seems to depend
sensitively on the local density.

What processes govern this apparent transformation of star-forming disk and ir-
regular galaxies into the abundant elliptical and SO population seen in present-day
clusters? As discussed in Chapter 1, galaxy clusters provide excellent laboratories to
study these environmental effects, particularly at intermediate redshifts (where the
relevant processes were perhaps most active) and over the full range of cluster radii,
from the well-mixed cluster core to the outermost regions where field galaxies are
falling into the cluster for the first time.

Much of course has been learned from detailed spectroscopy of galaxies in in-
termediate redshift clusters (e.g., Dressler & Gunn 1983; Couch & Sharples 1987;
Poggianti et al. 1999, and references therein). However, previous studies of this type
have either focused on the cluster core, where morphologies are available or relied on
spectral types or colors to trace the effects of environment out to the cluster periphery
(Abraham et al. 1996b; Kodama et al. 2001). With a larger sample of morphologies
and high-quality spectra over the full range of local densities in Cl 0024, we aim to
provide a more complete picture of the environmental processes involved and their
range of application.

Spectroscopy of cluster members at various stages of infall can provide a key to

the dominant environmental processes. As discussed in Chapter 1, different physical
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mechanisms will produce recognizable spectral and dynamical signatures in the af-
fected galaxies. While several independent processes can operate simultaneously in
the central 0.5—-1 Mpc, these can be separated by contrasting differences over a wider
dynamic range in radius and local density.

In this chapter, we consider spectral diagnostics of galaxy evolution in Cl 0024 clus-
ter members classified as early type (E+S0) in our morphological catalog (Chapter 2;
T03). In the local universe, cluster early-type galaxies are an extremely homoge-
neous population in terms of their stellar populations and structural properties (e.g.,
Dressler et al. 1987; Djorgovski & Davis 1987; Bower et al. 1992; Bender, Burstein,
& Faber 1992). Nevertheless, the evolution of the morphology density relation indi-
cates that a substantial fraction was accreted or transformed at intermediate redshift.
Indeed, several of the proposed environmental mechanisms are thought to have trans-
formed spirals into SOs (Dressler et al. 1997; Fasano et al. 2000; Smith et al. 2005a;
Postman et al. 2005).

By studying these galaxies at intermediate redshifts and contrasting their spectral
properties with those of their counterparts in the field and local universe, we expect
to be sensitive to signatures of past and current environmental activity. In this sense,
we will explore early-type galaxies as “test particles” of recent activity. Building on
the conclusions herein, later chapters will address the properties of spiral galaxies
in Cl 0024 and MS 0451 and discuss the galaxy population as a whole, taking into
account morphological evolution (see, e.g., the discussion of progenitor bias in van
Dokkum & Franx 2001).

The signal/noise of our early-type spectra was designed to be adequate to measure
reliable stellar velocity dispersions for each galaxy, enabling us to construct the Funda-
mental Plane and, in particular, its possible variation with location. This emerges as
a powerful probe of variations in the M /Ly ratios and hence the luminosity-weighted
ages of the stellar populations. Precise measures of various line diagnostics permit us
to independently probe the star-formation histories over well-understood timescales.
In combination, both methods allow us to examine the relative importance of the

environment and to constrain the physical mechanisms responsible.
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A key issue is the relationship between trends found in Cl 0024 at various radii
and those found in the field at approximately the same cosmic epoch. To facilitate
such a comparison we make use of the recent comprehensive study of 163 field E+S0s
undertaken by Treu et al. (2005a,b) in the northern GOODS field.

A plan of the chapter follows. We briefly recap the key observational data for
this work in §3.2. In §3.3 we discuss our measurements of the stellar velocity dis-
persions, the fits to the surface photometry, the various spectral line indices, as well
as an improved estimate of the local environmental densities. In §3.4 we present our
results focusing first on the Fundamental Plane and the implications of the scatter
and various trends seen as a function of luminosity and location, and correlations
between the Balmer absorption and metal line strengths with the velocity dispersion.
We also analyze both radial trends and those seen in the residuals from our global
cluster and field relations. In §3.5, we develop an integrated picture which combines
these independent methods and discuss this in light the results of other studies. For
consistency with T03, in this chapter we have adopted the cosmology used in T03
(Hy =65.0 km s71, Q,, = 0.3, Q) = 0.7).

3.2 Observations

We base our current investigation on the comprehensive spectroscopic and imaging
survey of Cl 0024 described in Chapter 2. In this work, we analyze data for 104
E+S0 galaxies identified as members of Cl 0024, of which 71 have particularly high-
quality spectra (generally defined in this work to be those for which reliable stellar
velocity dispersions were measured). Twelve of these E+S0s (6 high quality) come
from the LRIS observations discussed in Chapter 2 and T03, with the remainder
from DEIMOS. Broken down by specific morphological type, our sample includes 34
galaxies classified as E, 50 as S0, and 20 as E/S0. Of the galaxies with high-quality
spectra available, 27 are E, 38 S0, and 10 E/SO0.

The high-resolution HST imaging of Cl 0024 described in Chapter 2 is a crucial

complement to the spectroscopic study, both for the purpose of selecting a sample
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of E4S0 galaxies, and to allow us to analyze the surface photometry of the selected
galaxies. To summarize, the HST survey consists of a sparsely-sampled mosaic of
39 WFPC2 images taken in the F814W filter (~I band), providing good coverage
of the cluster field out to radius of >5 Mpc (~14"). TO03 reported morphological
classifications down to I = 22.5. Classifications to a limiting magnitude of I = 21.1
(My = —19.5) were found to be very reliable, in that several authors, working inde-
pendently, agreed upon the morphology for most objects. This included differentia-
tion between the subtypes E, E/S0, and SO. While ellipticals and SOs were grouped
together in TO03, it is useful in this work to detect any differences between the pop-
ulations of Es and SOs: if spirals are actively transforming into SOs at z ~ 0.4, we
might expect to detect differences in the stellar populations of the two groups.

Although face-on SOs are notoriously hard to distinguish from ellipticals, espe-
cially at high redshift where SO disks may be too dim to detect (Smail et al. 1997;
Fabricant et al. 2000), we can partially avoid this difficulty by focusing on the bright-
est early-type galaxies where all but the faintest disks should be detectable. In this
chapter, therefore, we will report distinctions between E, E/S0, and SO galaxies for
a brighter subset of this sample, to I = 21.1. We additionally employ a technique to
further distinguish between E and SO by examining the residual signals found after

subtraction of an axisymmetric de Vaucouleurs profile (§3.3 and §3.4).

3.3 Analysis

The powerful combination of HST imaging and high-quality DEIMOS spectroscopy
enables us to combine measures of the kinematic and photometric structure of clus-
ter early types with detailed spectral information that reveals the underlying stellar
population. Locally, early-type galaxies show several tight correlations between kine-
matic, photometric, and spectral properties, such as the Fundamental Plane (FP)
(Djorgovski & Davis 1987), the Mg—o relation (Bender, Burstein, & Faber 1993), and
the Balmer—o relation (Kuntschner 2000; Kelson et al. 2001). Examining these rela-

tions at z ~ 0.4 not only gives insight into the redshift evolution of cluster early types,
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but, by examining the residuals from these relations as a function of cluster environ-
ment, we can uncover subtle trends in the mass to light ratios (M /Ly ), metallicities,
and star-formation histories of these galaxies.

Of course, it is important first to clearly define meaningful measures of the cluster
environment of a galaxy. Following T03, we measure radius as the distance from the
center of the cluster’s X-ray emission. Our results would be negligibly affected if we
instead adopted the center of mass of the system determined by Kneib et al. (2003), as
the two positions are separated by less than 5” (<30 kpc). In order to more reliably
study variations in galaxy properties as a function of local density, we recalculate
the local densities presented in T03, now making use of our extensive spectroscopic
catalog, supplemented by the photometric redshift catalog of Smith et al. (2005a).

Stellar velocity dispersions serve as a tracer of galaxy mass, and allow us to quan-
tify how stellar populations vary with a galaxy’s size (and, by extension, the formation
history of the galaxy.) The redshift evolution of early-type galaxies can be constrained
by comparing the tight o correlations observed locally to what is observed at higher
redshift. We can also use velocity dispersions to determine if trends in stellar popu-
lations are more tightly correlated with environment or with galaxy mass.

With the addition of surface photometry from the HST images, we can derive
the parameters of the fundamental plane (FP) in Cl 0024: effective radius R., mean
surface brightness (uy), and central velocity dispersion oy (Djorgovski & Davis 1987;
Dressler et al. 1987). The residuals from the FP reveal variations in the mass to
light ratios of galaxies; from this, we can trace how the luminosity-weighted ages of
early types vary across the cluster environment. We can also measure the evolution
of M /Ly with redshift, and examine whether the amount of this evolution depends
on galaxy mass and/or cluster environment.

We also wish to directly examine environmental trends in spectral line strengths, as
these can reveal trends in current star formation (via [O11], [O111], or HS emission),
recently completed star formation (via Hy and H§ absorption line strengths), or
metallicity (via Mgy, Mg® or the composite index [MgFe]').

Below, we discuss the methods we follow to accurately measure each of the quanti-
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ties necessary for our analysis: local density, velocity dispersion, surface photometry,

and spectral line indices.

3.3.1 Local Density Measurements

Local density measurements in T03 relied on a statistical field subtraction, following
the methods of previous work (e.g., Whitmore et al. 1993; Dressler et al. 1997). While
adequate, we can improve on these measurements by making use of our large spectro-
scopic catalog (§2.2), supplemented by the extensive catalog of photometric redshifts
from Smith et al. (2005a). These catalogs allow us to eliminate most foreground
and background galaxies, and calculate local densities based only on the positions
of confirmed or possible cluster members. A standard method of measuring local
density, first introduced by Dressler (1980), involves calculating the area enclosed
by the ten nearest neighbors of a galaxy (to My ~ —20, following Dressler et al.
(1997)). In order to obtain local density measurements for our entire sample of 104
galaxies (I < 22.5), we modify the method to include all fainter galaxies to I = 22.5
(My ~ —18) in the tally of nearest neighbors. Our method is as follows:

Each object with I < 22.5 is given a weight between zero and one, according to the
procedure outlined below. Then, for each object, we calculate the total area enclosed
by a set of neighboring galaxies whose cumulative weight equals about 10. (Fractional
weights are common, so the total weight rarely equals exactly 10.) The local density
is then calculated by dividing the total weight by the area in Mpc?. Compared to the
method used in T03, this should give a value of 3y that is a better reflection of the
true density of galaxies in the cluster, minimizing errors due to chance superpositions
of background galaxies or groups.

As we wish to include only cluster members in the calculations of local density, we
assign weights to galaxies based on how confident we are that it is a cluster member.
If a spectroscopic redshift is available from the combined catalog, then the object’s
weight equals one if it is a cluster member (0.374 < z < 0.402), and zero otherwise.

For objects with no spectroscopic redshift, we check for a photometric redshift in
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the catalog of Smith et al. (2005a). While the cluster is clearly evident in the redshift
distribution of galaxies in the Smith et al. (2005a) catalog, the limited accuracy of
photometric redshifts means that the cluster galaxies are smeared across the redshift
range Zphot = 0.39 £ 0.09 We give all galaxies within this range a weight of 1, even
though some non-cluster members will be mistakenly included. From an analysis of
galaxies with both spectroscopic and photometric redshifts available, we find that
approximately 85% of cluster members have photometric redshifts in the adopted
range, and about one-third of all galaxies with photometric redshifts in this range
will actually lie outside of the cluster. This will lead us to slightly overestimate the
total number of cluster members, and, by extension, local densities. But the effect is
minimal given the large fraction of spectroscopic redshifts. We also explored a more
elaborate weighting scheme based on the joint probability that a given galaxy will
be a member according to its photometric redshift and projected radius. The rms
variation in Yo between the this and our simple scheme is about 12%—less than
other sources of uncertainty and therefore not worthy of adopting.

The photometric redshift catalog is J-limited at J < 21.5, so there are some
objects with I < 22.5 that have neither a spectroscopic nor photometric redshift
available. For these, we assign weights according to the radial dependence of the
probability that a random galaxy will be a cluster member. For example, based on
the combined spectroscopic redshift catalog, the probability is 81% that an unknown
galaxy within 0.75 Mpc of the cluster core is a cluster member; such a galaxy is
assigned a weight of 0.81. We calculate and assign similar probabilities for galaxies
in several different radial bins out to 5 Mpc. Since we only consider galaxies within
the magnitude range 17.75 < [ < 22.5, the probabilities we have adopted do not
vary strongly with magnitude, and so we do not further subdivide our probability
estimates into different bins for different ranges of galaxy magnitude.

In order to properly compare densities calculated with our method to those used
in T03, we also calculate 31y using objects brighter than I = 21.1. A tight correlation
is seen between the two estimates which agree to within 20%; we also reproduce the

overdensities at ~1 Mpc and ~3 Mpc given in T03. Similarly, we can compare the
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density of background objects predicted by our method to the field number counts
of, e.g., Abraham et al. (1996a) and Postman et al. (1998). We calculate background
count densities of log(N)/deg® = 4.45+0.05 (to I = 22.5) and 3.90+0.07 (to I = 21.1).
Our predicted counts agree with both Abraham et al. (1996a) and Postman et al.
(1998), within the uncertainties, for both magnitude limits. As an additional check
on the uncertainty in ¥;y measured to our deeper limit (I = 22.5), we calculated a
density (X5) for a total weight of 5. The rms variation between X5 and X4 is about
25%. Conservatively, we adopt this as the uncertainty in ;9. 319 for each object,

along with other basic properties, are listed in Table 3.2.

3.3.2 Stellar Velocity Dispersions

We are able to measure velocity dispersions only for our brighter sample of early-type
members (I < 21.1), as our spectra of fainter galaxies do not have sufficiently high
signal to noise. In order to determine velocity dispersions, we fit to a grid of stellar
templates degraded to the instrumental resolution and smoothed to various velocity
dispersions (van der Marel 1994). A high-quality spectrum for an object near our
magnitude limit is displayed in Chapter 2 as Figure 2.6, with the best-fitting template
spectrum overplotted.

To determine the signal/noise limit at which our velocity dispersion measures
become unreliable, we performed a series of Montecarlo simulations. We construct
fake galaxy spectra from stellar templates smoothed to the resolution and pixel scale of
DEIMOS (for the 900 line/mm grating), truncated to an identical length of ~2600A,
convolved with a Gaussian of various widths to simulate different velocity dispersions,
and degraded to a variety of signal to noise ratios. We then attempt to recover the
velocity dispersion of the fake galaxy by running the same code as above.

We find that the approximate mean S/N where systematic errors in o reach ~10%
corresponds to S/N =7 —8 (A_l, observer’s frame). Below this level, velocity dis-
persion measures rapidly become inaccurate. In our high-quality sample, we include

galaxies with S/N near this limit, though most have S/N > 10. However, we place



47
a somewhat stricter limit (S/N > 8) on the spectra observed with LRIS and the
DEIMOS 600 lines/mm grating which have slightly worse spectral resolution. Only
10 high-quality spectra have S/N < 10, so our results are fairly insensitive to these
choices. Table 3.3 lists all galaxies with high-quality spectra, along with their velocity
dispersions, formal errors, and the mean signal/noise of the spectrum.

The typical uncertainty in our velocity dispersion measurements is +10%. These
errors are dominated by differences in ¢ that depend on the template spectrum used,
though systematic errors rise to become equally important as we approach the signal
to noise limit. Of the early types where we measured velocity dispersions, there were
three galaxies in common with an earlier study of Cl 0024 by van Dokkum & Franx
(1996); the velocity dispersions quoted in van Dokkum & Franx (1996) match ours
in all three cases, with < do /o >= —0.02 £ 0.13. Treu et al. (2005b) derived stellar
velocity dispersions from DEIMOS spectra using a similar method to our own. They
pursued several tests to determine the accuracy of their dispersions, and found an
rms uncertainty of ~ 12%, in agreement with our own uncertainty estimates. For
more discussion of such accuracy tests, see Treu et al. (2005b).

For each galaxy, we apply a correction to match the central velocity dispersion
measured through a 3”4 aperture at the distance of Coma, following the prescrip-
tion of Jgrgensen, Franx, & Kjeergaard (1995a). This choice of aperture size for the
correction is somewhat arbitrary, but is a common choice for studies of early-type
galaxies at low to intermediate redshift (e.g., Kelson et al. 2000b; Wuyts et al. 2004)
because it facilitates comparison to local measurements of the Fundamental Plane
(e.g., Jorgensen, Franx, & Kjeergaard 1996). The magnitude of this correction de-
pends on the physical scale over which the 1D spectrum was extracted, which varies
from object to object. The average correction applied is 6.6% =+ 0.4%. Corrected

velocity dispersions are denoted by oy, and are listed in Table 3.3.

3.3.3 Surface Photometry

GALFIT (Peng et al. 2002) was used to derive effective radii and surface bright-
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nesses for all galaxies with measured velocity dispersions. For each galaxy, we extract
postage stamps approximately 200 pixels on a side (~10"). We then use GALFIT
to fit against a model de Vaucouleurs (r'/4) profile. Following other authors, e.g.,
Jorgensen, Franx, & Kjeergaard (1995b), we fit all E+S0s to the same profile shape,
even though some may be better described by a lower Sérsic index, or a de Vau-
couleurs plus exponential function. (See Peng et al. (2002) for a definition of the
Sérsic function, a more general form of the de Vaucouleurs function.)

GALFIT minimizes the x? residuals between the galaxy image and a 2D galaxy
model that it constructs. The free parameters in this model profile include R., total
magnitude, axis ratio, galaxy position angle, the position of the galaxy center, and
the sky level. Sky levels were set according to the header of each WFPC2 image, but
were allowed to vary within a small range to ensure that GALFIT converges to the
correct fit.

Model galaxies are convolved with a PSF before fitting; we use a star observed
on the same WFPC2 chip, with approximately the same exposure time. We tested
with a number of different stars, and found that the specific choice of PSF star did
not significantly affect the derived photometric parameters.

When fitting a galaxy to a de Vaucouleurs profile, the best-fit parameters are
particularly sensitive to extra flux far from the galaxy’s center (Peng et al. 2002), since
the function declines relatively slowly beyond R.. Neighboring or overlapping galaxies
thus contribute light that must be either masked or removed by fitting multiple galaxy
profiles. To best remove this extra light, we simultaneously fit a Sérsic profile to each
bright neighbor within the postage-stamp image. The Sérsic function is the best
choice for such a fit because its form is general enough to successfully model a wide
range of galaxy types; according to Peng et al. (2002) this ensures that the galaxy’s
flux is subtracted uniformly.

The magnitude of the best-fit model galaxy returned by GALFIT is measured in
the observed F814W filter. At z ~ 0.4, this is a close match to rest-frame V, but we
must still apply a small k-color correction to derive the mean surface brightness in

rest frame V. (uy) is defined as:
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(b)) = Isuaw + 2.5log (27 R7) + Amy — A — 101log (1 + 2)

= I814W +5 log (Re) +1.29 £ 0.04

where A; = 1.95F(B — V') (Schlegel et al. 1998) corrects for galactic extinction, the
redshift term accounts for cosmological dimming, and Amy,; is the k-color correction.
In the second line of the above equation, we insert our adopted values: Amy; =
0.85 £ 0.03, adopted from calculations by Treu et al. (2001a), A; = 0.11 £ 0.01 from
Schlegel et al. (1998), and z ~ 0.395. Note that this value of Amy is in agreement
with our own k-correction estimates from the multi-band photometry described in
Chapter 2.

Since we only measure surface photometry for our brighter sample of galaxies
(I < 21.1), formal statistical errors in the measured parameters are very small: less
than 0705 in R., and 0.05 in magnitude. We estimate that systematic errors are
double these values, and adopt (/1 and 0.1 mag as typical errors in R, and magnitude,
respectively. There may be additional uncertainty in R, and py related to the choice
of a de Vaucouleurs profile over other structural forms, but previous work (Fritz et al.
2005; Kelson et al. 2000a; Saglia et al. 1993) has shown that the combination of R,
and py that enters into the Fundamental Plane (see §3.4) is largely insensitive to the
galaxy profile adopted. Figure 3.1 shows three example fits, for galaxies classified as
E, E/S0, and S0. For each galaxy, we display the original galaxy image, the best-fit
model image, and the residuals. As might be expected, the residuals are smaller for
the fit to the elliptical galaxy; the residuals for the SO galaxy clearly show a disk
component that is not well fit by a de Vaucouleurs profile.

We observed two clear edge-on SOs which had to be removed from our sample of
high-quality spectra, due to the uncertainty in trying to fit a de Vaucouleurs profile
to such an edge-on disk. We also removed two galaxies with bad fits, defined as where

the SExtractor magnitude from the HST image and GALFIT model magnitude differ
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Figure 3.1 Example surface photometry fits, for galaxies classified as E, E/S0, and SO.
Top row is the galaxy image. Middle row shows the GALFIT model image. Bottom
row shows the residuals of the image fit to model.

by more than 0.75—the two magnitudes for most galaxies in our sample match to
much better than 0.75 magnitudes. None of these four galaxies are included in the
previously defined sample of 71 high-quality early types, though they are included in
the larger sample of 104 galaxies. The photometric parameters for the high-quality
galaxies are listed in Table 3.3.

As a check on our measurements, we compared our R, and (uy) for three galaxies
that also were studied in the work by van Dokkum & Franx (1996). (This is not the
same set of three we used to compare velocity dispersions in §3.3.2: for one galaxy
where each group has measured surface photometry, we have not measured o. And
for one galaxy where we have both measured o, we do not have an HST image for

surface photometry.) In each case, our surface photometry matches theirs, within the
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adopted errors on our measurements. We exclude one additional galaxy that we have
in common with van Dokkum & Franx (1996), as it exhibits a disturbed morphology

(the triple nucleus galaxy discussed in their paper).

3.3.4 Line-Strength Measures

We measure the strengths of several diagnostic spectral lines for the entire sample
of early-type galaxies (to I < 22.5). In order to best probe the stellar population of
each galaxy, we select a set of indices that are sensitive to a range of star-formation
histories and metallicities. Emission lines, such as [O11], [O111], and sometimes Hf
indicate ongoing star formation (or possibly nuclear activity). Balmer absorption
lines, such as Hy and H are sensitive to recently completed star formation; these
lines are strongest in A-stars, which contribute prominently to a galaxy’s integrated
starlight within the first Gyr after a burst of star formation. We also measure several
metallicity indicators, such as Mgy, Mg®, Fe5270, Fe5335, and the composite index
[MgFe|’, which is defined as:

[MgFe]' = \/ Mg (0.72 * Fe5270 + 0.28 * Fe5335)

In the local universe, [MgFe|" seems to be insensitive to variations in a-element abun-
dance (Thomas et al. 2003), making it a valuable tracer of total metallicity.

Where possible, we adopt the Lick index definitions to measure the strength of each
spectral line (Worthey et al. 1994). In the Lick system, the equivalent width of a line
is measured by defining a wavelength range to either side of a main index bandpass.
The mean level of each sideband is determined, and a straight line is fit, defining
the “pseudocontinuum” across the index bandpass. The equivalent width of the line
within the index bandpass is then measured with respect to the pseudocontinuum
level. The Lick system does not include an index for [O11], so we adopt the one
defined by Fisher et al. (1998). In Figure 2.6 (Chapter 2), we have plotted an example

spectrum with the wavelength ranges of several indices and their sidebands marked.
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For clarity, the results in §3.4 will concentrate primarily on three representative sets
of measurements: [O11], (Hys+Hd,), and [MgFe]'.

Table 3.3 lists the strengths of several key spectral lines for all 104 galaxies in our
sample. These raw indices are suitable for examining environmental trends within
our own data set, but in order to make a proper comparison to other published
data or theoretical models, we must carefully correct for any systematic differences
between each set of measurements. In particular, index strengths are known to vary
with the spectral resolution of the data. While we attempt to compare our data
only to measurements made at high spectral resolution, to take full advantage of the
high resolution available with DEIMOS, in some cases we are forced to degrade the
resolution of our spectra to match that of the comparison data or model.

In §3.4 and §3.5, we will compare some of our results to the stellar population
models of Bruzual & Charlot (2003), which include full synthetic spectra at a res-
olution of 3A; this is the closest match available to the intrinsic resolution of our
DEIMOS spectra (~1A). We will also examine the Balmer—o relation in comparison
to data measured at 10A resolution (Kelson et al. 2001), the approximate resolu-
tion of the original Lick system (Worthey et al. 1994). Therefore, we convolved our
DEIMOS spectra with Gaussians to produce degraded spectra at both 3A and 10A
resolutions. We then remeasured the relevant spectral line indices. While not included
in Table 3.3, spectral index measurements from our degraded DEIMOS spectra are
available from the authors by request.

To compare our Balmer—o relation to previous work by Kelson et al. (2001) on the
redshift evolution of this correlation, we apply an aperture correction to our Hj 4 and
H~v, line strengths; we adopt their estimate that the quantity (Hds + Hrya) varies

with aperture as:

A (HS4+ Hry,a) = 1.78 £ 0.16A log (D)

and correct to an aperture of 1723 at z = 0.33. This is a very small correction to our
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data, which was measured through a similar aperture size at slightly higher redshift.

For any fixed-width absorption line index, Doppler broadening of lines will cause
measured equivalent widths to be underestimated: as velocity dispersion increases,
more of the line’s flux falls outside of the index bandpass. We can correct for this
effect by modeling how each index varies with o, with the help of the Bruzual &
Charlot (2003) population synthesis models. We select several of their theoretical
spectra at 3A resolution and zero velocity dispersion, and broaden them to a series
of different velocity dispersions. At each o, we measure the line indices we wish
to correct: [MgFe|’, His, and Hys. We then fit a quadratic function in o to the
resulting set of measurements. We find that the o correction depends on the initial
resolution of the spectrum, so we also degrade the Bruzual & Charlot (2003) spectra
to 10A resolution, and repeat the procedure to determine the proper correction for
our low-resolution measures of Ho4 and Hwy 4.

Since we are not able to measure velocity dispersions for our full sample of 104
galaxies, corrected indices only appear in plots that are limited to the 71 bright
galaxies where we have accurate measurements of o. All plots that demonstrate
trends in the full sample of 104 E+S0Os are shown with uncorrected indices only.
However, not applying a o correction in these cases produces only a small error: less
than 40.8A in (H64+Hy,). Emission lines like [0 11] do not vary regularly with o, as
the source of emission is generally not spread evenly across a galaxy.

In order to compare observed spectral line strengths to the predictions of Bruzual
& Charlot models with various star-formation histories, we need to calibrate our ob-
served [O11] equivalent widths to specific star-formation rates (Mg /My yr—t). We
make such a calibration using the deep Ha imaging of Cl 0024 by Kodama et al.
(2004, and private communication). First, equivalent widths from the two catalogs
are cross-correlated: our [O11] widths closely track those in He, approximately repro-
ducing the locally observed trend (Kennicutt 1992). For each Ha detection, Kodama
also provide an estimated star-formation rate, which we convert to a specific star-
formation rate by dividing by an estimated mass for each member. For galaxies with

velocity dispersions available, we calculate a galaxy’s dynamical mass according to
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M = 50*Rg/G. To estimate a stellar mass for a galaxy with no available velocity
dispersion, we first determine the typical M/Lg for a local galaxy of this luminos-
ity from Gerhard et al. (2001), and correct M/Lg to M /Ly by subtracting a factor
equal to log(M/Ly) — log(M/Lg) = —0.06, estimated from the typical colors of
nearby early-type galaxies. We then correct for redshift evolution in M /Ly (based
on our Fundamental Plane results below), and multiply by the observed luminosity

of the galaxy:

log(M) ~log(M/Ly)+ < Alog(M/Ly) > +log(Ly)

For galaxies with velocity dispersions, masses estimated in this way are consistent
with the calculated dynamical masses (Alog(M/My) = £0.3). We then fit a straight
line to measured [O11] versus specific star-formation rate (Mg /Mgy yr—1), to yield a
conversion relationship between the two.

In order to visualize overall trends in the spectral properties of cluster early types,
we also produce a series of coadded spectra for each radial zone. Each spectrum is
normalized, shifted to the rest frame, and then coadded. Bad pixels and sky lines are
given zero weight in the addition. This method provides a snapshot of what the aver-
age spectrum of each ensemble of galaxies looks like. While weighting by luminosity
would better represent the integrated stellar population of each ensemble, in practice,
the coadded spectrum is dominated by the brightest galaxy in each group. We must
be careful, however, in interpreting differences between the coadded normalized spec-
tra for each radial zone: each coadded spectrum will reflect an ensemble of galaxies
with a different average size and magnitude. Therefore, it is difficult to separate ra-
dial trends in the spectra from trends with magnitude or size. These coadded spectra
will be discussed below in conjunction with the environmental trends in the spectral

indices of individual galaxies.
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3.4 Results

3.4.1 Cluster: Empirical Scaling Laws

Before we examine environmental trends in galaxy properties, we present the overall
Fundamental Plane, [MgFe|'~c relation and the Balmer-o relation for the cluster
sample with high-quality spectra, and discuss how each has evolved between z ~ 0.4

and the present epoch.

3.4.1.1 The Fundamental Plane

Previous studies have traced a mild shift in the intercept of the cluster FP with
redshift (Fritz et al. 2005; Wuyts et al. 2004; Kelson et al. 2000b). This seems to be
consistent with passive luminosity evolution of stellar populations with a high redshift
of formation (Wuyts et al. 2004), though biases due to morphological evolution are
difficult to quantify. However, most earlier studies have concentrated on measuring
the evolution of the FP from data taken in intermediate or high redshift cluster cores.
With our broader spatial coverage, we can uncover any significant difference in the
mean M /Ly of early types as a function of radius. Our sample also extends to fainter
magnitudes than previous studies at z ~ 0.4, allowing us to probe M/Ly for smaller
early types that perhaps formed later than the most massive cluster ellipticals.
Figure 3.2 presents the FP of C1 0024 compared to that of the Coma cluster, adopt-
ing the parameters determined locally by Lucey et al. (1991): a = 1.23, § = 0.328,

and v = —8.71, where the fundamental plane is defined as

log(R.) = alog(o,) + B (uv) +

If we assume for the moment that o and 3 remain fixed with redshift—i.e., that E4+S0s
evolve passively—then we can relate the offset in the intercept v between Cl 0024 and

Coma to the change in the mean mass to light ratio of cluster early types since z = 0.4:
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Figure 3.2 FP of Cl 0024, compared to Coma cluster (solid line). Symbols represent
different morphologies, as indicated. Dotted lines correspond to the expected shift in
FP zero point from Coma to z ~ 0.4, for SSP models with z; = 2.0, 3.0, 6.0.

(Alog (M/Lv)) = (Av) / (2.50)

We find that the average offset from the Coma FP implies a change in the M /Ly ratio
between z = 0.4 and z = 0.02 of (Alog (M/Ly)) = —0.14 + 0.02, excluding galaxies
with velocity dispersions below 100 km s™!. (Including those galaxies, the zero point
shift rises to (Alog (M/Ly)) = —0.18 = 0.03) This is a smaller evolution than found
in the field at z ~ 0.3 — 0.5 by Treu et al. (2005b), (Alog (M/Ly)) = —0.23 £ 0.05,
though it is in agreement with the offset determined by Kelson et al. (2000b) for
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a cluster at z = 0.33 ((Alog (M/Ly)) = —0.17 £ 0.03). Overplotted in Figure 3.2
are dotted lines representing the expected evolution of the FP zero point from the
Coma cluster back to z = 0.4. These are based on the passive evolution of Single
Stellar Population (SSP) galaxy models, with a redshift of formation, zy, of 2, 3, or
6 (Bruzual & Charlot 2003). The observed FP in Cl 0024 is consistent with z; > 3
for most cluster early types.

Open squares in Figure 3.2 indicate points from van Dokkum & Franx (1996),
who also measured the FP in Cl 0024. The two sets of data fall on the same
plane, and our inferred (Alog (M/Ly)) is consistent with their work: they calculated
(Alog (M/Ly)) = —0.12 = 0.03 Our much-larger sample should allow for greater
precision in calculation of the FP zero point, yet the two measurements yield similar
uncertainties in (Alog (M/Ly)). This is due to the surprisingly high scatter that we
uncover in the Cl 0024 FP, which was not apparent in the earlier sample of 9 galaxies
in van Dokkum & Franx (1996).

Importantly, we find the intrinsic scatter in the FP of Cl 0024 is 40% in M/ Ly,
significantly higher than the ~20% found locally (e.g., Jorgensen, Franx, & Kjeergaard
1996), and also higher than the ~13% scatter in the FP of Cl 1358462 at z = 0.33
(Kelson et al. 2000b). While we probe the FP for a larger range of galaxy masses
than Kelson et al. (2000b), we see a higher scatter even in the more massive galaxies
that are comparable to those in their study. Interestingly, this increased scatter is due
almost entirely to an enhanced scatter in M /Ly for galaxies within the inner 1 Mpc
of the cluster, a region that has been well studied in other clusters in this redshift
range (Bender et al. 1998; Kelson et al. 2000b; Ziegler et al. 2001). To verify this
increased scatter is a true physical effect, we examined the possibility that errors in
our surface photometry are higher in the more crowded cluster core, but found that
galaxies with nearby neighbors cannot account for the high scatter. We also checked
for errors in our velocity dispersion measurements: when removing five early-type
spectra (0 > 100 km s™') with S/N < 10 from our high-quality sample, we find no
significant change in our FP zero point or scatter.

A similarly large scatter was found by Wuyts et al. (2004) for the cluster MS
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Table 3.1. (Alog (M/Ly)) for several subsets of our data
E E/S0 S0 All All+vDF
All o:
N: 24 10 35 69 77
(Alog (M/Ly)): —0.18+0.05 —-0.23+0.08 —-0.144+0.03 —0.18+0.03 —0.18+0.02
+1o: 0.23 0.26 0.20 0.20 0.19
o > 100kms~1:
N: 21 8 33 62 70
(Alog (M/Ly)): —0.14+0.03 —-0.14+0.06 —-0.144+0.03 —0.14+0.02 —0.14+0.02
+lo: 0.15 0.17 0.18 0.16 0.16
R < 1Mpc, o > 100kms—!:
N: 10 6 15 31 39
(Alog (M/Ly)): —0.09+0.06 —0.10+0.06 —0.06+0.06 —0.07+0.03 —0.09+0.03
+1o: 0.18 0.16 0.22 0.20 0.19
Note. — The first three columns present the mean evolution in M /Ly broken down by mor-

phological type, both with and without galaxies of o < 100 km s~!, and for the whole cluster
sample or just galaxies with projected radius R < 1 Mpc. Column four includes all our E+S0s,
but excludes two disturbed-morphology galaxies with outlying values of Alog(M/Ly). In the
fifth column, we add our data to the eight galaxies from van Dokkum & Franx (1996) that do not
overlap with our own. Values for +1o are logarithmic, representing the scatter in Alog (M/Ly).

2053-04 at z = 0.58 (~ 42%), so this may be an effect seen only in some fraction of
intermediate redshift clusters. At even higher redshift, Holden et al. (2005) finds a
large scatter in M/Lp for massive early types at < z >= 1.25. We will defer further
discussion of this effect to §3.4.2, where we discuss radial trends.

Recent results indicate that the parameters of the FP at intermediate redshift may
differ from the local values (e.g., Treu et al. 2005a,b, Wuyts et al. 2004; van der Wel
et al. 2005). We investigated using the method of Jgrgensen, Franx, & Kjeergaard
(1996) to derive an independent fit for the parameters of the FP from our sample,
including Montecarlo simulations to account for bias in our magnitude-limited sample,
but found no conclusive evidence for a change in FP parameters from the local values.

1

Nevertheless, the group of galaxies with ¢ < 100 km s™" in Figure 3.2, located

at the lower left of the plot, seem to deviate significantly from the FP. As most

calculations of the FP parameters specifically exclude galaxies with o < 100 km s~!
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(e.g., Jorgensen, Franx, & Kjergaard 1996; Lucey et al. 1991), including our own, it
is not surprising that such galaxies in our sample deviate from the FP. Yet there is
also evidence that, in the local universe, these small ellipticals and dwarf ellipticals
may behave differently as a population than larger E4+S0s (e.g., Burstein et al. 1984).
Our data suggest that this population split may have existed already at z ~ 0.4.

When dividing our sample into three subclasses (E, S0, and E/S0), we find no
evidence of significant variation between the populations, either in scatter or intercept.
Table 3.1 lists values of (Alog (M/Ly)) and the scatter about the mean for several

L'in particular,

different subsamples of our data. For galaxies with o > 100 km s~
there appears to be no variation at all between E, E/S0, and SO morphological types.
This lack of variation is in disagreement with recent results by Fritz et al. (2005), who
marginally detect a difference between ellipticals and SOs in two clusters at z ~ 0.2,
equivalent to a difference in 6 (log (M/Ly)) of approximately —0.16 £+ 0.11 (with SOs
being the younger/more luminous population). On the other hand, Kelson et al.
(2001) find no such distinction between ellipticals and SOs at z = 0.33. Our sample is
larger than either of these other studies, and so we place stronger constraints on the
possible M /Ly variations between Es and SOs at z ~ 0.4. As discussed in Chapter 2,
we attempted to improve our E:SO classification by examining residuals from our
surface photometry fits as a means of locating faint disks or bars (see Figure 3.1). Two
coauthors (R. S. E. and T. T.) independently examined the residuals and, although

the revised classes agreed fairly closely, no significant FP differences between ellipticals

and SOs were found.

3.4.1.2 [MgFe|'-=0c and Balmer—o Relations

While the FP helps to connect the dynamic and photometric structure of an early-
type galaxy to the overall mass to light ratio of its stellar population, we can seek
an improved picture of a galaxy’s stellar population by also examining correlations
between spectral line strengths and o. Local early-type galaxies exhibit a tight corre-
lation between the Mg, line index and o, for example (e.g., Kuntschner et al. 2001).

The narrower M ¢® index is centered over the same spectral feature, and, at least lo-
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cally, behaves in the same way as Mg, (Burstein et al. 1984). Similarly, correlations
are observed between ¢ and the strengths of several Balmer lines: H3, Hvy, and Hd
(Kelson et al. 2001; Kuntschner et al. 2001).

Our current set of high-quality spectra of early types in Cl 0024 provides a large
sample of galaxies at z ~ 0.4 where diagnostic spectral lines can be measured with
some accuracy for the first time. We measure M¢®, Mg, and the composite index
[MgFe|" to make a broad comparison between the metallicity features of early types
at intermediate redshift and those seen locally.

We also measure Balmer line strengths, which are commonly used to judge the age
of early-type galaxies (Worthey & Ottaviani 1997). However, low levels of recent star
formation can make an early-type galaxy’s stellar population appear much younger
than the true average age of its stars. For the first 1 Gyr after a starburst, the
strong Balmer absorption present in the spectra of A stars can be prominent in the
integrated galaxy spectrum. The HB index is a particularly age-sensitive indicator,
but is affected by contamination from emission. While Ha can be used to correct Hf
for small amounts of emission, this line falls outside of the range of our spectra, so
we choose to study the Ho and H+y lines instead, which are relatively unaffected by
emission. Measuring Ho and H~ in CI 0024 can thus allow us to probe both galaxy
age and episodes of recent star formation, if the two effects can be separated.

Early attempts to trace the evolution of these relations with redshift have produced
a variety of results. Kelson et al. (2001) reported a correlation between (Hé+H~) and
o for several clusters between redshifts of 0.08 and 0.83. The slope they measure for
Cl 1358462 at z = 0.33 is consistent with their data at all other redshifts, though
they are unable to measure slope for each cluster individually. They plot the zero
point evolution of this relation, and find that the change in mean Balmer absorption
strength from z = 0.83 to the present epoch is consistent with passive evolution
models of early types, and constrain z; > 2.4. Likewise, Barr et al. (2005) study a
poor cluster at z = 0.28 and find that the zero point evolution of the (Hé+H~v)-o
relation, when compared to Kelson et al. (2001), is only marginally inconsistent with

passive evolution.
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Figure 3.3 Top: [MgFe]'~o at resolution of 3A. The solid line is the best least-squares
fit to our data, excluding the outlier points at o > 300 km s™!. Bottom: (Hy+Hd)-o
at resolution of ~ 10A, compared to Kelson et al. (2001), at same spectral resolution.
Indices are corrected to match the aperture used by Kelson et al. The solid line
represents the best-fit relation from Kelson et al. (2001). The dashed line is the line
of best fit to our data. The scatter is large, so our best-fit relation is highly uncertain.
In both panels, velocity dispersions are aperture corrected to a 3”4 diameter aperture
at the distance of the Coma cluster.

Conversely, the evolution of the metallicity correlations has proven more com-
plicated. The question of using spectral line strengths to uniquely determine ages,
metallicities, and a-element enhancement ratios for elliptical galaxies is not yet solved
even for local galaxies, as made clear by the excellent study of the problem by Tantalo
& Chiosi (2004). Further, our data likely fall short of the S/N needed to determine
these galaxy properties reliably (Trager et al. 1998). It is therefore beyond the scope
of this thesis to examine how the various Mg—o, [MgFe|'~o and Balmer—o relations
evolve with redshift.

However, we note that correlations with velocity dispersion do exist as far back
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as z ~ 0.4, regardless of the origin of such a relation. Secondly, large deviations from
these relations may indicate a recent episode of star formation in that galaxy. It will
be useful then to look later at the residuals from the [MgFe|” and Balmer—o relations,
as a function of cluster environment.

We can minimize uncertainties due to variations in abundance ratio by focusing
on the [MgFe]’ index, which should provide a reliable estimate of the total metallicity
of a galaxy (Thomas et al. 2003). Figure 3.3 presents the correlation between [MgFe|
and 0. The bulk of galaxies measured fall along the solid best-fit line plotted, though
the scatter is high. The high scatter could be due to the large error bars on each
measurement. However, there are a significant number of outliers with anomalously
low [MgFe]” that seem not to be due to measurement errors. These outliers correlate
with other properties of the each galaxy’s stellar population, and will be discussed
further in §3.5.

Figure 3.3 presents (Ho+Hr) vs. o for C1 0024. The two quantities correlate in the
sense that the largest, highest o galaxies exhibit the weakest Balmer absorption. This
is as expected if the stellar populations are oldest in the largest elliptical galaxies.
Overplotted in Figure 3.3 is the best-fit relation from Kelson et al. (2001), where we
adopt their slope and interpolate between their points at z = 0.33 and z = 0.58 to
determine the zero point at z = 0.39. Our data are consistent with their findings,
though again our scatter is quite large. We also overplot our best fit relation as a
dotted line, though the high scatter makes this relation highly uncertain.

In fact, just as we saw with the FP of Cl 0024, we see a scatter that is much larger
than that observed in Cl 1358462 at similar redshift. Both the FP and (Ho+H~)-o
relation are reported to be much tighter for Cl 1358462 than for Cl 0024 (Kelson et
al. 2001, 2000b). On the other hand, Barr et al. (2005) also find an increased scatter
in the (Hé+H~)-o relation at z = 0.28, though they do not measure the FP. As with
the FP and metallicity—o relation in Cl 0024, some of the enhanced scatter we observe
in Balmer line strengths is a direct signature of environmental evolution, and will be

discussed below.
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3.4.2 Radial Trends

We now turn to discuss environmental trends present in the early-type population
of Cl 0024. For the brighter sample of galaxies with high-quality spectra, we can
analyze the residuals from the empirical scaling laws presented in §3.4.1, and look
for variations with local density, cluster radius, or galaxy luminosity. For the full
sample of galaxies to I = 22.5 we additionally examine the environmental variations
in several key spectral lines.

In the analysis of Cl 0024 HST imaging by T03, it was noted that local density
was the primary measure of environment outside of the cluster core, suggesting that
infalling groups are the logical unit out of which clusters are built. Looking at the de-
tailed spectral properties of early types now, it would be useful to determine whether
spectral properties depend more closely on local density, as the morphological mix
seems to, or on radius. Because we are only tracing a much smaller population of
104 galaxies of a single morphological class, we are unable to make such a distinction
reliably. We will, however, present plots of spectral features as a function of both R
and X19. Because projected radius R is more easily measured than o, we will focus
our discussion on radial trends. Anticipating the results, we note that the observed

trends with R and ¥, are qualitatively similar.

3.4.2.1 Fundamental Plane

The high scatter about the FP of Cl 0024, discussed in §3.4.1 above, leads us to
examine Alog(M/Ly) on a galaxy by galaxy basis. For an individual early type
(labeled by subscript i), the evolution in M /Ly with respect to the prediction of the

local FP is related to its offset from the local intercept + according to:

Ay' =log R, — alogo’ — Buy —~

and

M\’ Ayt
Alog (E) T 253
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In Figure 3.4, we plot Alog (M/Ly ) as a function of projected radius and local density.
Both plots show a trend toward increased scatter near the cluster core, at small radius
and high densities.

In the radial plot, the open triangles overplotted represent the mean A log (M/Ly)
for galaxies within each of the three radial zones delimited by dotted lines: cluster core
(R < 1 Mpc), transition region (1 < R < 2.4 Mpc), and periphery (R > 2.4 Mpc).
These three zones were introduced in TO03, and represent regimes where different
physical mechanisms may be effective in transforming galaxies. We see a clear trend
of increasingly negative Alog (M /Ly ) as we move outward, indicating that galaxies
are more luminous for their mass, and hence appear younger, at larger distances from
the cluster center.

Galaxies marked with a filled triangle in Figure 3.4 have o < 100 km s~!. These,
along with two disturbed-morphology galaxies marked with filled circles, are not
included in the calculation of the means for each radial zone. The low-o galaxies are
likely biased toward low M/Ly, due to the selection effect where only the brightest
of the small, compact cluster members are within our limiting magnitude.

The solid diamond plotted within 1 Mpc on Figure 3.4 is the mean Alog(M/Ly)
found by van Dokkum & Franx (1996); it is clear now why our mean value of
Alog(M/Ly) is slightly larger than theirs: the additional contribution from lower
M/ Ly galaxies in the transition region and periphery boost the mean luminosity
evolution we calculate. It is interesting also to note that our new wide-field data
bridge the gap between the mass to light ratios typical of cluster cores and those
found in the field at this redshift. The other solid diamond plotted in Figure 3.4,
labeled “Field”, is from Treu et al. (2005b), who measured the FP of field galaxies at
intermediate redshift. Similar values for the field are reported by Treu et al. (2001a)
and van der Wel et al. (2005). While some studies of the field FP at intermediate red-
shift have reported a slower redshift evolution (e.g., Ziegler et al. 2005; van Dokkum
& Franx 2001; Rusin et al. 2003), van der Wel et al. (2005) have shown that most of

the discrepancy between studies of field early types can be attributed to differences
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Figure 3.4 Change in M/Ly ratio for galaxies in Cl 0024, with respect to (M/Ly)
for Coma. Plotted with respect to radius, top, and local density, bottom. Asterisks
represent individual galaxies, with a typical error bar shown on a point near the lower
left of each plot. For the upper plot, open triangles represent averages for the three
radial zones indicated. Large error bars reflect the rms scatter, and small bars are the
error on the mean. Filled diamonds are points from van Dokkum & Franx (1996) and
Treu et al. (2005b) for cluster core and field, respectively. Dotted lines at 1 Mpc and
2.4 Mpc delimit the three radial zones discussed in the text; corresponding dotted
lines in the local density plot represent the mean values of ¥y at 1 Mpc and 2.4 Mpc,

respectively.
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in analysis methods and selection criteria. Since the reported variations are small
on the scale of Figure 3.4 (less than £0.1 in log(M/Ly)), we can be confident that
(M/Ly) does actually vary with environment at intermediate redshift. This gradient
in (M/Ly) across the cluster appears to directly reflect the difference in formation
history between galaxies in high and low density environments.

Within the cluster core, the scatter in Alog(M /Ly ) is highest, as noted above in
§3.4.1. We caution that projection effects could contribute to the apparent scatter
near the cluster center, especially if there is a strong gradient in M /Ly with 3D
radius, . However, for any sensible distribution, we would expect that the number
of true core members is higher than those at large radii projected onto the core.
As we see approximately equal numbers of galaxies both above and below the mean
Alog (M/Ly) in the core, we conclude that projection effects cannot account for
the increased scatter. This is confirmed by Kolmogorov—Smirnov tests that compare
various simulated distributions of galaxies to our observed distribution.

Similarly, we find no evidence that the high- or low-M/Ly early types in the
core are part of an infalling group; Alog(M/Ly) appears uncorrelated with the
velocities or spatial distribution. It has been hypothesized that Cl 0024 is currently
undergoing a face-on merger with a large group, as indicated by the double-peaked
redshift distribution first reported by Czoske et al. (2002), and replicated in the
redshift distribution of Figure 2.8. However, none of the galaxies on our FP lie in
the secondary “Peak B”. While the high scatter may still be related to the subcluster
merger, whatever mechanism affects the mass to light ratios of early types in the
cluster core is not apparent in any other measurements.

Although the observed scatter seems at variance with the notion that massive
cluster ellipticals are uniformly old and quiescent, if we use the Bruzual & Charlot
(2003) SSP models to predict the passive evolution of these galaxies to z = 0, the
resulting scatter will match that observed locally. Furthermore, the scatter in the
field FP reported by Treu et al. (2005b) in this redshift range is larger than in the
core of Cl 0024, as expected if the range in ages and star-formation histories is greater

in the field than in the cluster environment.
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There may be two separate populations of E4-S0s in the core, then: older galaxies
that formed earliest and which have M/Ly already similar to that of local E4+S0s,
and galaxies with a lower M /Ly which have more recently fallen into the cluster
core. While there is no obvious separation between these two groups in Figure 3.4,
we do notice a residual correlation between Alog(M /Ly ) and o, in the sense that the
most massive, highest-o cluster galaxies also have the highest mass to light ratios,
indicating the oldest stellar populations. This is not a surprising correlation, but it
does confirm that the high M /Ly galaxies are typically the oldest and largest found in
the cluster. It is also in agreement with a more general trend identified by Treu et al.
(2005a), who found that less massive galaxies exhibit a younger luminosity-weighted
age than do the most massive ones.

It is important to note, however, that the radial trend observed in Alog (M/Ly) is
not due solely to this “downsizing” relation between galaxy mass and M /Ly . There is
still a radial gradient in M /Ly, even when we further restrict our sample to a narrow
range of galaxy masses.? For example, if we limit our sample to the mass range
10.9 < log(M /M) < 11.4, we observe a significant difference in M /Ly between the
cluster periphery and core: ¢ < log(M/Ly) >= 0.1340.07. Using field galaxies from
the Treu et al. (2005b) sample within this same mass range (and in the redshift range
0.3 < z < 0.5), we find an offset between the Cl 0024 cluster core and the field equal
to 0 < log(M/Ly) >= 0.09+0.06. The lower mass limit was chosen because galaxies
above log(M /M) = 10.9 are negligibly biased due to the luminosity limit of both
surveys. The upper mass limit is chosen so that we include only galaxies that are well
represented across the entire cluster, excluding the high-mass galaxies found only in
the core.

It makes sense to search for morphological differences between the old and young
E+S0Os in the cluster core. The existence of the morphology—density relation in
Cl 0024 (T03) leads us to consider whether the younger, low M/Ly galaxies are

preferentially SOs that have recently been created or transformed from spirals. How-

2We calculate a galaxy’s dynamical mass, in solar units, according to M = 502R./G, which is
equal to M = 116202 R,, with R, in pc and ¢ in km s~1.
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ever, when we divide our sample into groups that lie above and below the mean
M/ Ly in the cluster core, we see no evidence for morphological segregation. (But see
Chapter 6 for further investigation of this issue.)

In their gravitational lensing analysis of Cl 0024, Kneib et al. (2003) estimated the
global mass to light ratio of the cluster as a function of radius, by combining a mass
map based on their weak lensing analysis with Kg-band observations which trace the
stellar mass. They concluded that the overall M/L of the cluster is remarkably flat,
at least within 2 Mpc of the cluster core. (Their result was the same whether they
measured total light via K or rest-frame V observations.) At first glance, the radial
gradient in M /Ly seen in Figure 3.4 may appear to contradict the results of Kneib
et al. (2003). However, the cluster M /L ratio measured in their work is much more
strongly dominated by dark matter than the early-type galazy M /Ly discussed here,
and so variations in mass to light ratios of individual galaxies can be consistent with

an overall cluster M /Ly that is constant.

3.4.2.2 Line Strengths

In the next two subsections, we will consider environmental trends in several differ-
ent indicators of star formation and metallicity, in both our high-quality sample of
galaxies and the full sample to I = 22.5. It is important to gauge the effect of any
recent star formation on the overall M/Ly of these galaxies, to ensure that we can
correctly attribute differences in M /Ly to differences in mean galaxy age, rather than
the effects of relatively recent and small star-forming events. We also wish to trace
the star formation itself, as any significant star formation in early-type galaxies can
act as a signpost to the different physical mechanisms that could be at work.

We focus on two key indicators of star formation, the [O11] emission line, and
the combination (Ho+H~), which respectively measure ongoing star formation, and
recently completed star formation, as discussed in §3.3. Figure 3.5 plots the equivalent
widths of these two diagnostic indices as a function of radius and local density. Solid
symbols indicate galaxies with I < 21.1; we note that some of these brighter galaxies

do not have measured velocity dispersions, and so were not included in the high-
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Figure 3.5 His+Hv4 and [O1] EWs for all E+S0 members as function of radius
(top) and local density (bottom). Negative values represent emission in [O11], but
can be considered weak absorption for the Balmer lines, due to an effect where the
continuum flux in the index sidebands falls completely below the flux in the index
bandpass. In the upper plot, dotted lines delineate the core, transition region, and
periphery. Dotted lines in the lower plot mark the mean values of the local density
at these same radii. Open symbols: 21.1 < [ < 22.5. Filled symbols: I < 21.1.
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quality sample discussed in previous sections. Open symbols are galaxies in the
magnitude range 21.1 < I < 22.5. As we saw with the FP, we note that the strengths
of these indices vary in a similar way with both local density and projected radius.

Examining individual measurements of EW([O 11]), we find a population of galaxies
with strong emission, which are concentrated in a narrow range in radius, close to
the virial radius at 1.7 Mpc. The spectra of these galaxies are dominated by emission
lines, including [O 111] and several Balmer lines (see Figure 3.7). These emission line
galaxies are preferentially dim; as denoted by the unfilled pentagons in Figure 3.5,
most are in the magnitude range 21.1 < I < 22.5. Most previous studies have not
been sensitive to early-type cluster galaxies at these luminosities and in this radius
range, though a recent survey of a cluster at z = 0.83 by Homeier et al. (2005) has
uncovered a similar population of dim emission-line E+S0s, discussed in more detail
in §3.5.

What could be the nature of these emission line galaxies clustered in radius? While
we leave most of the discussion of this question to §3.5, we can quickly address some
of the possibilities. Figure 3.6 shows postage-stamp images of each of these active
galaxies. The top row contains the three emission line galaxies with I < 21.1; one
of these may be interacting with a neighbor, though the redshift of the neighboring
galaxy is not known. None of the others seem to be undergoing major mergers, so
merger-induced star formation is an unlikely cause of the emission (but see Chapter 6).
One other bright [O 11]-emitter could possibly be a misclassified spiral. We looked at
the residuals from surface photometry fits for the rest of these galaxies, but found no
other indication of spiral arms. Seven of these ten galaxies are also detected by the
Ha imaging survey of Kodama et al. (2004), and two of the three nondetections have
redshifts that would likely place the Ha line outside the bandwidth of the narrow-band
filter employed by Kodama et al.

Line ratio tests meant to distinguish between star formation and AGN activity are
inconclusive for these galaxies. XMM-Newton observations are available which cover
a field including most of these emission line early types: none are associated with an

X-ray point source (Zhang et al. 2005), even though the XMM-Newton observations
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are deep enough to detect any clear-cut AGN with Lx > 10% erg s~

Therefore,
while we cannot rule out AGN activity for these galaxies, none are definitively AGN.
An interesting hypothesis that we will explore in §3.5 is that these galaxies have suf-
fered harassment or disturbances from their interaction with the intracluster medium
(ICM).

In addition to the emission line galaxies, we see a higher mean EW([O11]) at larger
radius. Figure 3.7 shows the coadded normalized spectra of all early types binned
by radial zone; top to bottom, they trace the mean early-type spectrum from the
periphery to the core. All galaxies with EW(O11) < —15A were coadded separately;
see Figure 3.7, right. Coadded spectra of “normal” E+4S0 members in Figure 3.7
show an increase in an average galaxy’s [O11] emission outside of the cluster core.
This trend is qualitatively similar to radial gradients in emission line strength seen
for samples of cluster galaxies that include all morphologies, both at intermediate
(e.g., Gerken et al. 2004) and low redshift (e.g., Gmez et al. 2003; Lewis et al. 2002).

In Figure 3.8, we plot the fraction of all E+S0 galaxies with EW([O11])< —5A,
averaged across each of the radial zones indicated. At all luminosities, it is clear that
the fraction of [O 11| emitting early types is highest in the cluster periphery and field.
Though the fraction of emission line galaxies may be elevated due to selection effects
(§3.3), especially at fainter magnitudes, there still exists radial variation within any
single magnitude bin. This radial variation holds (in the two brighter magnitude
bins) even if we exclude the cluster core, where the fraction of [O 11| emitters may be
affected by the process causing the strong [O 11] emission at the virial radius.

We see then that both the fraction of galaxies with measurable [O1I] emission,
and the average strength of that emission rises slightly with radius. This suggests
an encounter with the cluster environment which serves to gradually suppress the
already low levels of early-type star formation during infall. Another possibility is a
simple gradient in galaxy formation age: older early types near the cluster core may
simply contain less residual gas available for star formation. However, this scenario
is more difficult to reconcile with other studies that have found strong gradients in

the overall star-formation rates within clusters (e.g., Kodama et al. 2004; Poggianti
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Figure 3.7 Normalized, coadded spectra. The bottom panel shows coadded spec-
trum of E4+S0 members with EW(O11) < —15A. The full spectrum is in the upper
half-panel, with an excerpt below it which shows [O11] emission, Ca H & K, and
Balmer absorption lines in more detail. The top panel shows coadded spectra for all
other E4+S0 members, divided by distance from cluster core. From top to bottom:
periphery, transition region, and cluster core. Wavelengths in rest frame.
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Figure 3.8 Fraction of E+S0 galaxies with EW(Hés+Hvya) > —2A, top, and
EW([O11]) < —5A, bottom, as a function of radial zone. Triangles represent fraction
for galaxies with I < 20.3. The field value is from Treu et al. (2002). Squares and
pentagons are the same measure, but to I = 21.1 and I = 22.5, respectively.

et al. 1999; Balogh et al. 2000).

Turning now to the Balmer absorption strengths, we see a mix of galaxies in
Figure 3.5 with low to moderate Balmer absorption in the periphery and transition
region. These are consistent with the low levels of ongoing star formation indicated
by [O11] emission. Almost coincident with the set of strong [O11] emitters discussed
above, we begin to see galaxies with much higher values of (Hd+H~), which appears to
decay toward the center of the cluster. If the [O11] emission seen at the virial radius
is, in fact, due to star formation, these galaxies with enhanced Balmer absorption
may have undergone a similar burst of star formation in the recent past. The excess
absorption then seems to decay away as galaxies migrate further toward the center

of the cluster.
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Figure 3.8 confirms that the fraction of early types with strong Balmer absorption
rises dramatically for galaxies in the transition region, and stays high even in the
cluster core. Since so few early types in the periphery show similarly high Balmer
absorption, there is likely an interaction with the cluster environment that triggers
both the enhanced [O11] emission and the longer-lived Balmer absorption that we
observe. We will discuss the possible link between these two populations of E4+S0s
in more detail in §3.5. Another possibility, that spiral galaxies are being transformed
into new E or SO galaxies within the virial radius, is addressed in Chapter 6.

We additionally searched for environmental trends in the metal line indices Mg,
Mg?, and [MgFe]’, but detect no significant trends. In contrast with the correlation
between, e.g., [MgFe] and o, it seems that the overall metallicity of early-type galaxies
is not dependent on environment, but mainly on the galaxy’s formation history, as
traced by o. While the highest values of [MgFe| that we measure tend to be seen in
galaxies within the virial radius, this is simply a reflection of the fact that most of
the massive cluster galaxies with highest velocity dispersion are also located in the

cluster core.

3.4.2.3 Residual Correlations

In addition to the environmental trends in spectral line strengths discussed above, we
can probe environmental effects on the early-type population even more sensitively
by examining the residuals from the [MgFe|'-c and Balmer—o relations presented
in §3.4.1. In Figure 3.9, we plot A[MgFe|' and A(Hd+H~) versus projected radius.
Similar to what we saw in Figure 3.5, we see a population of galaxies with enhanced
Balmer absorption within the virial radius at 1.7 Mpc. In this plot, though, we are
able to remove the effects of galaxy mass by looking, in effect, at galaxies that have
excess Balmer absorption compared to other galazies at the same velocity dispersion.
This is clear evidence, then, that the observed Balmer excess is an environmental
effect, and not simply due to a dual correlation between line strength-mass and
mass—cluster radius.

In the top panel of Figure 3.9, where we plot A[MgFe]’, galaxies that also exhibit
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Figure 3.9 Residuals from the [MgFe|'~o and (Ho+Hy)-o relations. The interaction
with the environment has spurred increased star formation within the virial radius.
Galaxies that lie above ~2 in the bottom panel have Balmer absorption that is un-
expectedly strong for their velocity dispersion. Similarly, galaxies with A[MgFe]’
below —1 are showing unexpectedly weak metal lines. In both panels, galaxies with
A(Hé6+H~) > 2.0 are marked with red squares.

A(H6+Hy) > 2A are marked with red squares. Virtually all of the galaxies with
anomalously low [MgFe|’, which we made note of in Figure 3.3, belong to this popula-
tion of Balmer-strong galaxies. For the first 1 Gyr after a burst of star formation, we
would in fact expect that the A-stars causing the enhanced Balmer absorption would
also tend to fill the metal absorption lines with emission, as these lines are much
weaker in A-stars than they are in the older stars making up the bulk of the stellar
population. In fact, Tantalo & Chiosi (2004) suggests that a young stellar population
has just this effect: [MgFe|’ is very low for mean ages less than 2 Gyrs, while H3, and

presumably the other Balmer indices are enhanced.
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We find no evidence that any of Mgy, Mg?, [O 11], or any Balmer lines are correlated
with the residuals from the FP, Alog(M/Ly ). Nor is there evidence that the residuals
from any of the Mg—o, or Balmer—o relations are correlated with Alog(M /Ly ). This
indicates that recent perturbations to the stellar population of an early type are
somewhat decoupled from its overall mass to light ratio. While the FP, [MgFe|—o,
and Balmer—o relations establish a clear link between the formation histories of E4-S0s
and their current appearance, the lack of correlation between residuals indicates that
environmental effects play a relatively minor role in determining M /Ly . The initial

time of formation and mass-assembly history seem to be the dominant factors.

3.4.3 Luminosity Trends

Figure 3.8 reveals that there is a luminosity trend in the fraction of E4-S0 galaxies with
EW([O11]) < —5, as well as the fraction with enhanced Balmer absorption. For the
brightest galaxies, I < 20.3, the fraction of [O11]-emitters decreases monotonically,
from the field measurement of Treu et al. (2002) to the cluster core. However, when
we include slightly dimmer galaxies, to I = 21.1, we see an enhanced fraction of
emitters in the cluster periphery, though [O 11]emission is still rare within 2.4 Mpc.
Now including our full sample to I = 22.5, the fraction of star-forming galaxies in
both the transition region and periphery are higher than expected. In the transition
region, the jump represents the addition of the dim but strongly emitting galaxies
discussed above (which have a mean magnitude of I = 21.1). The overall trend
suggests that the star formation observed in the outskirts of this cluster is suppressed
earliest in the largest and brightest E+S0s.

A similar trend is seen in the fraction of early types with (Hé+Hy) > —2A.
As discussed above, we see a jump at all luminosities in the fraction of Balmer-
strong galaxies within the virial radius, possibly due to the same mechanism that
causes the enhanced [O11I] emission. But within each radial zone, the fraction of
galaxies with prominent Balmer absorption increases with increasing magnitude; the

mean magnitude of all such Balmer-strong early types is I = 20.3. However, unlike
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[O 11], which probes current star formation only, the Balmer lines are also sensitive to
the stellar population age. This gradient in Balmer strength with luminosity could
simply reflect an earlier formation time for the brightest galaxies, regardless of local
environment.

The brightest galaxies in our sample (I < 20.3) follow the FP and show few signs
of star formation. Similarly, galaxies to I = 21.1 lie on the FP (albeit with a high
scatter) and exhibit star formation mainly in the periphery. Perhaps star forma-
tion is quenched early during infall of these galaxies, with mostly passive luminosity
evolution from that point. Because the dimmest galaxies seem to undergo the most
prominent bursts of star formation (though AGN activity has yet to be ruled out), it
seems that the physical mechanism responsible affects smaller galaxies more dramat-
ically than larger galaxies. Of course, the elevated fraction of galaxies with strong
Balmer absorption demonstrates that early types of all luminosities are affected to
some degree. When evaluating the physical mechanisms that lead to the observed

environmental evolution, we must also consider this dependence on luminosity.

3.5 Discussion

Having presented our results in the previous section, we now proceed to a more
comprehensive discussion of our findings trying to put together the various pieces of
information and reconstruct the evolutionary process, its timescales and the physical
mechanisms driving it. First, in §3.5.1, we will combine the radial trends obtained
so far and discuss them jointly. Then, in §3.5.2 we will present a simple infall model
which indicates that a common physical mechanism may cause several of the radial
trends seen in various subpopulations of E4S0s. In §3.5.3 we discuss the physical
mechanisms at work and conclude that our study of early-type galaxies has revealed
the action of at least two different environmental processes: starvation and/or galaxy
harassment is quenching low-level star formation over a long timescale in early types
beyond the cluster core, while harassment and/or interactions with shocks in the

outer parts of the ICM are producing the sudden bursts of star formation observed
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in small E+SOs around the virial radius.

3.5.1 Radial Trends and Star-Formation Timescales

In the residuals from the Fundamental Plane, we have observed a gradient in the mean
mass to light ratios of E4S0s, allowing us to observe the transition from the oldest,
highest M /Ly galaxies in the cluster core, to the galaxies in the cluster periphery
with younger luminosity-weighted ages, nearly matching the values of M/Lp seen
in field E4+S0s (Treu et al. 2001a, 2005b; van der Wel et al. 2005). The scatter in
the FP residuals is unexpectedly high within the inner 1 Mpc of the cluster, but
the FP appears tighter outside of this radius. Direct measurements of spectral line
strengths (Figure 3.5) and the fraction of [O11]-emitting early types (Figure 3.8)
both reveal a mildly declining star-formation rate within early types, from the field
toward the cluster core. This is interrupted by an interaction at the virial radius
that causes enhanced [O 1]emission in a population of small, dim early types, along
with enhanced Balmer absorption and depressed [MgFe|" absorption strength for a
population of larger, typical cluster E4SOs.

In Figure 3.10, we combine the previously shown radial trends in Alog(M/Ly),
A(MgFe'), A(Hy+Ho), and EW([O11]) into a single plot. As in Figure 3.9, in the top
three panels we indicate every galaxy exhibiting high Balmer absorption with a red
mark. Likewise, all galaxies with significant [O11] emission in the bottom panel are
plotted with open symbols in each panel. While the galaxies with unexpectedly low
[MgFe|" correlate with the Balmer-strong galaxies, as mentioned in §3.4 above, there is
no similar correlation with Alog(M/Ly). We see some Balmer-strong galaxies at both
low and high M/Ly, which indicates that the star formation causing the enhanced
Balmer line strengths does not drive the variations in M/Ly that we observe; the
bursts of star formation are perhaps too minor to affect the overall M/Ly of the
galaxy, at least to levels detectable in our data.

Briefly, we recap the characteristic timescales for changes in each of the quantities

plotted. [O11] emission traces the instantaneous rate of star formation, so that the
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observed strong [O11] emitters mark the location of a “hot spot” of current star
formation at 1.7 Mpc radius (though we emphasize that these objects are not spatially
clustered). Enhanced Balmer absorption will persist for about 1 Gyr after a burst of
star formation, and so there is a time lag of <1 Gyr between the termination of star
formation in these galaxies and the time when we observe them. Changes in M/ Ly
should persist for a similar amount of time after a recent burst of star formation
(until the luminous A-stars begin to disappear), though we expect that M/ Ly is less
sensitive to low-level star formation because it depends more closely on the integrated
stellar light of the galaxy, which changes by a smaller amount than the strong spectral

lines.

3.5.2 A Simple Infall Model

We have so far presented evidence for a seemingly abrupt encounter with the envi-
ronment that triggers star formation in early types at or near the virial radius, along
with a moderate decline in star formation from the periphery to the core, and a trend
in M /Ly that suggests that the stellar populations of early types at larger radius are
younger. In this section we present a simple infall model as a tool to compare the
timescales and strengths of several of the observed features in the early-type popu-
lation. Specifically, we wish to examine the possibility that both the galaxies with
strong [O 11]emission and those with excess Balmer absorption could be caused by a
common physical process. And while we have shown in §3.5.1 that the FP residuals,
Alog(M/Ly), do not correlate with the Balmer-strong galaxies, we will also use this
simple infall model to constrain the level of variation in M /Ly that could be induced
by the environment.

In this idealized model, we follow an early-type galaxy as it proceeds toward the
cluster center evolving passively, until it reaches the virial radius where it undergoes
a short burst of star formation (adding 1% to the total stellar mass, 200Myrs of
duration). After the burst, the galaxy continues its infall evolving passively. For this

model we use the prescription of TO3 to convert from infall time to cluster projected
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radius: assuming that the galaxy is on its first infall toward the cluster, it begins with
a small velocity at R = 5 Mpc and accelerates freely toward the cluster potential.

The observable properties of this model are then computed using stellar popu-
lation synthesis models by Bruzual & Charlot (2003) to compare with observations.
Although this is clearly a simplified model—for example it neglects “backsplash” (Gill
et al. 2005; Ellingson 2004), i.e., the fact that especially in the cluster center, and
even out to two virial radii, some galaxies might not be on their first approach toward
the cluster (see discussion in T03), and it is a closed boxed model, i.e., there is no
provision for galaxies being transformed into E+S0s during the infall (but see Chap-
ter 6)—we will show that this model reproduces the strengths and timescales of many
of the observed features and provides useful guidance to interpret the observations.

The predictions of the model are shown as a dashed line in Figure 3.10. Specif-
ically, we plot the difference in Alog(M/Ly), A(MgFe'), A(Hy+H¢), and star-
formation rate (SFR) between the infalling model galaxy and an identical model
without the starburst. Since we are interested only in the predicted change in line
strengths due to a recent star-formation event, the proper quantity to plot is this dif-
ference between the index strengths predicted by the passive model and the one with
a small starburst overlayed. We emphasize that the model track for Alog(M/Ly) is
meant to replicate only the change in M /Ly caused by a small starburst, and does
not account for the radial gradient in A < log(M/Ly) > seen in the data.

To calibrate the star-formation rates predicted by the models to the [O 11] equiv-
alent widths observed, we used SFRs derived by Kodama et al. (2004, and private
communication) from their deep Ha images, according to the procedure outlined in
§3.3.4.

The choice of a 1% starburst produces a SFR and [O 11] equivalent width equal to
that observed in the largest/brightest of our low-luminosity [O11] emitting galaxies,
which we estimate to have a stellar mass up to around 5 x 10! M, (see § 3.3.4). The
200 Myr timescale approximately matches the spread in cluster radius over which
we see these [O11] emitters. The stellar mass associated with the starburst could

vary with galaxy size and need not add up to 1% of the galaxy mass. For our [O 11]
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Figure 3.10 Radial trends in the residuals of dynamical relations. From top to bottom,
Alog (M/Ly), A ([MgFe]'), A (H0 +Hy), and [O11] vs. R for reference. Galaxies
brighter than I = 21.1 are marked with pentagons, and triangles represent galaxies
in the range 21.1 < I < 22.5. In the top three panels, we indicate every galaxy
exhibiting high Balmer absorption (A (H 4+ Hvy) > 2A) with a red mark. Likewise,
all galaxies with [O11]< —5A in the bottom panel are plotted with open symbols in
each panel. Overplotted on each plot is the track of a simple early-type galaxy model,
as the galaxy falls freely from the outskirts of the cluster, and has an encounter at
the virial radius which triggers a starburst of duration 200 Myr, totaling 1% of the
galaxy’s mass.
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emitters, the luminosities and equivalent widths imply that up to a 5% burst could be
involved, depending on its duration. However, 1% represents a good upper limit for
the larger galaxies with enhanced Balmer absorption, as we would otherwise expect
to observe “poststarburst” k4a spectra; the excess Balmer absorption is not strong
enough to place any in this category.

Examining the track of the model in Figure 3.10, it is remarkable how well the
expected change in Balmer line strength matches the observations in both maximum
strength and in the time it takes this enhanced absorption to decay away. This lends
strength to our contention that the enhanced Balmer absorption and the high [O11]
emission are reflections of the same physical process.

We also observe a dip in the strength of [MgFe|" just where we would expect it,
though the magnitude of this dip does not seem great enough to account for the
observed [MgFe|" decrement. This may simply be a deficiency in the Bruzual &
Charlot (2003) models, as the observed values of [MgFe|' span a larger range than
could be predicted by the models at any SSP age or metallicity. In contrast, the
models easily account for the full range of observed Balmer line strengths. Therefore,
changes in [MgFe| due to a small starburst could be under predicted by the Bruzual
& Charlot (2003) models.

We note that the population of [O11] emitters observed cannot evolve directly
into the population of galaxies with strong Balmer lines, though they could still be
indicators of the same physical mechanism. The Balmer-strong E+S0Os are brighter
and larger in effective radius, and any fading of the [O 11] emitters would only increase
the difference between these populations. Since they are near our spectroscopic mag-
nitude limit, we would not expect to observe faded remnants of the [O11] emitting
galaxies. On the other hand, the lack of bright early types with strong [O 11] emission
might arise because the timescale for the Balmer lines to decay (1 Gyr) exceeds the
starburst timescale (200 Myr), so that we would not expect to observe more than one
of the emission line progenitors of these Balmer-strong galaxies. This is partly due
to the overall smaller number of bright E+S0Os observed within the transition region

(1-2.4 Mpc), in comparison to the ~50 observed in the cluster core.
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To further examine our hypothesis that the [O11]-emitting and Balmer-strong
galaxies are caused by the same environmental interaction during infall, we can ex-
amine the 2D spatial distribution of these galaxies. In Figure 3.11, we plot [O11]
emitters in blue and early types with strong Balmer absorption in red, on top of the
overall distribution of cluster members from the combined spectroscopic and photo-
metric redshift catalogs. The [O 11]emitters and Balmer absorbers follow the overall
distribution of cluster members closely, lying mostly along the major axis of the cluster
(stretching from the overdensity NW of the cluster core through to the SE side of the
core). Though the [O 11]-strong galaxies perhaps extend in a larger arc at ~1.7 Mpc,
their small number makes it difficult to determine their azimuthal distribution. The
distribution supports the idea that they have been perturbed during infall, as this is
most likely occurring predominantly along the NW to SE path.

Turning to the top panel in Figure 3.10, it seems that the small starbursts at the
virial radius cannot alter the overall M /Ly of early types by a large enough amount
to account for the large scatter that we see in the cluster core. It seems that there
must simply exist a mix of older, high M /Ly galaxies and more recently arrived low
M/ Ly galaxies in this region. On the other hand, the triggered star formation may
help prolong the length of time that an infalling E+SO remains at low M/Ly after
reaching the cluster core. This could possibly explain why the scatter in M /Ly seen in
this cluster is so much higher than that observed in Cl 1358462 at z = 0.33 (Kelson
et al. 2000b); the mechanism causing this star formation in Cl 0024 might not be
active or significant in all clusters at this redshift. An alternative explanation, that
these newly arrived E+4S0 galaxies were once star-forming spirals before conversion,
will be investigated in Chapter 6.

While the simple model presented here does not attempt to account for the ob-
served radial gradient in M /Ly, we note that the difference in log(M /Ly ) between
a galaxy at 5 Mpc radius, of age 2.7 Gyr, and that same galaxy 5 Gyr later (corre-
sponding to the total free-fall time to the cluster center), is equal to —0.35. This is
nearly identical to the observed difference in log(M/Ly ) between the mean value in

the periphery, and the M/Ly of the oldest galaxies in the core. While the galaxies
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Figure 3.11 Spatial distribution of [O 11]emitters and galaxies with excess Balmer ab-
sorption, in comparison to the overall distribution of cluster members in the combined
spectroscopic and photometric (Smith et al. 2005b) redshift catalog (gray dots). Blue
pentagons are strong [O 11] emitters, with two open symbols marking the merger sys-
tem and possible spiral interloper seen in Figure 3.6. Filled red triangles mark galaxies
where the Balmer—o residuals are A (H§ + Hvy) > 2A, and unfilled triangles represent
galaxies without measured velocity dispersions, with EW(Ho +Hvy4) > —2A. Top
and right axes show projected radius from the cluster center, in Mpc.

in the periphery are almost certainly not this young, the observed gradient in M/ Ly
seems consistent with a difference in formation age (or in time since the last major
burst, cf. Bower et al. 1998 and Treu et al. 2005b) of a few Gyr between cluster
periphery and core. A gradient in formation age, then, is a viable explanation for
the M /Ly gradient we observe, though the gradual decline in star formation that we
observe could also be important in generating the M /Ly gradient.

Having suggested that the observed spectral features of our early-type sample are
due to a small starburst, it is natural to ask if such a burst is realistic; in other words,

do E+S0s at redshift of ~0.4 contain enough residual gas to undergo such episodes
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of star formation? According to Bettoni et al. (2003), the fraction of molecular gas
detected in local “normal” early-type galaxies (i.e. showing no signs of current or
recent interaction or dwarf cannibalism, but otherwise selected across all local en-
vironments), can approach 1% of the total stellar mass (with typical values ranging
from 0.05 to 0.5%). At intermediate redshifts, some field E+S0s have peculiar color
gradients that may indicate recent star formation (e.g., Menanteau et al. 2004). Al-
lowing for the possibility of faint, undetected interaction features in our much more
distant sample, as well as the expected decrease in the remnant molecular gas in
ellipticals since z = 0.4, we expect that a small burst of star formation of up to 1% is
entirely plausible for early-type galaxies in Cl 0024. Additional evidence comes from
the observation (e.g., Treu et al. 2005b; Bressan et al. 1996) that the combinations
of spectral line strengths observed in early-type galaxies are best explained if most
early types have undergone secondary episodes of star formation at some point in
their past; the Balmer-strong galaxies observed here could possibly have undergone

such secondary bursts in the last 1 Gyr.

3.5.3 Physical Mechanisms

The early-type galaxies in Cl 0024 have proven to be effective signposts for identifying
two possible forms of environmental evolution in this cluster, but can we identify the
physical processes responsible? We observe a slow decline in remnant star formation
from the field /periphery to the core which may indicate a physical mechanism at work
which slowly quenches star formation. Seemingly overlaid on top of this mild trend
is a nearly instantaneous interaction that triggers a small burst of star formation in
many of these early-type galaxies at the virial radius.

First, we address physical mechanisms that could be responsible for the gradual
decline in star-formation rate toward the cluster core, best illustrated in Figure 3.8.
In analyzing the cause of the observed decline, we must also consider the morphology—
density (T—X) relation observed in Cl 0024. In T03, it was argued that the existence

of the T-X relation across several orders of magnitude in projected local density
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indicates that whatever process causes the morphological segregation of galaxies by
environment, it acts slowly. The slow “starvation” (Chapter 1) of galaxies during
infall is consistent with the existence of the T—X relation, as is the action of galaxy
harassment (Moore et al. 1996, 1999; Moore, Lake & Katz 1998).

Starvation encompasses several physical mechanisms that serve to slowly deprive
a galaxy of cold gas available for star formation. For example, thermal evaporation
of the galaxy interstellar medium (ISM) by interaction with the hot cluster ICM
(Cowie & Songaila 1977), or turbulent and viscous stripping of the ISM (Nulsen
1982; Toniazzo & Schindler 2001) are two possible causes of starvation. The version
of starvation proposed by Larson et al. (1980) and modeled by Bekki et al. (2002),
which involves stripping of the halo reservoir of gas, is especially attractive because it
also predicts a slow conversion of spiral galaxies to SO after star formation stops. Any
process in this family could be acting in Cl 0024, and would be consistent with both
the observed gradient in star-formation rate and the existence of the T—X relation.

Kodama et al. (2004), however, argue that the truncation of star formation in
cluster galaxies must be rapid, based on their observation that the Ha luminosity
function does not vary with environment. Both our work and theirs find a similar
decline in the fraction of star-forming galaxies, but they do not observe a decline in
the mean strength of emission. The discrepancy may be due to the different levels
of star formation probed: the low levels of remnant star formation in the early-type
population discussed here may be quenched slowly, while a separate physical process
(such as harassment) could rapidly decrease the moderate star formation observed by
Kodama et al. (2004), which occurs mostly in the spiral population. Combined with
a longer timescale for morphological transformation, this could lead to the “passive
spirals” they discuss. (See also Chapters 5 and 6.)

TO03 also argued that the existence of the T—X relation means that the morpho-
logical mix is set by the precluster environment: the overall formation history within
assembling groups is the dominant factor in determining the morphological mix seen
in the cluster. This view is consistent with the trend we observe in the M/Ly ratios

of cluster early types. We find that the differences in M /Ly must arise partially out
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of variations in the mass-assembly history of early-type galaxies, though the radial
trend in < log(M/Ly) > may also reflect the quenching of remnant star formation
during infall.

Interrupting the slow decline in star formation are the small bursts of star forma-
tion we observe. Rapidly acting mechanisms that could trigger such a burst include
galaxy harassment or some encounter with the ICM. As noted in §3.4, major mergers
are unlikely because the galaxies seem to be in low density regions, and all but one of
the galaxies involved show no visual evidence for such a disturbance. However, the
merger hypothesis will be reconsidered in Chapter 6 in light of the results presented
there.

Galaxy harassment becomes important near the virial radius as both galaxy crowd-
ing and the typical velocity of an interaction become high enough. (See Chapter 1,
T03.) Further, it is a rapid interaction, and the galaxy that triggers one of our ob-
served starbursts can quickly move away from the vicinity of the starburst galaxy.
Moore et al. (1999) present simulations of the harassment of small Sc/Sd spiral galax-
ies as they fall into the cluster. Such galaxies can be quickly transformed into objects
that appear to have an early-type morphology. These harassment remnants are small
objects (R. = 1 — 3 kpc), similar to our observed [O 11] emitters, and could represent
the origin of the large population of dwarf spheroidals observed in clusters today. In
addition, Moore et al. (1999) predict that harassment would drive the gas within a
spiral toward the galaxy’s center, thus providing a natural mechanism for fueling the
starbursts (or AGN) we observe.

If these are the remnants of harassed spirals, they may not be on their first infall
into the cluster; the timescale for passage from the cluster core back out to the virial
radius may be short enough (<1 Gyr) that star formation induced by interactions
with large ellipticals in the cluster center could still be visible. A possible explanation,
then, for finding them preferentially at the virial radius could be that this is near the
apse of their orbit within the cluster.

Under the harassment scenario, we speculate that the population of Balmer-strong

galaxies could represent the large cluster ellipticals which cause the harassment, per-
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haps cannibalizing young stars from smaller harassed galaxies. Alternatively, they
could be undergoing harassment themselves, albeit with a much smaller gas reservoir
and a correspondingly smaller episode of star formation.

Ram-pressure stripping or triggering of star formation has been thought to be
effective only much closer to the cluster core, and should not be significant near the
virial radius where the environmental interaction is taking place. However, recent
work on large-scale shocks and particularly the virial shock—the shock boundary
between the hot, dense ICM and the colder, diffuse infalling gas from outside the
cluster—suggests that a galaxy passing through this shock boundary could be given
enough of an impulse to trigger stripping of HI gas and the collapse of any molecular
clouds (Evrard 1991; Quilis et al. 2000; Ryu et al. 2003; Furlanetto & Loeb 2004).
Particularly relevant to Cl 0024 is the work by Roettiger et al. (1996). They showed
that a merger between two clusters or subcluster clumps can cause powerful shocks
to propagate through the ICM. As the redshift distribution of galaxies in Cl 0024 is
double peaked (Czoske et al. 2002), indicating a large infalling group or subcluster,
such strong shocks could be responsible for the triggered starbursts we observe. If
this is the case, we would not expect to see such bursts in other clusters with more
regular structure.

Our sample of 104 E4+S0s contains only four galaxies from the smaller Peak B of
the redshift distribution in Cl 0024 (Figure 2.8), so we are unable to more carefully
explore possible differences between early-type galaxies in these two peaks. But in
the local universe, Poggianti et al. (2004) finds a population of star-forming dwarf
galaxies that lie along contours in the X-ray substructure of the Coma cluster. It is
possible that the [O11] emitters in Cl 0024 lie along similar boundaries in the cluster
substructure, but the nearly face-on orientation of the merger between Peak A and
Peak B makes testing this hypothesis difficult. In this scenario, the existence of
Balmer-strong galaxies interior to the virial radius would imply that some sort of
boundary shock between Peak A and Peak B has persisted for at least ~ 1 Gyr, the
timescale for the excess Balmer absorption to decay away.

Our small population of strong [O 11] emitters is a signpost to an important phys-
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ical interaction, and is not a peculiarity unique to this cluster. A similar population
of dim, compact, E+S0s with [O 11] emission has also been reported by Homeier et al.
(2005), for a galaxy cluster at z = 0.84. While the cluster they study is not virialized,
the [O11] emitters they observe seem to reside in a region outside of the contours of
the cluster X-ray emission. And work by Ruderman & Ebeling (2005) examining the
radial distribution of X-ray point sources in the MACS sample of clusters has uncov-
ered a prominent spike in the number of cluster AGN detected in the area around
the virial radius (~2.5 Mpc in the clusters studied). These AGN may be stimulated
by the cluster environment via the same physical mechanism causing the [O 11]-strong
early types. Therefore, even though they only represent a small fraction of the total
mass and star formation in clusters, these galaxies warrant further study of their role
as indicators of environmental interaction (see Chapter 6).

While the exact physical mechanisms responsible for the environmental evolution
are still not known, further work on this cluster, as well as the complementary cluster
MS 0451-03 (z = 0.54) may allow us to determine which processes are dominant.
Analyzing the star-formation rates and rotation curves of spirals (Chapter 4) may help
us trace the gradual decline in star-formation rate hinted at here, as star formation in
spirals is in general much more vigorous than in the early types studied so far. Other
authors have found similar declines in the star-formation rate in spiral populations
of clusters at intermediate redshift (Abraham et al. 1996b; Balogh et al. 1999, 2000).
Rotation curves have also been used to study variations in the kinematics and mass
to light ratios of spirals, in distant clusters by, e.g., Bamford et al. (2005); Ziegler et
al. (2003); Milvang-Jensen et al. (2003), and in Cl 0024 by Metevier & Koo (2004).

Likewise, the X-ray luminosity of MS 0451 is much higher than that of Cl 0024. If
shocks in the ICM really do cause the bursts of star formation observed in early types
near the virial radius, then we should see a similar or even stronger effect in MS 0451,
but at a higher radius. If the strength of the ICM shocks in Cl 0024 is enhanced by
the subcluster merger, however, we might expect to see no starbursting early types
at all in MS 0451. The importance of galaxy harassment should be nearly the same

between the two clusters, so we would expect to see similarly strong starbursts in
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MS 0451 if the Cl 0024 bursts are due to harassment (Chapter 6).

3.6 Summary

In this chapter we have presented the results of an extensive spectroscopic survey of
the cluster Cl 0024+1654, undertaken primarily with DEIMOS on Keck II. We ex-
amine the detailed spectral and photometric properties of cluster early types across
an area 10 Mpc in diameter. The principal goal of this wide area survey is to ex-
amine variations in galaxy properties with local environment, in order to identify
the physical processes that may affect the star-formation properties or morphologi-
cal characteristics of infalling galaxies. In this chapter, we have used the early-type
galaxy population as sensitive indicators of interaction with the cluster environment.

Our main observational results are:

(1) By constructing the Fundamental Plane of Cl 0024, we observe that E+S0s at
z ~ 0.4 still have old stellar populations; from a comparison with the FP of the Coma
cluster (z ~ 0.02), we infer an evolution in mass to light ratio of A(log(M/Ly)) =
—0.14£0.02. While the mean change in M/ Ly is in line with that expected by passive
evolution of an old stellar population, the high scatter of 40% in M/Ly suggests a
more complex assembly history for this cluster. The high scatter may be an effect of
the cluster merger currently underway (Czoske et al. 2002), though at least one other
intermediate redshift cluster (Wuyts et al. 2004) exhibits a similarly high scatter.

(2) We observe radial trends in the mass to light ratios of individual early types,
with the oldest galaxies located in the cluster core ((Alog (M/Lv))p_prpe = —0.13 £
0.04). Galaxies seem to be younger at higher radius, with E+SOs in the cluster
periphery ((Alog (M/Lv))geganpe = —0.24 £ 0.02) nearly matching the values of
M/ Ly seen in the field at this redshift (Treu et al. 2005b). We therefore have bridged
the gap between the observed properties of cluster and field early types at interme-
diate redshift. Similar trends are seen as a function of local density. Some frac-

tion of this radial gradient could be caused by the “downsizing” effect described
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by, e.g., Treu et al. (2005b); Holden et al. (2005); van der Wel et al. (2005). But
even when we select a subsample of galaxies within a narrow range of galaxy mass
(10.9 < log(M /M) < 11.4), we observe a significant difference in age (or time since
the latest burst) between galaxies in the cluster periphery and core, equivalent to
§ < log(M/Ly) >= 0.13 £ 0.07. Physically, this trend could be explained by some
combination of a gradient in formation age and variations in recent star formation,
perhaps modulated by “starvation”.

(3) Around the virial radius, we observe a number of small galaxies undergoing
a burst of star formation, indicated by strong [O11] emission. Further, we observe
enhanced Balmer absorption for many galaxies interior to this radius. This is consis-
tent with an infall scenario where, after a starburst, Balmer absorption from young
stars decays away over the course of ~1 Gyr, as the galaxy continues toward the
cluster core. The radial distribution of enhanced-Balmer E+S0Os is consistent with
the expected infall timescale of such galaxies. Galaxy mergers are not expected to be
the source of this enhanced activity; the [O11] emitters reside in relatively low den-
sity regions, and do not appear to reside in groups. The small starbursts are likely
caused by a rapidly acting physical process: possibilities include galaxy harassment
and shocks in the ICM, perhaps generated by the subcluster merger in Cl 0024.

(4) While the overall early type population is older in the cluster core than in
the outskirts, we see trends with luminosity that indicate that smaller early types
have more active star formation than larger ones. This seems to confirm evidence
for downsizing seen by Treu et al. (2005a), and indicates that galaxy mass is a pri-
mary indicator of star-formation activity, even as environmental effects work on top
of this to produce radial variations in star formation. Both of these ultimately serve
to decrease star formation toward the highest density regions, though the precise link
to morphological transformation is still unclear because of the different timescales

involved.

We have uncovered environmental processes working on cluster early types, but

we have also seen variations in galaxy properties across the cluster that indicate that



93
both galaxy mass and environment of initial formation are important in determining
the overall assembly history of early-type galaxies.

By obtaining high-quality spectra of cluster members across a large area around
C1 0024, and combining with a panoramic HST mosaic, we have been able to uncover
physical mechanisms at work that never would have been seen if we only looked at
the cluster core. This underscores the importance of looking wide as well as far when
attempting to understand how galaxies evolve within the large scale structure of the
universe.
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Table 3.2: Listing of observed E+4S0 cluster members

Object o ) z F814W R Y10 Morph
() () (mag)  (Mpc) (Mpc?)
p0i102¢3  6.65796 17.16050 0.3897  19.42 0.14 255 SO
p0il39¢c3  6.66004 17.16630 0.3974  20.15 0.19 300 E/S0
p0ilbc3  6.64000 17.15560 0.3984  19.84 0.27 195 SO
p0il70c3 6.64412 17.17120 0.3931 19.24 0.22 214 E
pOile3  6.65400 17.15350 0.3940  20.23 0.20 257 E/S0
pOilc4 6.66014 17.15402 0.3967 20.54 0.25 212 E
p0i206c3  6.64763 17.16280 0.3972  18.51 0.07 951 E
p0i209¢3  6.64012 17.16750 0.3893  21.76 0.24 214 SO
p0i217¢3  6.65629 17.16270 0.3912  20.18 0.10 254 E/S0
p0i24c2  6.65271 17.14714 0.3954 21.11 0.32 204 E/S0
p0i38c4  6.66325 17.15350 0.3860  20.36 0.30 244 SO
p0i39c¢3  6.64025 17.15860 0.3919  19.62 0.23 265 SO
p0i3c3  6.65633 17.15240 0.3915  19.64 0.24 255 SO
p0i42c3  6.65792 17.15610 0.3994  18.85 0.19 390 E
p0i4bc2  6.65133 17.14800 0.3951  21.46 0.30 183 SO
p0i49¢c2  6.64896 17.14980 0.3946  19.26 0.27 200 SO
pOidcd  6.65950 17.15350 0.3910  20.95 0.25 212 E
p0ib3c4  6.67150 17.16720 0.3976  18.88 0.41 102 E
p0ib5c2  6.64754 17.14220 0.3960  19.91 0.43 206 SO
p0i66c3  6.65321 17.15800 0.3843  20.01 0.11 372 SO
p0i72¢3  6.64875 17.16200 0.3920 18.11 0.05 1024 E
p0i79¢3  6.65000 17.16280 0.3883  17.75 0.02 637 E
p0i85c3  6.65663 17.15780 0.3943  19.02 0.15 339 E
p0i91c3  6.64575 17.17260 0.3887  19.57 0.23 151 E
p0i95c3  6.64313 17.17280 0.3876  18.77 0.26 274 E
plOilc2  6.78233 17.18040 0.3967  18.66 2.59 14 SO
pllil47c4 6.72475 17.17760 0.3955  20.36 1.47 16 SO
pl12i160c2 6.67425 17.19140 0.3951 20.40 0.74 44 E
pl2i160c3 6.64088 17.20460 0.3955  19.79 0.88 88 E/S0
pl2il68c4 6.65725 17.23670 0.3800  21.55 1.52 20 E/S0
pl2i73c4  6.66853 17.23410 0.3962  20.14 1.50 22 SO
pl3il30c3 6.62154 17.23410 0.3934  21.98 1.57 25 E/S0
pl3il33c4 6.59632 17.20980 0.3967  21.42 1.45 57 E
pl3il35c4 6.59546 17.20870 0.3965  18.61 1.44 56 S0
pl3ilc4  6.60596 17.22300 0.3975  19.88 1.52 34 E
pl3i25c2  6.58954 17.23660 0.3962  19.59 1.94 17 SO
pl3i78c4  6.61300 17.20720 0.3973  18.93 1.18 109 E
pl3i86c4  6.60258 17.21320 0.3929 22.27 1.41 60 E/S0

pl4i2¢2  6.55800 17.22640 0.3933  20.61 2.25 13 B
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Table 3.2 — Continued

Object o ) z F814W R Y10 Morph
() () (mag)  (Mpc) (Mpc~?)
plbild4dcd 6.47717 17.27400 0.3967  19.99 4.10 7 SO
pl7i2c4  6.75733 17.13590 0.3941  20.92 2.15 8 SO
pl8id3c2  6.72658 17.14080 0.3925 19.01 1.54 31 E
pl8iblc2  6.72458 17.14120 0.3933 19.87 1.50 26 E
pl8i66c3  6.71600 17.14440 0.3934  19.98 1.32 26 E
pl9ile3  6.58353 17.17150 0.3939  20.48 1.34 18 E/S0
pl9i75c4  6.60362 17.17270 0.3941  21.41 0.96 38 E/S0
pl19i92¢2  6.57613 17.15490 0.3811 21.15 1.48 22 E/S0
p20i35cd  6.53687 17.16520 0.3971  19.42 2.24 8 SO
p20i48c3  6.54025 17.18710 0.3921 20.12 2.23 7 E
p24il15¢3  6.61158 17.09930 0.4082  21.65 1.52 19 SO
p24ile3  6.63138 17.10100 0.3981  18.87 1.33 26 E/S0
p24i42c¢4  6.63029 17.11800 0.4018 20.64 1.01 42 E
p24i79c4  6.64067 17.11160 0.3927 20.64 1.07 35 E
p24i87c¢3  6.62296 17.10520 0.3972  19.32 1.30 26 SO
p25i29¢3  6.57688 17.11700 0.3924  20.32 1.73 14 E
p25i93c3  6.58088 17.11730 0.3970  19.21 1.66 19 SO
p27il74c3  6.46279 17.14510 0.3978  19.06 3.71 5 SO
p27i9c2  6.44396 17.14130 0.3792 21.89 4.09 5} E/S0
p28i87c2  6.73458 17.02130 0.3950  20.64 3.33 9 E
p35il12¢2  6.51850 17.33350 0.3833  20.12 4.36 21 SO
p35il43c2  6.49954 17.33630 0.3951  19.94 4.64 15 SO
p3bi43c3  6.52433 17.32190 0.3927  19.13 4.10 33 E
p35i6c3  6.51429 17.31730 0.3946  18.85 4.15 23 E
p35i78c2  6.51071 17.32570 0.3931  19.23 4.33 21 SO
p35i82c3  6.52896 17.32850 0.3956  19.28 4.16 23 SO
p36i106c3  6.61754 17.19870 0.3970  22.05 0.99 72 SO
p36i146c¢3  6.60642 17.20250 0.3987  19.72 1.20 118 S0
p36i182c2 6.62129 17.17350 0.3959  19.28 0.63 169 S0
p36i182c3  6.60512 17.19650 0.3930  20.65 1.14 106 S0
p36i184c2 6.61846 17.18120 0.3955  19.19 0.75 114 SO
p36i187c3  6.60879 17.19940 0.3965  20.17 1.12 126 E/S0
p36ilc4  6.63014 17.20229 0.3907  19.45 0.91 77 E/S0
p36i2c2  6.63088 17.18210 0.3958  18.01 0.56 99 E
p36i2c3  6.61833 17.18800 0.3922  19.92 0.83 130 SO
p36i31lc4  6.63221 17.20670 0.3905  18.73 0.97 123 E
p36i32c4  6.63254 17.19910 0.3916  20.14 0.83 117 SO
p36i34c2  6.63088 17.17420 0.3950  20.91 0.46 124 SO
p36i36cd  6.63254 17.19970 0.3949  20.96 0.84 121 E
p36i3c2  6.62933 17.18590 0.3931  20.22 0.64 105 E
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Table 3.2 — Continued

Object o ) z F814W R Y10 Morph
() () (mag)  (Mpc) (Mpc~?)
p36i48c3  6.61658 17.19380 0.3934  19.74 0.93 103 SO
p36ibc2  6.63542 17.17390 0.3969  19.18 0.39 186 SO
p36i67c4  6.64803 17.20200 0.3951  20.87 0.81 65 E/S0
p36i70c4  6.64450 17.20400 0.3975  20.38 0.86 75 E
p36i71c3  6.60769 17.20461 0.3996  21.25 1.21 105 E/S0
p36i76c2  6.62469 17.16852 0.3959  20.29 0.53 151 SO
p36i76c3  6.60667 17.20060 0.3932  19.95 1.17 124 S0
p36i89¢2  6.62292 17.17570 0.3977  19.97 0.62 154 SO
p37i110c2 6.68208 17.12020 0.3954  20.86 1.06 30 SO
p37il22c¢2 6.69346 17.10380 0.3918  21.69 1.47 16 E/S0
p37il6cd  6.68229 17.13830 0.3975  18.02 0.79 81 SO
p37i206c4 6.68004 17.14495 0.3965  20.44 0.67 87 E
p37i207c4  6.68607 17.14283 0.3953  21.47 0.80 146 SO
p37i64c4  6.66879 17.14430 0.3977  20.18 0.51 72 E/S0
p37i9c4  6.66721 17.13930 0.3999  20.81 0.57 60 SO
p38ilcd  6.62454 17.14090 0.4003  20.39 0.69 55 E
p38i76cd  6.62533 17.13030 0.3976  20.88 0.84 37 SO
p3i72c2  6.63067 17.32760 0.4007  20.67 3.40 7 SO
p5i9c3  6.74192 17.26600 0.3904  20.69 2.76 10 E/S0O
p7il28c3  6.63150 17.28690 0.3934  19.85 2.57 72 SO
p7il33c3  6.63194 17.28540 0.3967  20.82 2.54 52 SO
p7il36¢3  6.63197 17.28490 0.3960  19.93 2.53 52 SO
pTilc2 6.60829 17.28990 0.3981 18.64 2.74 24 E
p7i67c3  6.62904 17.28590 0.3961  20.60 2.56 71 SO
p9i20c3  6.83968 17.16743 0.3953  19.01 3.69 9 SO

Object names are coded to indicate WFPC2 pointing, WFPC2 chip, and ID
number for each object. For example, p0il02c3 refers to object number 102
on WFPC2 chip 3, from pointing 0. Right ascension («) and declination (9)
are for epoch J2000. F814W magnitudes are corrected for galactic extinction,
adopting E(B — V) = 0.057 (Schlegel et al. 1998). R and ;o denote, re-
spectively, the projected radius and local density of each galaxy, calculated
according to the method described in the text. Typical uncertainty in 3, is
25%, equal to the rms variation in the local density across different measure-
ment methods. Errors in F814W magnitudes are less than 0.05 mag rms.
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Chapter 4

Dynamical Evidence for Environmental
Evolution of Intermediate Redshift Spiral
Galaxies !

In this chapter, we study the dynamical properties of spiral galaxies as a function of
position across Cl 0024 and MS 0451, and we compare the cluster population to field
galaxies in the same redshift range. By modeling the observed rotation curves, we
derive maximal rotation velocities for 40 cluster spirals and 37 field spirals, yielding
one of the largest matched samples of cluster and field spirals at intermediate red-
shift. We construct the Tully-Fisher relation in both V' and K¢ bands, and find that
the cluster Tully-Fisher relation exhibits significantly higher scatter than the field
relation, in both V' and Kg bands. Under the assumption that this increased scatter
is due to an interaction with the cluster environment, we examine several dynamical
quantities (dynamical mass, mass to light ratio, and central mass density) as a func-
tion of cluster environment. We find that the central mass densities of star-forming
spirals exhibit a sharp break near the cluster Virial radius, with spirals in the cluster
outskirts exhibiting significantly lower densities. We argue that the lower-density spi-
rals in the cluster outskirts, combined with the high scatter in both Kg- and V-band
TF relations, demonstrate that cluster spirals are kinematically disturbed by their
environment, even as far as 2Ry ;g from the cluster center. We propose that such

disturbances may be due to a combination of galaxy merging and harassment.

Much of this chapter has been previously published as Moran et al. (2007a).
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4.1 Introduction

The observed tight correlation between the rotation velocities of spiral galaxies and
their total luminosities, first noted by Tully & Fisher (1977), has proven invaluable in
helping to pin down the extragalactic distance scale in the local universe (e.g., Tully
& Pierce 2000). Since then, many authors have attempted to leverage the so-called
Tully-Fisher relation to study the evolution of spiral galaxies as a function of redshift,
generally interpreting any deviation from the local Tully-Fisher (TF) relation as an
evolution in luminosity.

These studies have yielded mixed results, however, with conflicting estimates of
the rate of B-band evolution as a function of redshift (Bamford et al. 2006; Béhm et
al. 2004; Milvang-Jensen et al. 2003; Vogt et al. 1996). Recently, several authors have
documented many of the systematic errors that make comparisons between studies
very difficult (Metevier et al. 2006; Nakamura et al. 2006). Indeed, Nakamura et al.
(2006) argue that the most certain method of using the TF as a measure of evolution
is to construct a large matched sample of galaxies, consisting of nearly equal numbers
of cluster and field galaxies all measured in the same way.

In a similar manner, large matched samples such as those presented by Nakamura
et al. (2006) and Bamford et al. (2005) can also be effectively used to measure a
different sort of spiral galaxy evolution: that caused by infall into a galaxy cluster.
By carefully selecting galaxies across a wide range of environments, in and out of
clusters, we can gain a better understanding of the changes in star formation and
kinematics that a spiral may undergo as it falls into a cluster potential.

In this chapter, we attempt to construct such a sample out of our large survey of
C1 0024 (z = 0.39) and MS 0451 (z = 0.54). We make use of high-quality spiral rota-
tion curves determined from Keck spectroscopy to measure the Tully-Fisher relation.
The sample is large enough to allow a first investigation of the scatter of the relation
as a function of cluster-centric radius. We also study a control sample of field galaxies
in a range of redshifts centered about the cluster redshifts, in order to asses differences

between field and cluster spirals. Our sample of 40 cluster galaxies is the largest yet



104
reported with an associated field sample (37 galaxies), and provides a powerful means
to examine the effect of the cluster environment on infalling star-forming spirals.

In order to disentangle environmental processes affecting the dynamics of infalling
spirals and those affecting their stellar populations, we contrast the trends in the TF
relation with those observed for integrated V' — Kg colors and disk mass density. The
latter quantity is constructed from rotation curves and HST scale lengths, and is
predicted to be sensitive to the strength of the “harassment” process (Moore et al.
1999).

A plan of the chapter follows. In §4.2, we give a summary of the data from our
cluster survey that we use here, and discuss the sample selection. We then detail our
procedure for deriving maximal rotation velocities in §4.3. In §4.4, we present our
results on the cluster and field Tully-Fisher relation, with an examination of other dy-
namical quantities in §4.5. The Tully-Fisher relation in Cl 0024 has also been studied
by Metevier et al. (2006), and in §4.4 we also directly compare rotation measurements
for several galaxies in common between studies. In §4.6 we discuss these results in
light of proposed physical mechanisms acting in the cluster environment. In this

chapter, we adopt a cosmology with €, = 0.3, Q, = 0.7, and Hy = 70km s *Mpc .

4.2 Observations

In this study, we leverage our large imaging and spectroscopic survey Cl 0024 and
MS 0451. From the survey, we select a sample of high-quality resolved spectra of
both field and cluster spirals, suitable for extracting rotation curves. While the
parameters of this survey are more fully described in Chapter 2, in the following
we briefly describe the photometric and spectroscopic observations used here, and
discuss the sample selection for this work.

Our current sample is drawn from the set of surveyed galaxies with both HST
imaging and available spectra. From the HST imaging, we select candidate galaxies
that are morphologically classified as spirals (T-types 3, 4, or 5). For ease of com-

paring cluster spirals to field, we construct a matched sample of field spirals, all with
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HST imaging from the Cl 0024 or MS 0451 mosaics, and selected to lie in a redshift
range that brackets the two clusters, 0.3 < z < 0.65.

We calculate absolute V-band magnitudes (My ) for our objects, using F814W
photometry from our HST imaging and applying k-corrections as described in Chap-
ter 2. We also use panoramic ground-based K -band imaging of both cluster with the
WIRC camera (Wilson et al. 2003) on the Hale 200” Telescope. These data comprise
a 3 x 3 mosaic of pointings, spanning a contiguous area of 26’ x 26’ centered on each
cluster, and allow measurement of rest-frame Kg-band magnitudes (Mg). Cl 0024
K images are not deep enough to detect all cluster spirals of interest; we therefore
report K¢ magnitudes only for objects detected with > 3¢ significance. All absolute
magnitudes in this chapter are expressed on the AB magnitude system.

In our spectroscopic survey, targets were selected randomly from an F814W-
limited sample, to F814W= 22.5 in the field of Cl 0024, and to F814W= 23.0 in
MS 0451. Here, we focus on a subset of these galaxies that have been observed with
slits aligned along the galaxy major axis, in order to secure resolved spectra of spirals
with extended emission lines. The Cl 0024 campaign primarily targeted known clus-
ter spirals for spectroscopy along the major axis, but serendipitous alignments with
the major axes of field galaxies allowed us to include some of these in our sample.
In MS 0451, we observed most galaxies with aligned slits, and, as a result, our field
sample of spirals is weighted toward galaxies in the field around MS 0451.

As our field sample is composed of objects in the same redshift range as the clus-
ters, biases introduced by the magnitude-limited survey should affect both samples
equally, except at the faint end of the luminosity function. This effect will be discussed

further in §4.4.

4.3 Rotation Curve Analysis

In order to construct the Tully-Fisher relations, and to study other kinematic prop-
erties of spirals (such as mass, density, or M /L), we seek to determine the maximum

velocity of the rotation curve for each disk. Our process involves extracting the ob-
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served rotation curve from the spectrum and then creating artificial rotation curves
for each galaxy, determining the best-fit maximum velocity by x? fitting against the
extracted rotation curve. In order to do this it is important to determine various pa-
rameters about the galaxy from photometric data including the position angle of the
slit with respect to the position angle of the major axis of the galaxy, the scale length
of the galaxy, and the seeing when the galaxy was observed. Along each step, we filter
out the galaxies with weak spectral lines or those which, for reasons of inclination,
etc., would not be possible to fit using our model. We further divide the remaining
fits into two subsamples, those with secure rotation velocities (@ = 1), and those
where the velocity is less certain but probably correct (Q = 2). We largely follow the
procedure of Bohm et al. (2004), though several other authors have followed similar
procedures (e.g., Metevier et al. 2006; Nakamura et al. 2006; Bamford et al. 2005;
Vogt et al. 1996). We have made several modifications to the procedure, detailed

below.

4.3.1 Extraction of Rotation Curves

From each complete 2D spectrum, we extract postage stamps about the position of
every emission line present, using the known redshift of each object to identify lines.
In the left-hand panel of Figure 4.1, we display an example postage stamp centered
on Ha for the galaxy N57426, a z = 0.39 field galaxy in the vicinity of MS 0451. As
the observed center of Ha emission clearly varies across the spatial dimension of the
spectrum, the rotation in this galaxy is already apparent. In order to determine the
observed rotation curve, we fit a Gaussian function or double Gaussian (in the case
of [O11]) to each row along the spectral direction, as demonstrated in the right-hand
panel of Figure 4.1. For the double Gaussian, we assumed a fixed separation and that
the FWHM of each Gaussian component was the same, but allowed the amplitudes
to differ independently.

We bin spectral rows together in the spatial dimension, as necessary, to meet a

signal to noise (S/N) requirement of ~5(A_1) per bin. This rebinning allows us to
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Figure 4.1 Left: Cutout from a 2D spectrum, centered on the observed wavelength
of Ha for the galaxy N57426, in the field of MS 0451. The solid line across the
image indicates the spectral row that is plotted in the right-hand panel. Right: One
spectral row from the 2D spectrum. The solid curve indicates the Gaussian fit to this
row. The stellar continuum emission has been subtracted according to the method
described in the text.

sum up regions of the emission line that are too faint to fit individually, essentially
trading spatial resolution, which is less important near the outer flat regions of a
rotation curve, for a more reliable velocity measurement. When rows are binned, the
x position (i.e., radius) of the resulting velocity point is calculated by taking a S/N
weighted mean of the x positions of all the constituent spectral rows. Each of these
binned fits were checked by hand to ensure that they were meaningful. All extracted
rotation curves for our complete sample are displayed in Figures 4.2 and 4.3.

We found that the fit worked best when we subtracted off the continuum to
all the rows before fitting. We measured the continuum on the spectrum for each
spectral line separately by summing together about 50 spectral columns on either
side of the emission line’s center. By extracting and continuum subtracting over
small postage stamps, we avoid any issues that might be caused by spatial distortion

in the spectrum.
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4.3.2 Surface Photometry

From our HST imaging, we extract a 9” x 9” postage stamp image of each galaxy
in our sample, with the galaxy centered (see Figures 4.2 and 4.3). We then use the
GALFIT software (Peng et al. 2002) to fit the galaxy photometry to a Sérsic profile.
This fit yields estimates of the galaxy position angle on the sky, axis ratio, and scale
length. These parameters are necessary to determine the maximum velocity of the
galaxy in the following step. While we experimented with fitting to an exponential
disk plus bulge component, we find that the scale length as derived from the Sérsic
profile fit yields the best estimate of the rotation curve’s turnover scale length, as
described below.

In local Tully-Fisher studies, internal extinction of spiral galaxies has been found
to depend on the galaxy’s inclination to the line of sight (Tully & Fouque 1985; Tully
et al. 1998; Verheijen 2001). Galaxies viewed close to edge on have a larger fraction
of their luminosity extinguished by dust than the same galaxy would have if viewed
face on. We correct for this effect by adopting the particularly simple form of the
correction introduced by Tully et al. (1998):

Ay = = log () (4.1)

where a/b is the axis ratio of the galaxy. This formula corrects toward the face-on
case, but does not correct for additional extinction in a face on galaxy. We choose
not to apply any additional correction for the internal extinction of a face-on galaxy.

Following Tully et al. (1998), we determine v in each band by minimizing the
scatter in the rest-frame color magnitude relations B — Kg vs. Mg and V — Kg vs.
M, using the entire cluster plus field sample together. Since the luminosity function
of cluster spirals may not be uniform across all studied environments, we ignore
any luminosity dependence of the ~ correction, in order to avoid “fitting away” real
deviations that may be due to the cluster environment. We find yg = 1.37, v = 1.12,
and vk = (0.15y5) = 0.206. These values are consistent with the range specified in,
e.g., Tully et al. (1998) and Verheijen (2001).
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Figure 4.2 Images and rotation curves for cluster spirals, in order of ascending radius,
R, normalized by Ry ;r. Images are 9” x 9”. Observed rotation curves are plotted
as error-barred points, solid lines represent the best-fit rotation curve model, and the
quality code is displayed. On the postage stamp images, the 1”7 x 8" slit is indicated by
the solid black box. The spectroscopic seeing 0.8” is equivalent to ~4.5 kpc physical.
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Figure 4.3 Postage stamp images and rotation curves for all field spirals, arranged in
ascending redshift order.
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4.3.3 Model Fitting

In order to determine the peak rotation velocity of a galaxy, we used the parameters
obtained from GALFIT to construct an estimated velocity field for some maximum

velocity. We adopt a standard rotation curve function of the form

Vaaxr

YO = g

(4.2)

where ry is the Sérsic profile scale length as determined by GALFIT and a = 5,
following Bohm et al. (2004). For two galaxies in our sample, p1i97c4 and N46608, rg
from GALFIT appeared to be an overestimate of the rotation curve scale length, and
so we manually adjusted it to achieve a better fit. From the intrinsic rotation curve
specified above, we construct a 2D velocity field by populating a grid of line-of-sight
velocities, under the following formula:

Viobs = V(1) - cos() - sin(i) (4.3)

(6]

where ¢ is the azimuth in the plane of the disk and i is the inclination, with ¢ = 90°
defined to be edge on to the line of sight.

We then convolve this velocity field with a point spread function (PSF) with
FWHM equal to the seeing. For our data, we used a fixed seeing of 0.8” equal to
the median seeing of our observations. We adopt this fixed seeing correction because
of the relative insensitivity of the results to small variations in seeing; we find that
our uncertainty in the seeing correction affects the final Vi;4x by <1%, which is
insignificant compared to errors due to inclination or position angle.

Then, comparing the slit PA of our observation to the GALFIT estimate of the
galaxy major axis angle, we place a mock 1”-wide slit across the model velocity field,
at an angle reflecting the alignment between the real slit and the galaxy major axis.
Finally, at each position along the length of the slit, we averaged the pixels across the
slit width to determine an observed velocity. We use a x? minimization technique to

vary the maximum velocity in the model to match our observed rotation curves.
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For each observed spectrum, we estimate the position of the galaxy’s spatial center
by fitting a Gaussian function to the spatial profile of the 2D absorption spectrum,
integrated along the spectral dimension in two bands bracketing the emission line of
interest. An initial estimate of the velocity center is calculated from the previously
determined redshift of each galaxy. Both the spatial center and velocity center are left
to be free parameters in the y? minimization. However, in no case does the best-fit
spatial center of a () = 1 rotation curve differ by more than two pixels (~1.5 kpc
physical) from the calculated position, with typical offsets of much less than one pixel.

We first fit the rotation curve using fixed values for the PA and inclination, . In
order to determine the error values on our fits, we factor in the error from the fit as
well as computing a PA error and inclination error for the model by running it at £10°
for each parameter. Especially for galaxies that present a somewhat face-on profile, it
is important to account for this uncertainty due to PA and inclination errors, as it can
be large in some cases, and in fact causes us to discard several emission line galaxies
from our sample. We choose to vary over £10° because the formal errors in the
photometric fit are small in comparison to the systematic uncertainty in measuring

the PA and inclination from the inherently asymmetric light profile of a spiral galaxy.

4.3.4 Quality Control

We began with a sample of 257 candidate spiral galaxies, each with visible, spatially
resolved emission lines. Out of this sample, we removed 142 galaxies because the
rotation curve lacked enough spatial extent to detect a reliable turnover, or else no
significant velocity gradient was measured, in most cases because the galaxy is ori-
ented nearly face on. Additionally, we removed 33 galaxies because the spectroscopic
slit was too misaligned, or because the galaxy appeared too face on to estimate the
direction of its major axis.

After fitting models to the rotation curves of our candidate spirals, and culling bad
fits from our sample as described above, we remove five additional objects with highly

uncertain velocities, Alog(2Vys4x) > 0.2. Our final sample then consists of 37 field
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spirals and 40 cluster spirals (24 from C1 0024). The observed rotation curves, model
fits, and images of these galaxies are presented in postage stamp form in Figures 4.2
(cluster galaxies) and 4.3 (field galaxies).

We further divide this sample into two quality classes: ) = 1 rotation curves
have turnovers detected on both sides of the curve, with a model fit that accurately
matches the turnover at each end. Q = 2 curves, about 25% of the total, only show
a turnover at one end, or show other signs of an uncertain fit to the model. We
do not simply throw out all galaxies with signs of disturbed kinematics, but rather
keep them in the () = 2 sample, as they are of considerable interest for our study
of possible interactions with the cluster environment. However, the requirement that
we identify a reasonably secure value of Vj;4x must necessarily exclude some number
of spirals with highly disturbed rotation curves.

We summarize the sample selection process for both clusters and the field in
Table 4.1. We note that we remove roughly equal fractions of galaxies from the
cluster and field samples, at each step of the process. The two notable exceptions
have ready explanations: In step b., a larger fraction of field galaxies than cluster
galaxies are removed due to misaligned slits, because we did not consistently observe
field galaxies with aligned slits. Similarly, in step c., a low fraction of MS 0451 cluster
galaxies exhibited large enough spatial extent in their rotation curves, due to an
observed suppression or lack of star formation across this massive cluster (Chapter 6).
Basic data, as well as extinction-corrected magnitudes and velocities for all 77 objects

of our main sample, are listed in Table 4.3.

4.4 The Tully-Fisher Relation

In Figure 4.4, we plot the Tully-Fisher relation for both cluster and field galaxies, in
both rest frame Kg and V' bands (expressed as absolute magnitudes My and My,
respectively). Shaded regions indicate the £10 scatter of the local TF from Verheijen
(2001). Solid lines indicate the best fit TF zero point for each of our subsamples,
with the slope fixed to the local values from Verheijen (2001), adopting their RC/FD



117

10g(2Vpay) (km/s)

|

| CL0024
| MS0451 ¢
i
|
|

10g(2Vpay) (km/'s)

-19 -20 -21 -22 -23 -24 —-19 -20 -21 -22 -23 -24
M[K MV

Figure 4.4 V-band (right) and K-band (left) Tully-Fisher relations for cluster and field
spirals. The field relation is plotted in the top two panels, and cluster galaxies are
plotted on the bottom. Cl 0024 members are marked as black circles, while MS 0451
members are indicated by red diamonds. Shaded regions indicate the 1o scatter of the
local Tully-Fisher relation, from Verheijen (2001). We adopt their R-band relation to
compare to our V-band relation, neglecting any small correction to account for the
different filters. In each panel, the thick solid line represents the inverse-fitted TF
relation for those points (but fixing the slope to the local value), and the dotted lines
represent the 1o scatter about the mean. Dash-dotted line indicates where we apply
a cut in magnitude for this calculation. Symbols are as indicated by the legend; small
symbols indicate () = 2 rotation curves, and large symbols are () = 1.
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sample, which includes only galaxies where a turnover in the rotation curve is seen.
Dotted lines indicate the 10 RMS scatter of the relation about the mean. Zero points
are calculated by finding the biweight mean of the residuals about the local TF. To
minimize bias, zero point and scatter are calculated only from () = 1 rotation curves.
We further impose an absolute magnitude cut of My < —20.2 and Mk < —20.2, to
eliminate bias due to the differing magnitude distributions between the cluster and
field samples.

For purposes of determining the intrinsic scatter in the TF relation for each of our
samples, we also perform a least-squares fit to find the best-fit parameters of the TF
relation, weighting each point by the measurement uncertainties in both log(2Vy ax)
and absolute magnitude. We follow other authors (e.g., Bamford et al. 2006; Metevier
et al. 2006; Nakamura et al. 2006) and adopt log(2Visax) as the dependent variable
in the fit, such that

log(2Viax) = a+b*x My g (4.4)

where we fit for intercept a and slope b. This is the so-called inverse TF, which is
less sensitive to bias due to luminosity incompleteness (Willick 1994; Schechter 1980).
For each TF relation, cluster and field, V' and K¢ bands, the intrinsic scatter is that
portion of the measured scatter that cannot be explained by measurement error.
We estimate the intrinsic scatter by considering the reduced y? statistic. Following
Bamford et al. (2006), we iteratively determine the scatter that we need to add to our
measurement errors in order to achieve x> = 1. The best inverse fit parameters for all
four subsamples are listed in Table 4.2. We note that the zero points and slopes are
indistinguishable between cluster and field; as we will discuss below, only the scatter
in the relation differs between cluster and field.

Field galaxies show a tight TF relation in both bands, with slope consistent with
the local relation (Verheijen 2001). We find an intrinsic scatter of 0.35 mag in V' and
0.5 mag in Kjg, again restricting ourselves to () = 1 rotation curves brighter than
our magnitude cut. The seemingly higher intrinsic scatter in K¢ is at odds with the

expectation that lower dust extinction in the Kg-band should make the TF tighter



119

Table 4.2. Inverse fits to Tully-Fisher relation

Sample a b RMS (Alog(2Varax)) RMS (AMkyv)
Field Kg -0.7£03 —-0.14+0.01 0.07£0.01 0.5+£0.05
Cluster Kg —0.5+£0.2 —-0.14+0.01 0.17+0.01 1.18 £0.05
Field V -21+£04 —-0.22+£0.02 0.08 £0.01 0.35 £ 0.05
Cluster V -19+0.2 -0.20+£0.01 0.19 £0.01 0.93 £0.05

than in bluer bands, and our result seems to indicate that we underestimate the
measurement uncertainties. However, the shallower slope of the Kg-band TF causes
its scatter, when expressed in magnitudes, to be more sensitive to small errors in the
measured Visax. In fact, expressed in terms of Alog(Visax), the field sample scatter
in V and Ky are indistinguishable, yielding 0.08 4+ 0.01 and 0.07 &= 0.01, respectively.
As measurement uncertainties are generally largest in the V), 4x direction, this simply
indicates that absolute magnitude is more properly the independent variable in our
TF relation. In the following we will preferentially express the TF scatter in terms
of Alog(2Visax), except when comparing to other authors.

The 0.35 mag scatter we find in V' is comparable to the 0.38 mag R-band scatter
reported by Verheijen (2001) for nearby galaxies. Our Kg-band scatter of 0.5 mag is
about 50% larger than their reported 0.31 mag. However, Kannappan et al. (2002)
have suggested that, because local studies tend to weed out kinematically irregular
galaxies, the true scatter, if a more representative sample of spirals is selected, could
actually be much higher. At intermediate redshift, small irregularities in rotation
curves are harder to detect, due to limited spatial resolution, and so a higher measured
scatter might reasonably be expected.

Even so, the scatter we measure for the field TF is significantly lower than has
been found by other authors at intermediate redshift (e.g., Nakamura et al. 2006;
Bohm et al. 2004; Bamford et al. 2006). In a recent large study of 89 field galaxies,
Bamford et al. (2006) measure an intrinsic scatter in the B-band TF of 0.9 mag,

significantly larger than our measured V-band scatter, though they include galaxies
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across a larger redshift range. In the redder bands that we measure, we can see that
a tight TF relation still exists in the field at lookback times of over 5 Gyr.

In stark contrast to the field TF, the relation that we measure for cluster spirals
(lower panels of Figure 4.4) shows a remarkably high scatter, Alog(Vajax) = 0.19 +
0.01 (0.93 mag) and 0.17 + 0.01 (1.18 mag) in V' and Kg, respectively. These values
are each more than twice as large as the scatter in our field sample. This cannot be
understood in terms of higher measurement error in the cluster sample, as the two
samples were selected in the same way from the same parent data set, and we have
restricted the analysis to only the highest-quality rotation curves (@ = 1). When we
include all 77 rotation curves (@ = 1 and @) = 2), we observe the same difference

between cluster and field, but with overall higher measurements of scatter.

4.4.1 A Comparison to Independent Measurements

Recently, Metevier et al. (2006) have also published a Tully-Fisher relation for the
cluster Cl 0024, examining rotation curves of 15 spirals. Four of the galaxies in
their sample are in common with our own, allowing us for the first time to evaluate
the agreement between repeat observations and independent analysis of intermediate
redshift spiral rotation curves. In our sample, galaxies p0i27c3, p0il45c4, p0il63c4,
and p19i2c4 correspond to their TFR05, TFR07, TFR10, and TFR12, respectively.

Visual comparison of their observed rotation curves to our own (Figure 4.2) indi-
cates that they are of comparable quality, but with some differences in rotation curve
extent. Comparing our estimates of Vj;ax to their Vige, we find an RMS differ-
ence of AV/V = 34% + 17%, with individual measurements differing by as much as
100 km s™!. Three out of four measurements differ by more than 20.

In Metevier et al. (2006), Vagrc is conceptually identical to our Vys4x: both at-
tempt to measure the broad flat part of each spiral’s rotation curve. Furthermore,
our procedure for modeling the rotation curve follows steps very similar to their
GAUSS2D code. However, we each adopt slightly different rotation curve functions;

they use an arctan function to approximate V(R), while we use the function given in
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Equation 4.2, adopted from Béhm et al. (2004).

To test the effect of adopting a different rotation curve function, we rerun our
model fits for the four galaxies in common with Metevier et al. (2006), this time
fitting the observed rotation curves to an arctan function, and adopting the best-fit
scale lengths from their paper. We find that adopting their rotation curve func-
tion brings two of our four velocity measurements into agreement. For the two
other objects, variations in the observed rotation curves may explain the discrep-
ancy. In p0il63c4/TF10, Metevier et al. (2006) uncover a downturn in the rotation
curve at high radius, which is not reached by our own data. Conversely, for object
p0i145¢4/TF12, our rotation curve extends to larger radius and reveals that the ve-
locity continues to increase beyond the end of the curve measured by Metevier et al.
(2006).

It is striking that such a small difference in the choice of rotation curve function
can yield such a large difference in the resulting velocity value. When comparing
their results to other Tully-Fisher studies, Metevier et al. (2006) take pains to com-
prehensively account for many of the systematic differences between studies, most
having to do with the way velocities were measured or defined. They show that these
small differences greatly affect estimates of the average luminosity evolution of spirals
as a function of redshift. Because of the difficulty in comparing TF relations across
samples, and the additional, previously underappreciated systematic arising from the
choice of rotation curve function, we do not attempt in this study to make a rigorous
estimate of the luminosity evolution implied by our TF zero point.

In fact, generally, and for our present goal of studying environmental influences on
spiral galaxies, these variations between studies highlight the importance of matched
samples of cluster and field spirals. Our current matched sample, which contains the
largest number of cluster galaxies so far, allows us to move beyond the Tully-Fisher
relation, to study directly the kinematics of spirals galaxies in the hope of uncovering

the source of the large scatter seen in the cluster TF relation.
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4.5 Trends in Spiral Masses, Densities, and M /L

Movement of a galaxy in the TF plane can be caused by various effects. Increased star
formation or dustiness moves a galaxy along the luminosity axis, while increased total
mass, changes to the radial mass profile, or other kinematic disturbances can alter a
galaxy’s measured Vj;ax. In this section, we attempt to identify the source of the
high scatter observed in the cluster TF, compared to the field in the same redshift
range. Because our cluster sample spans a large range in cluster-centric radius, it
makes sense to examine the residuals of the TF and other dynamical characteristics

of the cluster spirals as a function of environment within the clusters.

4.5.1 Tully-Fisher Residuals and M /L

We first turn toward the simplest quantity to examine: the residuals from the TF,
considered to represent a change in mass to light ratio (M/L). The higher scatter seen
in the cluster TF, compared to the field, could plausibly be due to changes in star
formation rate or dust obscuration as galaxies fall into the cluster. This could cause
a radial gradient in M /L, which we would observe as an increased TF scatter.
However, because enhanced scatters are measured in both V- and Kg-band TF
relations, we do not expect that the enhancement can be solely attributed to an
increase or decrease in star formation or dust during cluster infall. If such a scenario
were the main driver of the scatter, we would expect that the V-band scatter would
be higher than the Kg-band, yet they are broadly equivalent. We would also expect
to see a correlation between TF residuals and other indicators of star formation rate
or dustiness. To test this, we plot, in Figure 4.5, the V-band TF residuals versus
V — Kg color for all galaxies in our cluster sample. Here, and for the rest of this
chapter, residuals are plotted in the sense that a positive residual is overluminous
for its measured velocity, or, alternatively, has an anomalously low Vj;4x given its
luminosity. No obvious correlation is observed in Figure 4.5. While several of our
objects with lowest measured Vj;4x are not plotted here because they do not have

K detections, these were also excluded from the TF relation fitting, and so are not
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Figure 4.5 The residuals from the local V-band Tully-Fisher relation, in the
log(2Vsax) direction, versus rest (V — Kg)ap color. Magnitudes are corrected for
inclination-dependent internal extinction, as discussed in the text. Symbols are coded
as in Figure 4.4.

the source of the enhanced scatter.

Even though star formation rate and dust content do not appear to correlate with
TF residuals, the galaxies of our cluster sample span a wide range of environments,
and so we also examine whether the increased TF scatter is related to a gradient in
M/ L across the cluster, as might be the case if spirals in the outskirts have formed
more recently than those in the cluster cores. In Figure 4.6, we plot the TF residuals
as a function of R/Ry g, the projected cluster-centric radius scaled by each cluster’s
Virial radius: 1.7Mpc for Cl 0024 (T03) and 2.7 Mpc for MS 0451 (Chapter 6). As
MS 0451 is much more massive than Cl 0024, a galaxy at 1 Mpc radius in Cl 0024
experiences a very different environment from a galaxy at the same radius in MS 0451.

As we will see below, some key trends emerge when we choose to scale by Virial radius,
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Figure 4.6 The residuals from the local Tully-Fisher relation as a function of normal-
ized projected radius, R/Ryg. Symbols are coded as in Figure 4.4. Black crosses
to the right of the dash-dotted line indicate the median and RMS residuals of the
field TF. Positive residuals indicate that a galaxy is overluminous for its measured
velocity, or, alternatively, has an anomalously low Vj;4x given its luminosity.

rather than plotting radius directly on the z-axis.

Examined by eye, the residuals from the V' band TF in Figure 4.6 (right panel) hint
at a radial gradient as a function of R/Ry g, with galaxies at higher radius seeming
to be overluminous. However, straight line fits to the V' and Kg band residuals find a
small gradient toward higher radius, but with slope no greater than the error bar on
a typical point. A simple gradient in star formation rate or M /L across the cluster
therefore cannot be the only mechanism responsible for the increased scatter in the
cluster TF compared to the field. We note, however, that we cannot rule out the
possibility that several different mechanisms are simultaneously contributing to the

TF scatter by acting on spirals in different environments within the clusters.

4.5.2 Densities and Masses

Since variations in star formation rate and dust content alone cannot account for
the observed scatter in the cluster TF, we are led to consider the idea that the

cluster spirals are more kinematically disturbed than their field counterparts. One
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way to test for disturbed dynamics in a spiral galaxy is to consider the photometric
effective radius, r,, of each galaxy. We can combine r, with V3;4x to calculate two
fundamental dynamical properties of spiral disks: dynamical mass, M(< r) oc V?r
and central surface mass density, 3,,(< 7) o< V2/r. Unlike the Fundamental Plane of
ellipticals, the Tully-Fisher relation in the local universe does not seem to have any
dependence on galaxy size (rs) (e.g., Verheijen 2001). Therefore, in an undisturbed
population of spirals, we would not expect to uncover any independent environmental
trends in quantities that only depend on r, and V3;4x. Any trends that do exist must
be the result of some cluster-related physical process.

In fact, surface densities allow us to directly probe for the action of a key physical
mechanism, galaxy harassment (Moore et al. 1999). Harassment is predicted to have
a stronger effect on the least dense galaxies falling into a cluster, to the point of
completely disrupting the most tenuous spirals. Any observed gradient in the mean
density of spirals could then implicate the action of this physical process.

We choose to study M and ¥,, within a radius of 1.25r, a characteristic radius
chosen because it is typically reached in all of our observed rotation curves, and it is
a radius at which most of our rotation curves have already leveled off to Vi ax.

In Figure 4.7, we plot galaxy density as a function of projected radius R (bottom
panel) as well as the normalized quantity R/Ry g (top). In the top panel, one notices
a striking break in the densities of spirals at approximately 1Ry . Near and outside
of this radius, spirals seem to exhibit nearly uniformly low central densities, which
are puzzlingly even lower than those of field galaxies in the sample. Within the Virial
radius, on the other hand, a large spread in densities is seen, and perhaps a radial
gradient of decreasing density outward from the cluster center. In the lower panel,
this trend appears scrambled, indicating that whatever physical process may cause
this effect, its strength scales as the cluster Virial radius. This observation rules out
several possible mechanisms, and will be discussed further in the next section.

It is natural to wonder if the observed break in density as a function of radius is due
to simple luminosity segregation: if more massive spirals are found near the cluster

center, perhaps these also have higher central densities. However, by consulting
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Figure 4.7 Top: Projected central density of cluster spirals, measured within 1.25r,,
versus R/ Ry g, calculated according to X,,(< r) = V?/(Gr) Bottom: Central density
versus R. In both panels, the thick cross to the right of the dash-dotted line indicates
the median density for the field sample. At top, additional thick crosses indicate the
median densities inside and outside 1 Ry;r. Symbols are coded as in Figure 4.4.
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Figure 4.8 Dynamical mass (within 1.257;) as a function of R/Ry g, calculated ac-
cording to M(< r) = V?r/G. We find galaxies with a range of dynamical masses,
both within and outside of the Virial radius. Symbols are coded as in Figure 4.4.
The median for the field sample is displayed to the right of the dash-dotted line.

Figure 4.8, where we plot dynamical mass as a function of R/Ryg, it becomes
apparent that this is not the case. The low density spirals found in the clusters’
outskirts in fact exhibit a wide spread in total mass. Because the total number of
observed spirals in the cluster outskirts is small, K-S tests comparing the distributions
of mass and density for low-R vs. high-R spirals are inconclusive. However, the cluster
sample as a whole does exhibit a larger overall spread in ¥,, than the field sample,
and includes a larger fraction of both low and high-density spirals: a K-S test gives a
1.3% chance that the two samples are drawn from the same parent distribution. This
indicates that the cluster environment may be affecting the internal mass distributions

of spirals at all cluster radii.
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4.6 Discussion

What physical mechanisms, then, could be acting on cluster spirals to reproduce both
the overall higher scatter in the TF and the observed radial trend in density? The
effects seem to persist as far as 2Ry g from the cluster cores, so even though some
of the observed galaxies at high radius may be part of a “backsplash population”, it
is very unlikely that nearly all star forming spirals in our sample have already been
through the cluster center. Therefore, we do not think it likely that tidal processes are
responsible, as they are only strong near the cluster center. Instead, we can consider
several proposed physical mechanisms that are strong enough at large radius to alter
the dynamics of a spiral, either directly or indirectly.

In the cluster outskirts, recent mergers are an obvious candidate to drive both the
large TF scatter and the abnormally low densities (see Chapter 1). Mergers are less
common in the low density field, and this could explain why we do not see any low-
density spirals in our field sample. Unknown selection biases, though, could prevent
us from including similar field galaxies in our Tully-Fisher sample. If the effects of a
recent merger last for at least 1 Gyr (Bekki 1998), then recent mergers can affect the
TF scatter even in the cluster core. Therefore, we can not rule out the possibility that
increased merging in the cluster outskirts serves to drive a high fraction of cluster
spirals away from the TF relation.

In the inner regions of galaxy clusters, mergers are suppressed due to the high
relative speeds of galaxies, which prevent the creation of a gravitationally bound pair
during close encounters. Instead, an infalling cluster galaxy is likely to experience
repeated close encounters at high speed due to the high density of galaxies in the
cluster. This process, called galaxy—galaxy harassment, can lead to dramatic changes
in a galaxy. Moore et al. (1999) have shown through simulations that the fate of a ha-
rassed galaxy depends on its original mass and central density. Strongly concentrated
Sa/Sb type galaxies were seen to puff up their disks during infall, and so harassment
may represent one way in which spirals transform into SOs in clusters. On the other

hand, lower density Sc/Sd spirals are more strongly affected by harassment; Moore
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et al. (1999) found that they were either completely disrupted, or else transformed
into an object resembling a dwarf galaxy.

If harassment is acting to transform the lowest density spirals into dwarfs, then
we would expect to observe a deficit of such low-density spirals near the cluster cores.
High-density spirals, on the other hand, should be more resistant to harassment, and
are likely to persist to smaller cluster radii. This prediction qualitatively matches the
trend in densities seen in Figure 4.7, but the picture is unclear. The puzzling lack
of high-density galaxies at large cluster radius, and the persistence of low-density
galaxies to ~0.5Ryr raise questions about this interpretation. We have already
seen in Figure 4.8 that galaxies of a wide range of masses are represented in the
cluster outskirts, so harassment alone may not present a complete explanation for
the observations. Frequent mergers in the cluster outskirts, however, could very well
provide the missing ingredient for keeping spiral densities low there.

Finally, we consider processes that depend on the hot intracluster medium (ICM).
Generally, even strong interactions with the ICM like ram-pressure stripping are
thought to be too weak to explain the observed disruptions in the kinematics of
spiral disks (Quilis et al. 2000). Rather, such ICM-related processes act largely to
suppress star formation within infalling disks. Since changes in star formation rate do
not appear to be responsible for the increased scatter in the cluster TF, it is unlikely
that an ICM-related process is involved. However, it is possible that shock fronts
within the ICM can enhance the ICM’s ability to affect a spiral disk even at high
cluster radius (Chapter 3). Cl 0024 may be undergoing a face-on merger with a large
group (Czoske et al. 2002), and so shocks may be important in this cluster. Shocks in
the ICM may induce centrally concentrated starbursts within infalling cluster galax-
ies, but it is not clear that such an interaction would generate emission lines with
enough spatial extent to allow measurement of rotation curves. Further, since all
ICM related processes suppress star formation over time, our sample of exclusively
star-forming spirals can only provide and incomplete picture at best of the effects of
ICM shocks.

One possible concern with our result on the cluster TF relation is that cluster to
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cluster variation could be high (as seen for example by the MORPHS and EDIScS
studies, (Poggianti et al. 1999; White et al. 2005)). In fact, previous studies of
Cl 0024 have shown that its galaxy population may be overly active, possibly due
to the ongoing merger with a foreground large group (Czoske et al. 2002). Indeed,
we saw in Chapter 3 that the Fundamental Plane of elliptical and SO galaxies in
Cl 0024 exhibits a higher scatter than found in most other intermediate redshift
clusters (e.g., Kelson et al. 2000b), though this effect is most significant in the inner
1 Mpc of the cluster. It is possible that the increased TF scatter we see is connected
to the similarly enhanced Fundamental Plane scatter. However, while our cluster TF
includes a majority of points from Cl 0024 (24 galaxies cf. 16 for MS 0451), it seems
clear by inspection of Figure 4.4 that MS 0451 also contains spirals that deviate
highly from the local TF. As MS 0451 is thought to be in a more advanced stage
of cluster assembly than Cl 0024 (Chapter 6), the universality of our measured TF
scatter remains uncertain until similarly large samples for several more intermediate

redshift clusters become available.

4.7 Conclusions

In this work, we have studied the dynamics of cluster and field spirals at intermediate
redshifts, via an analysis of their optical rotation curves.

We have presented one of the most complete Tully-Fisher relations available for
both cluster and field spirals at these redshifts, and have demonstrated that the field
relation is quite tight even at these high look back times. In contrast, the cluster
TF exhibits a remarkably high scatter. By comparing the trends of Tully-Fisher
residuals vs radius with those in colors and local mass density we found that the
increased scatter cannot be explained solely in terms of environmental effects on the
star formation rates of infalling galaxies. We therefore proposed that the increased
scatter in the Tully-Fisher relation is due to kinematic disturbances, as expected for
example for cluster harassment.

We also found a trend in galaxy mass density as a function of cluster centric radius



131

in the sense that spiral galaxies are denser in the central regions of clusters. This is
expected if harassment plays a significant role, as the densest disks would be most
likely to survive during the infall. However, we found a paucity of high-density spiral
galaxies in the cluster outskirts, which cannot be explained by harassment alone. We
suggest that a combination of enhanced merging in the cluster outskirts with galaxy
harassment in the intermediate and inner cluster regions may be required to explain
the observed trend in galaxy density.

Larger matched samples covering a larger number of galaxy clusters are needed
to determine if the observed trends are universal across clusters at these redshifts.
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Chapter 5

GALEX Observations of “Passive Spirals”
in Cl 0024: Clues to the Formation of SO
Galaxies !

We present results from deep GALEX UV imaging of cluster Cl 0024 at z ~ 0.4.
Rest-frame far UV emission is detected from a large fraction of so-called “passive spi-
ral galaxies”—a significant population which exhibits spiral morphology with little or
no spectroscopic evidence for ongoing star formation. This population is thought to
represent infalling galaxies whose star formation has been somehow truncated by en-
vironmental processes, possibly in morphological transition to SO galaxies. Compared
to normal cluster spirals, we find that passive spirals are redder in F'UV-optical color,
while exhibiting much stronger UV emission than cluster E/SOs—as expected for re-
cently truncated star formation. By modeling the different temporal sensitivities of
UV and spectroscopic data to recent activity, we show that star formation in passive
spirals decayed on timescales of less than 1 Gyr, consistent with “gas starvation” —a
process where the cluster environment prevents cold gas from accreting onto the spiral
disk. Intriguingly, the fraction of spirals currently observed in the passive phase is
consistent with the longer period expected for the morphological transformation and

the subsequent build-up of cluster SOs observed since z ~0.4.

Much of this chapter has been previously published as Moran et al. (2006).
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5.1 Introduction

In normal spiral galaxies, the ultraviolet (UV) luminosity depends sensitively on the
presence of two components: young, hot stars and dust. UV continuum observations
are sensitive to star formation on timescales of less than a few 100 Myr and can thus
place strong constraints on both current and recent activity, particularly if indepen-
dent estimates of dust extinction are available. Due to its wide field of view, the
Galazy Evolution Ezplorer (GALEX) satellite allows an efficient census of the UV
content of galaxies (Martin et al. 2005). Here we use GALEX imaging to address a
key issue in galaxy evolution: the search for objects in morphological transition in
intermediate redshift clusters.

It has been known for many years that galaxies in rich clusters are generally bluer
and more active at intermediate redshift (Butcher & Oemler 1978). With the aid of
Hubble Space Telescope (HST) imaging, recent quantitative studies of the evolving
morphology—density relation (Dressler et al. 1997; Smith et al. 2005a; Postman et al.
2005) lend support to the suggestion that blue star-forming cluster spirals have been
somehow transformed into red SOs (Couch & Sharples 1987). In order to understand
how such transformations might occur, several spectroscopic and photometric surveys
of intermediate redshift clusters have sought to pinpoint samples of galaxies which are
in the (presumed short-lived) transitional phase (e.g., Couch et al. 1998; Poggianti et
al. 1999; Balogh et al. 1999).

Several candidate object classes have been identified from spectroscopic data uti-
lizing the combination of [O11] emission and Balmer absorption, which are respec-
tively sensitive to ongoing star formation and recent star formation on timescales of
~1 Gyr. These include the “E4+A” or “k+a” galaxies that exhibit a deep Balmer Hd
line (Dressler & Gunn 1983, 1992), and the “e(a)” galaxies that combine [O 11| emis-
sion with strong Balmer absorption (Poggianti et al. 1999). Recent studies indicate
that e(a) spectra are largely associated with dusty starburst galaxies (Poggianti & Wu
2000), and that (k+a)s are associated with the poststarburst remnants of a merger

or close encounter (Goto 2005; Tran et al. 2003—but see also Poggianti et al. 2004).
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Figure 5.1 Normalized coadded spectra of E+S0 galaxies (lower spectrum), passive
(middle) and active (upper) spiral galaxies, offset vertically, in arbitrary units, created
as in Chapter 3. Key spectral lines are marked.

However, there are few intermediate redshift SO galaxies with e(a) or poststarburst
spectral signatures (Poggianti et al. 1999). Indeed, in Chapter 3, we found no differ-
ence between the stellar populations of Es and SOs in Cl 0024—an unexpected result
if SOs were recently created from starbursting systems. Clearly, our understanding of
the evolutionary link between e(a)/k+a galaxies and SOs remains incomplete.
Recently, a further interesting class has been identified—the so-called passive spi-
rals (Couch et al. 1998; Dressler et al. 1999; Poggianti et al. 1999; Goto et al. 2003).
These objects exhibit spiral morphology in HST images, but reveal weak or no [O11]
emission. Some authors have suggested that these are spiral-to-S0 transition objects
where cessation of star formation occurs on a faster timescale than the transforma-
tion of spiral morphology. Such a delay in the morphological transformation would
naturally explain the older stellar populations inferred from optical spectra of SOs
(Poggianti et al. 1999, Chapter 3). Theoretical models by Bekki et al. (2002) have
shown that this scenario is consistent with gas “starvation”, an interaction with the

intracluster medium that serves to inhibit star formation by halting the accretion of
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cold halo gas onto the galaxy disk (see also Larson et al. 1980, T03). Without further
gas accretion, Bekki et al. (2002) found that the spiral arms fade within ~ 3 Gyr.

Goto et al. (2003) find that passive spirals in the SDSS reside preferentially in
intermediate density environments, confirming this is a cluster-related phenomenon.
Balmer Ho absorption is weaker in passive spirals than in the overall spiral population
(Goto et al. 2003; Poggianti et al. 1999), suggesting their stellar populations already
resemble the older populations found in E+S0 (“early-type”) galaxies. To date, how-
ever, little else is known about the detailed star formation histories of passive spirals.

In this work, we combine GALEX UV imaging of Cl 0024 at z = 0.4 with our HST
imaging and Keck spectroscopy to constrain the recent and ongoing star formation
rates (SFRs) of passive spirals. By comparing our measurements of UV-optical colors
and key spectral lines with model star formation histories, we can for the first time

distinguish between several explanations for the nature of the passive spirals.

5.2 Observations and Sample Selection

5.2.1 Data

We make use of HST imaging and Keck spectroscopy of Cl 0024417 from the survey
described in Chapter 2. To briefly recap, these data consist of a sparsely sampled
mosaic of 39 WFPC2 images taken in the F814W filter (~1 band), providing coverage
to a projected radius of >5 Mpc. Reliable morphological classifications are available
to to I = 21.1 (T03, Chapter 2) and we combine these classifications with Keck
spectroscopy in order to define three samples of cluster members: passive spiral,
“active” or star-forming spiral, and E+S0.

C1 0024+17 was observed for 13.3 ks with GALEX in 2004 October (GO-22; Cycle
1; PI Treu) in both near (NUV) and far ultraviolet (FUV) filters (Martin et al. 2005;
Morrissey et al. 2005). The NUV band closely matches the rest-frame FUV at z ~0.4
(Ae ~ 1620A), so we focus on that band. Galaxy fluxes were measured within 6”

circular apertures, centered on the optical position, and then aperture corrected for
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Figure 5.2 The distribution of rest-frame (FUV — V),p colors for active spiral (blue),
passive spiral (hatched green), and early-type (solid red) galaxies.

agreement with SExtractor-derived total magnitudes (MAG_AUTO). Using k-correction
as described in Chapter 2, we convert observed NUV and F814W fluxes to rest-frame
FUV and V luminosities.

In compiling a sample of spirals whose spectra indicate they are passive, we pri-
marily draw from our DEIMOS spectroscopic sample (Chapter 2), but augment the
sample with cluster members from the CFHT survey of Czoske et al. (2001), who

reported the strengths of (or the absence of) several spectral lines including [O 11].

5.2.2 Sample Selection

As faint emission line objects are easier to robustly identify than those without emis-
sion, there is a potential bias against identifying “passive” objects. To minimize this
effect, we adopt a bright magnitude limit F814W < 21.1 (equivalent to My = —19.6),
where the sample is nearly unbiased. (See Chapter 2). Reliable visual morphologies
are available to the same limit.

We define as “passive” any Sa-Sd spirals which have EW([O11]) > —5A (Dressler
et al. 1999; Poggianti et al. 1999), with “active” spirals having EW([O11]) < —5A; a
more stringent limit is precluded by signal/noise considerations. While this definition

does not exclude (k+a) or e(a) spirals as separate classes, our Cl 0024 sample contains
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only two spirals with EW(H6)=Hd, > 5A, both with [O 11] emission. To be consistent
in comparing passive spirals with E+S0 galaxies, we likewise exclude all early types
with EW([O11])< —5A (~25%). We manually examined all optical and UV galaxy
images to ensure correct associations. We removed from the sample all galaxies where
the UV flux is centered on a neighbor, or is otherwise contaminated; this reduced the
total sample by 12%. The final sample consists of 68 cluster spirals, of which 24 are
passive and 44 active. The comparison sample of passive E+S0s contains 75 objects.

In Figure 5.1, we show coadded, normalized spectra for each type.

5.3 UV Emission in Passive Cluster Spirals

While the optical spectra of passive spirals are noteworthy for their resemblance to
those of red early types (Figure 5.1, Dressler et al. 1999), their FUV properties reveal
a very different picture. A large fraction of passive spirals in Cl 0024 emit vigorously
in the FUV. The fraction of UV-detected passive spirals (>30) is 67 + 17%, not
significantly different from that of active spirals (80 4+ 13%). However, only 25 + 7%
of the early-type galaxies are similarly detected in the UV, clearly indicating that the
stellar populations of passive spirals differ from those of the early-type galaxies.
Moreover, Figure 5.2 shows that the UV-detected passive spirals have FUV - V
colors intermediate between the bluer active spirals and the early types, which span a
wide range extending the furthest to the red. A K-S test confirms that the FUV - V
colors of passive spirals differ from those of E+S0s with >99% confidence. These
intermediate colors strongly suggest that passive spirals bridge the gap between the
blue and red galaxy sequences. Below, we evaluate this suggestion by considering

model star formation histories.

5.4 Model Star Formation Histories

The detection of strong FUV emission from passive spirals is perhaps surprising in a

simple picture where the UV light and optical emission lines are generated simulta-
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neously from the same star forming regions. Here, we explore possible explanations.
The key to understanding the observation lies in the hierarchy of lifetimes of the stars
responsible for the strong Hd absorption (10° yrs), FUV flux (10"-108 yrs) and hard
ionizing photons (107 yrs).

It is useful at this point to introduce the FUV — Vvs. Hj4 diagram, which we will
use as our main diagnostic tool. Firstly, by comparing signatures of star formation
over different timescales, this diagram allows us to explore the recent star formation
history of active and passive spirals and to assess whether they can be connected in
an evolutionary sequence. Secondly—since FUV — V is sensitive to dust extinction
while HJ is not (e.g., MacArthur 2005; Sato & Martin 2006)—this diagram allows
us to explore whether the redder FUV — V colors of passive spirals with respect to
active spirals could be due to dust instead of differences in the recent star formation
history.

Figure 5.3 shows the location of passive and active spirals in the FUV — V vs
Ho4 diagram. Active spirals (open blue triangles) are clustered at a blue FUV - V
color with moderately strong Balmer absorption (Hé ~ 4A), whereas the passive
spirals (solid green triangles) extend to redder FUV — V colors with weaker H. The
mean location of each population is marked as an error-barred point; errors indicate
uncertainty in the mean. The error-barred point with the weakest H¢ is a composite
of 13 passive spirals that cannot be plotted individually, either due to lack of reliable
Ho or contamination of FUV flux. We coadded available spectra for these galaxies to
measure HJ, and we adopt the mean of available FUV — V. This composite lies near
the locus of individually plotted passive spirals at low Hé and red FUV - V.

Evolutionary tracks from the population synthesis code of Bruzual & Charlot
(2003) are overlayed in Figure 5.3. We consider only solar metallicity, and only plot
model points reached in less than the time from formation at z ~ 5 to observation
at z = 0.4 (~8 Gyrs). Tracks are in red for regimes where EW([O11])> —5A; we
use SFRs and Lp from the Bruzual & Charlot (2003) models to estimate EW([O 11])
according to the relation in Barbaro & Poggianti (1997). We calculate [O 11] attenu-

ation by dust following Calzetti et al. (1994), with nebular emission extincted more
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Figure 5.3 (FUV - V)ap color, rest frame, versus Hd,, for passive (filled green tri-
angles) and active (open blue triangles) spirals, with typical error at upper right.
Arrows indicate lower limits on FUV — V| color coded in the same manner. Black
crosses indicate, from lower right to upper left, the mean location of the active spirals
(with error on the mean), the same for passive spirals, and a composite of 13 passive
spirals that cannot be plotted individually. Solid, dotted, dashed, and dash-dotted
lines respectively mark several classes of model star formation histories, as labeled
on the plot and discussed in the text. Tracks are colored red for regimes where
EW([O11])> —5A. Model ages increase generally from the lower right to the upper
left.
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strongly than the stellar continuum (E,./E, ~ 0.5), but caution that this is only a
representative model. We subtract 0.9A from Hé for all model tracks to account for
infilling by nebular emission (Barbaro & Poggianti 1997).

Solid lines represent exponentially declining SFRs. Those marked with character-
istic timescales 7 = 3, 5, 10 Gyr have been found to reproduce the optical spectra of Sa,
Sb, and Sc-type galaxies (“active” spirals), respectively (Poggianti & Barbaro 1996).
Dashed lines include dust extinction of Ay = 0.6, corresponding to the mean differ-
ence in FUV — V between the passive and active spirals, for a Cardelli et al. (1989)
extinction law with Ry =3.1. The lower dashed line is a representative 7 = 5 Gyr
model with dust. The uppermost dashed and solid lines represent a 7 = 1 Gyr SFR
(with and without dust) and will be discussed below. Active spirals largely occupy
the region in between tracks with zero and moderate extinction.

While adding extinction to the active spiral models can serve to reproduce the lack
of emission lines and the redder FUV — V colors of the passive spirals, as expected
it has very little effect on the Hé values. Thus, while a model with extincted star
formation is sufficient to explain those passive spirals with higher Hd, it is unable to
account for the bulk of the population observed with weaker HS. Conceivably, more
complex dust screens could account for this deficiency, but we will explore a more
straightforward explanation where the SFR is suppressed as a result of environmental
processes.

We first consider “truncated” star formation: in Figure 5.3, we plot (as dotted
lines) several representative 7 = 3 — 10 Gyr models where SFR instantaneously falls
to zero at an age between t = 5—7 Gyr, representing a range of initial formation ages.
Such models eventually generate both lower Ho values and redder FUV — V colors
after star formation is turned off, but the UV emission decays too rapidly, falling
below our GALEX detection limit well before low Hd values are reached.

Only models with a relatively fast exponential decline in SFR (7 < 1 Gyr, upper
solid and dashed lines in Figure 5.3) can match the FUV — V and H¢ of the bulk of
passive spirals. Alternatively, any of the active spiral models with 7 = 3 — 10 Gyr

can migrate toward the 7 = 1 Gyr track if its star formation begins to decline at a
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much steeper exponential rate (thick dash-dotted line in Figure 5.3), entering into a
spectroscopically passive phase. The two scenarios are essentially equivalent, differing
only in the age of the galaxy when it enters the passive phase, and the amount of

dust extinction applied.

5.5 Discussion

Remarkably, the star formation histories with a sharp decline in SFR resemble those
expected for spirals affected by “starvation” (Bekki et al. 2002; Larson et al. 1980). As
the accretion of gas is rapidly cut off, star formation decays on a short timescale as the
remaining disk gas is used up (0.8 Gyr< 7 < 2 Gyr, according to Larson et al. 1980).
More generally, we might expect that any “gentle” physical mechanism that inhibits
star formation without immediately affecting the spiral morphology would behave
similarly. A gentle mechanism is also easier to reconcile with the observed homogene-
ity of the stellar populations and dynamical properties of SO galaxies (Chapter 3, but
see also Chapter 6). Models with no explicit break in SFR, but with low values of
7 (~1 Gyr), reproduce the passive spiral data as well as the starvation model, and
seem not to require the action of any physical mechanism. Yet passive spirals seem
to be most prevalent in clusters (Goto et al. 2003), suggesting that a cluster-related
mechanism contributes to their formation.

Since few passive spirals are observed with an FUV upper limit (8/24), we might
expect that any morphological transition occurs soon after a passive spiral fades
below our FUV limiting magnitude. For the model starvation track plotted as a thick
dash-dotted line in Figure 5.3, the total lifetime from the halt of gas accretion to the
point where the FUV luminosity fades below our detection limit is ~3 Gyrs, in good
agreement with the morphological transformation timescale predicted by Bekki et al.

This particular evolutionary track spends ~1.5 Gyr in a phase with EW([O 11])>
—5.0A and detectable FUV (for the mean My = —20). The fraction of all bright
spirals in this UV-detected, spectroscopically passive phase is 27 & 7% in Cl 0024,

though some contamination is likely from galaxies undergoing dust-obscured star
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formation. These statistics enable us to consider whether the fraction of passive
spirals observed is consistent with the buildup of the SO fraction from z = 0.4 to
z = 0.0.
Following Smith et al. (2005a), we define the ratio of SO to ellipticals today,

Nso .—0/Ng,.—o, in terms of the passive spiral fraction and SO fraction at z = 0.4:

N z= N z= AtNS z= N 2=
S0, 0:( S0, 0.4+_ psp, 0.4) E,2=0.4 (5.1)

Ng .—o Ng =04 T Ng.—04 ) Ng.—04+ ANg

where At is the look-back time to z = 0.4, 4 Gyr, and 7 is the passive spiral lifetime
of 1.5 Gyr. The last term accounts for the buildup of ellipticals through other means,
which we set equal to 1 for this simple analysis. Taking Ngo.—04/Ng.—04 = 0.65
(Dressler et al. 1997) and Npsp.—0.4/Ng .—04 = 0.25,2 we calculate Ngo ,—0/Ng -0 =
1.3, in rough agreement with Ngg,—o/Ng .—0 ~ 1.7 £ 0.6 from Dressler et al. (1997).
This shows that passive spirals undergoing starvation can evolve into present day SOs,
consistently with the observed evolution of the morphology density relation.

While starved spirals cannot build up the entire population of local SOs due to dif-
ferences in the stellar mass functions of local SOs and spirals (Kodama & Smail 2001),
our result provides strong evidence that the abundant passive spiral population at
intermediate redshift is an important transition population which contributes to the
present-day cluster SO population. By combining the different postburst timescales
probed by GALEX UV imaging and optical spectroscopy, we have delineated a duty
cycle of gradual decline in activity consistent with the recent growth in the SO popu-
lation.

Acknowledgements We thank L. MacArthur and I. Smail for valuable com-

ments.

2 According to Dressler et al. (1997), the ratio of ellipticals to spirals is nearly unity in Cl 0024,
S0 Npsp,z=0.4/NE,z=0.4 = Npsp/Nsp-
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Chapter 6

Identifying the Physical Processes
Responsible for the Observed
Transformation of Spirals into SOs !

We present further results on our comprehensive comparative survey of Cl 0024 and
MS0451. Combining HST and GALEX imaging with Keck spectroscopy, we identify
and study several key classes of “transition objects” whose stellar populations or dy-
namical states indicate a recent or ongoing change in morphology and star formation
rate. For the first time, we have been able to conclusively identify spiral galaxies in
the process of transforming into SO galaxies. This has been accomplished by locating
both spirals whose star formation is being quenched as well as their eventual suc-
cessors, the recently created SOs. Differences between the two clusters in both the
timescales and spatial location of this conversion process allow us to evaluate the rel-
ative importance of several proposed physical mechanisms that could be responsible
for the transformation. Combined with other diagnostics that are sensitive to either
ICM-driven galaxy evolution or galaxy-galaxy interactions—including the residuals
from the Fundamental Plane and the properties of “signpost” compact emission line
galaxies—we describe a self-consistent picture of galaxy evolution in clusters. We find
that spiral galaxies within infalling groups have already begun a slow process of con-
version into SOs primarily via gentle galaxy—galaxy interactions that act to quench
star formation. The fates of spirals upon reaching the core of the cluster depend

heavily on the cluster ICM, with rapid conversion of all remaining spirals into SOs via

LA version of this chapter has been accepted for publication in ApJ, as Moran et al. (2007b)
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ram-pressure stripping in clusters where the ICM is dense. In the presence of a less-
dense ICM, the conversion continues at a slower pace, with galaxy—galaxy interactions
continuing to play a role along with “starvation” by the ICM. We conclude that the
buildup of the local SO population through the transformation of spiral galaxies is a
heterogeneous process that nevertheless proceeds robustly across a variety of different

environments from cluster outskirts to cores.

6.1 Introduction

It is well known that environmental processes play a significant role in shaping the
evolution of galaxies as they assemble onto clusters. With the aid of Hubble Space
Telescope (HST) imaging and deep optical spectroscopy, recent studies have quantified
this evolution in galaxy properties, painting a picture where the fraction of early-type
(elliptical and S0) galaxies and the fraction of passive non-star-forming galaxies both
grow with time, and at a rate that seems to depend sensitively on the local density
of galaxies (Smith et al. 2005a; Postman et al. 2005; Dressler et al. 1997; Poggianti
et al. 1999).

Yet there are a wide variety of physical processes that may be responsible for
these evolutionary trends—including galaxy mergers, galaxy—galaxy harassment, gas
stripping by the ICM, or tidal processes (Moore et al. 1999; Fujita 1998; Bekki et al.
2002). Observationally, it has so far been impossible to fully separate the effects of the
various physical processes, in large part due to the overlapping regimes of influence
for each of the proposed mechanisms (see Chapter 1, T03). Further complicating the
picture, the large scale assembly states of clusters show considerable variety (Smith
et al. 2005b), such that the dominant forces acting on galaxies are likely to vary
from cluster to cluster, or over the course of an individual cluster’s assembly history.
But gaining an understanding of the complex interplay between a variable ICM, the
properties of assembling galaxies, and the overall cluster dynamical state is crucial
if we are to have a complete picture of the growth and evolution of galaxies in a

hierarchical universe.
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In this work, we combine HST optical and GALEX UV imaging of Cl 0024 and
MS 0451 with ground-based (Keck) spectroscopy of member galaxies, in an attempt
to trace directly the buildup of passive early-type galaxies via a detailed “case study”
of the galaxy population across each cluster. In several previous chapters, whose key
results are restated in §6.2, we have performed several targeted investigations of galaxy
stellar populations and star formation rates as a function of cluster-centric radius,
local density, and morphology. Our goal for this study is to bring our complete survey
data set to bear on the question of how galaxies are affected by their environment,
as a function of both the overall cluster properties and of local environment within
each cluster. For maximum clarity and deductive power, we focus our investigation on
several key populations of “transition galaxies” in the clusters—galaxies whose stellar
populations or dynamical states indicate a recent or ongoing change in morphology
or star formation rate.

In evaluating cluster galaxies for signs of evolution, we have adopted a strategy to
make maximal use of our HST-based morphologies by characterizing signs of recent
evolution in spirals and early types separately. This approach is similar to using the
color-magnitude relation to divide our sample into “red sequence” and “blue cloud”
galaxies, but it provides additional leverage to identify galaxies in transition. Early-
type galaxies that have either been newly transformed or prodded back into an active
phase, or spiral galaxies where star formation is being suppressed or enhanced will
all stand out in our sample. At the same time, their morphologies reveal important
information about their formation histories prior to their current transition state,
information that colors alone do not provide. Our strategy also has the benefit of
allowing us to directly investigate the hypothesis that many cluster spirals transform
into SOs between z ~ 0.5 and today (Dressler et al. 1997)—an investigation that will
form the basis of this chapter.

In the next section, we restate our rationale for selecting Cl 0024 and MS 0451,
describe the large-scale properties of each cluster, and give a summary of what we
have concluded so far in our study of galaxy evolution in both clusters. In §6.3, we

briefly describe the survey data we will draw from. In §6.4, we will investigate the
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properties of “passive spirals” across the two clusters, suggesting that they are in the
process of transforming into SO galaxies. We confirm in §6.5 that this is the case, via
identification of newly created SOs that we believe reflect the distinct passive spiral
populations found in each cluster. In §6.6, we consider the environments of these
galaxies in transition, and begin to investigate the physical mechanisms that may
be responsible for these transformations. In §6.7, we outline a model of how galaxy
evolution proceeds in each cluster. We consider the Fundamental Plane as a way to
further constrain the physical mechanisms at work, and derive similar constraints from
the populations of compact emission line galaxies in both clusters. Finally, in §6.8,
we summarize our conclusions about the transformation of spirals into SOs at z ~ 0.5.
In this work, we adopt a standard ACDM cosmology with Hy = 70 km s~ Mpc™1,
Q,, = 0.3, and 2, = 0.7.

6.2 A Comparative Survey of Two z ~0.5 Clusters

As discussed in Chapter 1, Cl 0024 and MS 0451 were chosen for study primarily
because of their comparable total masses, similar galaxy richness, and strong lensing
features, while exhibiting X-ray properties that are quite distinct (see Table 1.1).
While MS 0451 is one of the most X-ray luminous clusters known (Donahue et al.
2003), CI 0024 is somewhat underluminous in the X-ray, with a mass inferred from
XMM/Newton observations that significantly underestimates the mass derived from
other methods (Zhang et al. 2005). MS 0451 has X-ray luminosity seven times larger
than Cl 0024, with a corresponding gas temperature nearly three times as high. This
implies a large difference in the density and radial extent of the intracluster medium
(ICM) between the two clusters. As a result, ICM-related physical processes are
naively expected to be more important in the evolution of currently infalling MS 0451
galaxies than in Cl 0024.

In the schematic diagram presented as Figure 1.2, we have applied simple scaling
relations to estimate the regimes of influence for several key physical processes which

could be acting on infalling galaxies, following the procedure described in Chapter 1.
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ICM-related processes, such as gas starvation (Larson et al. 1980; Bekki et al. 2002)
and ram-pressure stripping (Gunn & Gott 1972) begin to affect galaxies at much
larger radius in MS 0451. An important caveat, however, is that the role of difficult-
to-observe shocks in the ICM are unknown, and are not accounted for in Figure 1.2
(but see §6.7). Similarly, the two clusters’ differing masses set the radial regions where
galaxy merging will be effective; because of the ~50% higher mass of MS 0451, typical
galaxy relative velocities become too fast for mergers to occur at a higher radius than
in Cl 0024.

The differing regimes of influence for the physical mechanisms illustrated in Fig-
ure 1.2 provide the key template for our attempt to disentangle the relative importance
of the various processes. By surveying the galaxies of both clusters for signs of recent
transformation or disturbance, across the entire radial range to ~5 Mpc, we hope to
associate the sites and characteristics of galaxies in transition with the likely causes
from Figure 1.2.

An additional factor not reflected in Figure 1.2, however, is the overall assembly
state and level of substructure in each cluster. Therefore, Figure 1.2 can only be used
as a guide, and we must carefully consider the effects that large-scale cluster assembly
and irregularities may have on their galaxies as well. For example, the effects of tidal
processes and galaxy—galaxy harassment, which according to Figure 1.2 should occur
in much the same regions across both clusters, may very well differ greatly between
clusters depending on how well each is virialized. As we will discuss below, there are
marked differences in the levels of substructure between the two clusters, and these

may drive important differences between the galaxy populations.

6.2.1 Kinematic Structure of the Two Clusters

While it is evident from their different X-ray luminosities that MS 0451 and Cl 0024
provide quite different environments for their constituent galaxies, our detailed study
of environmental effects on cluster galaxies requires a comprehensive characterization

of the two clusters and their respective environments. Here, we study the radial
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velocities and spatial distributions of galaxies in each cluster, in order to evaluate the
global kinematic structure of each cluster and identify significant substructures.

Our extensive HST imaging and Keck spectroscopy, described more fully in Chap-
ter 2, readily reveal marked differences in the distributions of galaxies between the
two clusters, suggesting that the clusters have quite dissimilar recent assembly his-
tories. In Figure 2.8, we have displayed the distribution of redshifts for members of
both Cl 0024 and MS 0451. The redshift distribution of MS 0451 members is broadly
consistent with a Gaussian distribution. A somewhat better fit to the data is given by
a two-component double Gaussian function, but the distribution splits into these two
peaks only for galaxies at large radius (R > 2 Mpc), suggesting that we are observing
two filaments feeding galaxies into the virialized center of MS 0451. Cl 0024 galaxies
likewise exhibit a double-peaked structure in redshift space, with two components
that are widely separated and asymmetric in height. This feature was discovered
by Czoske et al. (2001), and is thought to be the remnant of a high-speed, face-on
encounter between the main cluster and a smaller subcluster or large group (Czoske
et al. 2002).

The effects of this collision, even an estimated several Gyrs after it occurred
(Czoske et al. 2002), are still important in the core of Cl 0024—for example, as shown
by intriguing recent claims of a “dark matter ring” in the core of Cl 0024 (Jee et al.
2007). The measured line of sight velocity dispersion in the core of 650 + 50 km s*
implies a 30%-50% lower mass than has been directly measured through strong and
weak lensing constraints (Kneib et al. 2003). The fact that the galaxy velocity distri-
bution and X-ray emitting gas both underestimate the mass leads to the conclusion
that the core of Cl 0024 is not in virial nor hydrostatic equilibrium, an assumption
that was made for each of these mass estimates. The lower relative velocities of
galaxies in the Cl 0024 core may importantly affect the action of physical processes
whose strengths vary with galaxy velocity. For example, gas stripping by the ICM
may be even less effective in Cl 0024 than naively predicted by Figure 1.2. The effects
of galaxy—galaxy harassment may also be different, as close galaxy encounters may

happen at both lower frequency and lower relative velocities than have previously
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been modeled in detail (e.g., Moore et al. 1999).

The spatial distribution of galaxies in MS 0451 and Cl 0024 also show key dif-
ferences. In Figure 6.1, we construct modified Dressler-Shectman (D-S) plots for the
region within Ry of each cluster (Dressler & Shectman 1988). In such plots, each
cluster member is indicated by a circle, with the size of the circle proportional to that

galaxy’s “Dressler-Shectman statistic”:

5% = 11/02[(6local - 1_))2 + (Ulocal - 0')2] (61)

where line-of-sight velocity ¥;,.,; and dispersion oy, are measured with respect to
each galaxy’s ten nearest neighbors, and v and ¢ are the global cluster values. This
statistic measures each galaxy’s local deviation from a smooth, virialized velocity and
spatial distribution. In other words, groups of large circles on the plot tend to indicate
the presence of an infalling group. In Figure 6.1, we further color code each galaxy
according to its velocity with respect to the cluster center, with red (blue) indicating
motion away from (toward) the observer. Galaxies marked with black points have

! with respect to the cluster core.

low line-of-sight velocities, <300 km s~

The D-S plot for Cl 0024 reveals the presence of at least two significant groups
near to the cluster core: an infalling group at high velocity nearly along the line of
sight to the cluster center, and a previously noted large group to the northwest of
the cluster core, presumably assembling onto the core in an orientation almost in the
plane of the sky. The large structure to the NW is also detected in both the weak
lensing map (Kneib et al. 2003) and XMM-Newton observations (Zhang et al. 2005),
which additionally suggest the presence of a shock front at the interface between the
group and the main cluster.

In contrast, the D-S plot for MS 0451 reveals an elongated but largely smooth
distribution of galaxies. The cluster’s elliptical shape is clearly visible, but the seg-
regation of red points to the southeast and blue points to the northwest suggests a

uniform contraction of the cluster along its major axis. While it is possible that the

observed velocity field is due to cluster-scale rotation, previous analyses of the X-ray
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Figure 6.1 Dressler-Shectman plots for C10024, top, and MS0451, bottom. Including
only spectroscopically confirmed objects within 1 Ry of the cluster center, each circle
indicates the spatial position of a cluster member, with the circle size proportional to
its local deviation from a smooth velocity distribution (see text). Circles are coded
blue for galaxies with cluster-centric velocity toward the observer with amplitude
of >300 km s™1, red for galaxies with the same velocity amplitude away from the

observer, and black for galaxies with low cluster-centric velocities, <300 km s~*.
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and Sunyaev-Zeldovich observations prefer a prolate or triaxial shape for MS 0451
(Donahue et al. 2003; De Filippis et al. 2005), whereas the cluster would necessarily
be oblate if the observed velocities are due to rotation. We may be seeing this spread
in velocities reflected in the redshift distribution of MS 0451, which splits into two
peaks at large radius, likely indicating infall from two directions. One might worry
that the elongated distribution gives MS 0451 an artificially large velocity dispersion,
o, but cluster mass estimates derived from o are consistent with those derived from
the X-ray and weak lensing analysis (Donahue et al. 2003, and references therein).
The origin of the elliptical shape is unclear, but may represent the remnant of a
past major merger. Nevertheless, still-bound infalling groups appear to be absent or
insignificant within the virial radius.

The overall increased level of substructure observed in CI 0024 is likely to have
implications for the galaxy population. In comparison to MS 0451, Cl 0024 galaxies
are more likely to have been a member of an infalling group in the recent past, and
so we may expect to see more signs of recent group “preprocessing” in Cl 0024.
Furthermore, in the chaotic environment of Cl 0024 the ICM is more likely to be
disturbed, and so shocks, cold fronts, or other features in the ICM may be present,
and could play an important role in the star formation histories of cluster members

(Roettiger et al. 1996).

6.2.2 Previous Work

Between the extremely dense ICM in MS 0451 and the active assembly state of
Cl 0024, these two clusters provide very distinct environments for their member
galaxies. In the course of this work, we will examine how the properties of tran-
sition galaxies in each cluster reflect these distinct environments. However, as our
new results rely on and incorporate several of the key findings of previous chapters, we
present here a brief summary of our investigations so far. We highlight in particular
several results which, in the initial interpretation, hint at the action of one or more

physical mechanisms from Figure 1.2.
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e By constructing the Fundamental Plane (FP) of Cl 0024, we observed that el-
liptical and SO galaxies (E+S0s) exhibit a high scatter in their FP residuals,
equivalent to a spread of 40% in mass to light ratio (M /Ly ) (Chapter 3). The
high scatter occurs only among galaxies in the cluster core, suggesting a tur-
bulent assembly history for cluster early types, perhaps related to the recent

cluster—subcluster merger (Czoske et al. 2002).

e Around the virial radius of Cl 0024, we observed a number of compact, inter-
mediate mass ellipticals undergoing a burst of star formation or weak AGN
activity, indicated by strong [O11] emission (Chapter 3). The [O11] emitters
reside in relatively low density and high speed regions, and so we deemed that
they are not likely the remnants of mergers. Though we will revisit the merger
hypothesis in §6.7, we tentatively concluded that the observed activity is caused
by a rapidly acting physical process: two candidates are galaxy harassment and

shocks in the ICM, perhaps generated by the subcluster merger in Cl 0024.

e We searched for disruptions in the internal structures and star formation rates
of disk galaxies due to tidal effects or galaxy—galaxy interactions, by measuring
emission line rotation curves and constructing the Tully-Fisher relation (Chap-
ter 4). We find that the cluster TF relation exhibits significantly higher scatter
than the field relation, echoing the high scatter seen in the CI 0024 FP. We ar-
gue that the high scatter in both K- and V-band TF relations demonstrate that
cluster spirals are kinematically disturbed by their environment. We proposed

that such disturbances may be due to galaxy merging and/or harassment.

e We combined GALEX UV observations with key spectral line indices to place
strict constraints on the recent star formation histories of “passive spiral” galax-
ies, an important class of transition object (Chapter 5). Passive spirals show
spiral morphology in HST images, but reveal weak or no [O 11] emission in their
spectra, suggesting a lack of current star formation. Through GALEX UV
imaging, we find that passive spirals in Cl 0024 exhibit UV emission nearly

as strong as regular star-forming spirals, implying the presence of young stars.
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Their unusual combination of UV emission with weak HJ strength supports
a picture where passive spirals have experienced a rapid decline and eventual
cessation of star formation over the last ~1 Gyr. The timescale of this decline
implicates “starvation” by the ICM as the likely cause (Larson et al. 1980; Bekki
et al. 2002)—a process where the intracluster medium (ICM) strips gas from a
galaxy’s halo, causing star formation to decline due to the absence of new cold

gas accretion onto the disk.

Each of these previous investigations has revealed a partial view of environmental
evolution across the studied clusters. Through these investigations, we have identified
several physical mechanisms that we could call “likely suspects” for driving galaxy
evolution in clusters, and these seem to fall into two classes: galaxy-ICM interactions
and galaxy—galaxy interactions. However, a unified picture is still lacking. Both of
these flavors of interaction have been implicated before in the decline of star forma-
tion and the possible conversion of spirals into SOs (see Boselli & Gavazzi 2006, and
references therein), yet a detailed evaluation of their importance remains elusive.

We aim in this work to complete our accounting of galaxy evolution across these
two quite distinct clusters, building on and linking our earlier studies into what we
hope will be a more comprehensive picture of how cluster galaxies are affected by their
environment at intermediate redshift. To accomplish this, we will first document what
we believe to be direct evidence for the transformation of spirals into SOs: through
an analysis of their stellar populations and recent star formation rates, we link the
passive spiral galaxies in both clusters to their eventual end states as newly generated
cluster SO galaxies. Only then, as we examine the physical mechanisms responsible
for this transformation, will we draw on the above summarized results to place extra
constraints on the physics driving the transformation. This discussion will include
an extension of our analysis of the Fundamental Plane and the strongly emitting
compact E4+S0s in Cl 0024 to include MS 0451, in order to further strengthen the
constraints we can place on galaxy-galaxy interactions and galaxy—ICM interactions,

respectively.
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6.3 Data and Analysis

While our imaging and spectroscopic data on Cl 0024 and MS 0451 have been fully
described in Chapter 2, we give here a brief summary of the data we will make use
of in this study.

We make use of HST imaging of Cl 0024 and MS 0451 both to calculate absolute V-
band magnitudes (M, see Chapter 2), and to select a sample of cluster galaxies with
reliable morphological classifications. For both clusters, such reliable classification is
possible to rest frame absolute magnitude M, = —19.5, corresponding to I = 22.1
in MS 0451 and I = 21.2 in Cl 0024. Broader classification as early or late type
is possible to a fainter limit, M, = —18.0. In the following, all galaxies assigned
morphological types T=0,1,2 are together labeled as “early types” or E4+S0s, and all
galaxies with T=3,4,5 are labeled as spirals.

We further make use of GALEX UV imaging of Cl 0024 and MS 0451, which were
respectively observed for 15ks and 80ks, reaching comparable depths in rest frame
FUV (observed NUV). We also make use of supplemental ground-based imaging to
aid in determining k-corrections to transform observed magnitudes to the nearest
rest-frame bands (Chapter 2). Here, all absolute magnitudes will be expressed on
the AB system. We note also that, in all cases where we quote rest-frame colors, we
have applied a k-correction equal to the median k-correction for all galaxies of the
same morphological type and in the same cluster, rather than the individually fit k-
corrections. We do this to avoid introducing any additional scatter into the rest-frame
colors (due to uncertainties in the k-corrections), above that present in the observed-
frame colors. In general, the difference between the two methods is <0.1 mag, and
we do not expect the method of k-correction to impact our analysis significantly.

In our Keck spectroscopic survey, we have obtained spectra of over 300 member
galaxies per cluster, to My = —18.0. The spectroscopic sample is >65% complete
for objects with F814W< 21.1 in Cl 0024 (My = —19.6 at the cluster redshift).
In MS 0451, completeness to the same absolute magnitude limit is lower, ~30%,

because of the deeper observations required (to F814W= 22.0). In both clusters, the
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spectroscopic sample remains representative of the cluster population as a whole to
My = —19.6, roughly 1.5 magnitudes below M,. However, in the range —19.6 <
My, < —18.0, we are biased toward detection of emission line cluster galaxies over
absorption line galaxies, and completeness is lower in MS 0451 than Cl 0024. In the
following, we will restrict our analysis to cluster members with My < —19.6, except

where specified otherwise.

6.3.1 Spectral Line Measurement and Velocity Dispersion

We measure spectral line indices for several key emission and absorption lines follow-
ing the Lick system (Worthey et al. 1994). We focus in this work on indicators of
recent or ongoing star formation, including [O 11]3727 and the Balmer lines Hé4 and
HB. We also measure the D,,(4000) index, which indicates the strength of the 4000A
break; we adopt the definition from Balogh et al. (1999).

In order to make maximal use of our spectra for investigation of the stellar pop-
ulations and star formation rates of cluster transition galaxies, we took great care to
measure the equivalent widths (EWSs) of key spectral lines in an optimal way. We
developed a code in IDL which measures EWs via an inverse-variance weighted in-
tegration of the flux across the line. The inverse variance (1/0?) for each pixel in a
spectrum is automatically generated as output from the DEIMOS reduction pipeline.
Weighting by inverse variance minimizes the effects of poorly subtracted sky lines
or other low S/N regions of the spectrum in the calculation of EWs, and allows for
accurate uncertainty estimates on the indices. The code also robustly measures lower
limits on emission line EWs in spectra where emission lines are bright but the under-
lying stellar continuum is undetected. As in earlier chapters, we adopt the convention
that emission lines have negative equivalent widths and absorption lines positive.

In total, we measure EWs for samples of 116 and 124 spiral galaxies in MS 0451
and Cl 0024, respectively, as well as samples of 130 and 109 E+S0Os in MS 0451
and Cl 0024. Of these, 60 E+S0s in MS 0451 and 71 in Cl 0024 have high S/N

spectra suitable for measurement of the velocity dispersion and construction of the
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Fundamental Plane (See Chapter 2). Photometric characteristics and key spectral

line measurements for each of these galaxies are listed in Table 6.1.

6.4 Passive Spirals

The discovery of passive spirals in clusters at intermediate redshift (Couch et al. 1998;
Dressler et al. 1999; Poggianti et al. 1999) has led to their recognition as promising
candidates for the role of “transition object” during the theorized conversion of cluster
spirals into SOs between z ~ 0.5 and today. Such a conversion, though controversial
(e.g., Burstein et al. 2005), has been expected because of the striking contrast between
the large number of spirals observed in clusters at z ~ 0.5 and the correspondingly
large population of SOs found in clusters locally. In our initial analysis of these passive
spirals in Cl 0024 (Chapter 5), we found evidence in their stellar populations for a
slow decline in star formation, confirming that passive spirals—at least in Cl 0024—
exhibit the prerequisite cessation of star formation needed for any transformation into
S0s. Perhaps more importantly, we found that the abundance of passive spirals in
Cl 0024 is quite high, over 25% of the total spiral population—enough, perhaps, to
account for the entire buildup of SOs in clusters (but see Kodama & Smail 2001).

However, several questions remain about the nature of passive spirals and their
purported SO end states. Among them: Apart from their lack of emission lines, how
do the passive spirals as a class differ from the star forming spirals, and are their
properties uniform between clusters? If they are truly destined to transform into SOs,
can we identify directly these new SOs, perhaps just after their new morphologies
become firmly in place? Finally, in what environments do the passive spirals reside,
and with what implications for the physical mechanisms driving their creation? In
this section, we attempt to answer the first of these questions, specifying more fully
the properties and recent star formation histories of the passive spirals. In §6.5 and
§6.6, we will then consider the next two questions, in our attempt to piece together
the full evolutionary history of Cl 0024 and MS 0451 galaxies.

We define as “passive” any spiral with an [O11] equivalent width EW([O11])>



162

Table 6.2. Passive spirals and UV emission

Fraction of UV-detected: Npassive/
Active Spirals  Passive Spirals E+S0s Nepirais

CI 0024 86% + 6% 65% + 14% 25% + 7% 28% + 7%

MS 0451 88% + 5% 37% + 15% 8% +3% 26% +6%

—5A. Though this definition necessarily allows some contamination from star-forming
galaxies that are either moderately dusty or forming stars at a low rate, we will
demonstrate below via coadded spectra that all emission lines are weak or absent in
the passive spirals. We note that we would classify as “passive” many of the spiral
galaxies in local clusters that are observed to be H1-deficient but retain a low level of
star formation (Gavazzi et al. 2006). By examining multi-color (NUV and F814W)
imaging of the cluster by eye, we remove from the sample all galaxies where the
UV flux is likely to be significantly contaminated by neighboring objects or image
artifacts.

We also restrict our passive spiral sample to those objects with Hé4 < 5.0A; we
assign otherwise passive spirals with Hd, stronger than this to the “poststarburst”
category. We note that this Hd limit differs from the definition adopted by some other
authors (e.g., Poggianti et al. 1999), who label all passive galaxies with Hj > 3A as
poststarburst. However, the difference is primarily due to different measurement
methods for Hi: we find that a large number of star-forming and passive spirals
exhibit 3A <Hd4 < 5A in our sample, which is within the range where Kauffmann
et al. (2003) report that star formation histories are consistent with continuous star
formation. Therefore, spiral galaxies in our sample with [O 11]> —5A and HJ between
3A and 5A are perhaps more properly called “post-starforming”’, as there is no need
to invoke a starburst to explain their Ho values. We therefore group them with the
remainder of the passive spirals.

After culling contaminated objects and dividing our sample according to their

[O 11] and Ho strengths, we find that 87% £ 5% of MS 0451 spirals with [O 11] emission
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Figure 6.2 Distributions of FUV — V colors in MS 0451 (left) and Cl 0024 (right).
Open blue histograms indicate the colors of normal star-forming spirals. Green
hatched histograms display the colors for those passive spirals that are detected in
the UV, and solid red histograms likewise indicate the colors of E4-S0s that have been
detected in the UV.

(brighter than My = —19.6) are detected in our GALEX imaging, similar to the
detection rate in Cl 0024. Conversely, only 37% =+ 15% of spectroscopically passive
spirals are similarly detected (dropping to 32% + 13% if we were to include the
poststarburst spirals), significantly less than the UV-detected fraction in C1 0024 (see
Table 6.2). As the rest-frame luminosity limits for detection of FUV are virtually the
same between the two GALEX exposures (Mpyy < —17.6 in MS 0451 and Mpyy <
—17.9 in C1 0024), this represents an important difference in UV luminosity between
the two clusters’ passive spiral populations.

In Figure 6.2, we display the distributions of rest-frame FUV - V colors for star-
forming spirals, passive spirals, and early types in each cluster. It is clear that, despite
the overall lower fraction of UV-detected passive spirals in MS 0451, those that are
detected exhibit the same intermediate colors as in Cl 0024. To further investigate
the colors of passive spirals, and to include those that were not UV detected, we
also utilize our ground-based R- and I-band imaging to measure rest-frame B — V,
for passive and normal spirals. We observe a trend similar to that seen in the UV—
optical colors: the median passive spiral is ~0.1 magnitudes redder than the median
star-forming spiral in Cl 0024, and 0.2 magnitudes redder in MS 0451. K-S tests
indicate that passive spirals have a color distribution significantly different from that

of normal spirals, in both clusters.
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Figure 6.3 Montage of active and passive spirals from deep multi-color ACS imaging
of the core of C1 0024. The top row displays three typical spirals whose spectra exhibit
emission lines. The next two rows are composed of passive spirals, which qualitatively
exhibit two forms: those with blue disks, but with possibly lower surface brightness
than star-forming spirals (middle row), and those with distinctly red disks (bottom
row). All galaxy images were extracted from the same multi-color image with identical
image scaling and color balance, with F850LP in red, F775W in green, and F555W
in blue.
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In fact, we can verify visually that passive spirals appear different from normal
star forming spirals. In Figure 6.3, we display color postage-stamp images of nine
spirals in Cl 0024, derived from deep multicolor ACS imaging of the center of Cl 0024
which we retrieved from the HST archive (GTO Proposal 10325, PI: Ford). In the top
row, we display three normal star-forming cluster spirals. The next two rows show
cluster passive spirals, which appear to fall into two basic types. Shown in the middle
row, some passive spirals appear to retain blue disks, but at surface brightnesses
lower than that of star-forming spirals. While some star formation may be occurring,
we note that our spectroscopic slits are large enough that we do not believe we are
simply “missing” regions of star formation in our observations. In the bottom row,
we see three examples of passive spirals with distinctly red disks, yet with spiral arms
and dust lanes still present. These appear similar to the z = 0 “anemic spirals” first
identified by van den Bergh (1976); indeed, inspection of the integrated spectrum of a
prototypical ‘anemic spiral’, NGC 4569 (Gavazzi et al. 2004), indicates that it would
likely satisfy our definition of “passive spiral”. It seems, then, that passive spirals
could genuinely be disk-dominated systems where star formation is on the decline or
has halted.

In counterpoint to their lower incidence of UV emission, the overall frequency of
passive spirals in MS 0451 is quite similar to that found in Cl 0024 (Table 6.2). In
both clusters, more than a quarter of all spirals are passive—important confirmation
that passive spirals are a significant component of both clusters despite the large
difference between the clusters’ global properties.

Yet their presence in two quite distinct clusters leads us to question whether the
passive spirals are a cluster-related phenomenon at all, or if they could instead repre-
sent some fraction of all spirals that have internally exhausted their star formation.
If they are indeed generated in the cluster environment, then we would not expect
to find passive spirals in the field at these same intermediate redshifts. We have
therefore examined a sample of 105 field spirals in the redshift range 0.3 < z < 0.65,
identified in the course of our spectroscopic campaign. Out of 62 galaxies where [O 11|

falls within our wavelength coverage, we measure a passive spiral fraction of only
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6% + 3%. This low incidence in the field confirms that the generation of passive
spirals is a cluster-related phenomenon at these redshifts (Poggianti et al. 1999). The
6% £ 3% of passive spirals found in the field may indicate that some passive spirals
can be formed in groups.

Despite their overall similar abundance in both clusters, the weaker UV emission in
MS 0451 passive spirals presents a puzzle that leads us to again consider the different
assembly states and ICM properties of the two clusters. To more precisely quantify
the nature of the passive spirals in each cluster, we introduce as a key diagnostic plot
the FUV - Vvs. D, (4000) diagram. D,,(4000) is sensitive to stellar populations with
ages of ~2 Gyr, with a dependence on metallicity that only becomes apparent for old
stellar populations (Poggianti & Barbaro 1997), while the FUV — V color is sensitive
to star formation on a much shorter timescale (107-108 yr). As we will see, comparing
D,,(4000) to FUV - V color provides a valuable tool to discriminate between different
star formation histories for passive and star-forming spirals.

In Figure 6.4, we plot D,,(4000) versus rest-frame FUV — V color for MS 0451 (top)
and Cl 0024 (bottom). Star-forming spirals are indicated by open blue triangles, and
passive spirals are indicated with solid green triangles. Arrows denote 30 lower limits
for FUV — V colors for those galaxies not detected in the UV, colored blue for star-
forming spirals and green for passive spirals. We also include on the diagram, plotted
as small triangles or lower limit arrows, the population of starburst and poststarburst
spirals with Hé4 > 5A, similarly color coded to indicate the presence (blue) or lack
(green) of [O11] emission. For clarity, we plot only a subset of cluster galaxies with
especially small uncertainties in D,,(4000), <0.07.

It is clear from the diagram that most star-forming spirals in both clusters exhibit
blue FUV - V color (median of 1.6 + 0.1) combined with weak D, (4000) strength
(median 1.2240.02). Such values indicate young stellar populations, and are expected
for galaxies with ongoing star formation.

Turning to examine the locations of passive spirals, we note that passive spirals
in MS 0451 largely occupy a different region of the plot than Cl 0024 passive spirals.
C1 0024 passive spirals with UV detections—the majority—cluster quite tightly on the
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Figure 6.4 FUV - V colors vs. D, (4000) strength for spirals in MS 0451 (top) and
C1 0024 (bottom). Star-forming and passive spirals are indicated by open blue trian-
gles and solid green triangles, respectively. Arrows denote 30 lower limits for FUV — V
colors for those galaxies not detected in the UV, colored blue for star-forming spirals
and green for passive spirals. Small symbols indicate spirals with Ho4 > 5A, similarly
color coded. We plot only galaxies with D,,(4000) < 0.07. Solid, dotted, dashed, and
dash-dotted lines respectively indicate model tracks for exponentially declining, dust-
enshrouded, truncated, or “starved” star formation, as described in the text. Tracks
are colored red for regimes where [O11]> —5A.
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plot at moderate FUV — V colors (median 2.540.1) and moderately strong D,,(4000)
(median 1.47 + 0.02). In contrast, as we have already noted, many of the MS 0451
passive spirals have only upper limits on their FUV emission, some at quite red FUV —
V colors. Across both clusters, these UV-undetected objects seem also to exhibit a
wider spread in D,,(4000) than the UV-detected passive spirals (rms of 0.23 £ 0.06
cf. 0.08+£0.02). The dominance of UV-detected passive spirals in Cl 0024, compared
to the UV-undetected type that are predominant in MS 0451, begs the question of
whether passive spirals are created in different ways in each of the two clusters. As
we will show, the two types of passive spirals—UV detected and undetected—may
have fundamentally different star formation histories.

To help decipher the star formation histories of passive spirals in Cl 0024 and
MS 0451, we overlay in Figure 6.4 evolutionary tracks from the population synthesis
code of Bruzual & Charlot (2003). Using these, we can test several classes of models
that could explain the origin of passive spirals. Specifically, can passive spirals be
created by simply adding dust to a star-forming spiral? Can they be created by
suddenly switching off star formation in a galaxy, which we will call “truncation”
models? Or, finally, can we create the passive spirals by switching a star-forming
spiral into a phase where its star formation rate declines more rapidly over a timescale
of 0.5-2 Gyr (a “starvation” model)?

In Figure 6.4, solid lines indicate the track followed in FUV - V vs. D,,(4000)
space by several model stellar populations with exponentially-declining SFRs, with
characteristic timescales 7 ~ 3-7 Gyr. Such models have been found to reproduce
the optical spectra of Sa—Sc-type star forming galaxies (Poggianti & Barbaro 1996).
Dashed lines add dust extinction of Ay = 0.6 to these same models, corresponding
to the mean difference in FUV — V between the (UV-detected) passive and active
spirals. Active spirals largely occupy the region in between tracks with zero and
moderate extinction. Tracks are in red for regimes where [O11]> —5A, estimated
from the models in the same way as in Chapter 5.

Only models with a relatively fast exponential decline in SFR (7 < 1 Gyr, upper

solid and dashed lines in Figure 6.4) can match the peculiar combination of interme-
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diate FUV — V and strong D,,(4000) exhibited by the bulk of the UV-detected passive
spirals. Any star forming spirals that transition into this sort of rapid decay of star
formation, eventually entering a spectroscopically passive phase, will reproduce the
positions of the UV-detected passive spirals in the diagram (thick dash-dotted “star-
vation” line in Figure 6.4).

Conversely, passive spirals with lower limits on their color, which dominate the
population in MS 0451, seem to be most consistent with models where star formation
is rapidly truncated at an age of <7 Gyr, indicated by the dotted lines in Figure 6.4.
Stacking together the UV images for undetected passive spirals, we still detect no
significant UV emission. Though confusion noise becomes significant in the stacked
image, the nondetection implies that the median FUV - Vis at least ~1 magnitude
fainter than the upper limits indicated in Figure 6.4.

The positions of these UV-undetected spirals on the plot could also be explained
by strong levels of dust obscuration. However, 24 pym imaging of both clusters with
MIPS on the Spitzer Space Telescope indicates that there is a deficit of obscured
dusty starbursts in MS 0451, in comparison to Cl 0024 (Geach et al. 2006). If the
UV-undetected passive spirals were simply dusty, we would expect to see the opposite
trend in the MIPS observations, since there are so many of these objects in MS 0451.
We therefore believe that the rapid truncation of star formation is the most likely
explanation for the UV-undetected passive spirals.

The population of spirals in MS 0451 includes a number of poststarburst galaxies
that also seem to be consistent with rapidly truncated star formation; in fact, rapid
truncation of a starburst is thought to be the primary way that these galaxies achieve
such high Hd values (Poggianti et al. 1999). Indeed, the poststarburst spirals may be
closely related to the UV-undetected passive spirals in MS 0451. Several apparently
star-forming galaxies also reside along the “truncated” track. Together, these could
represent a continuum of galaxies in various stages of having their star formation
halted. However, the supposedly rapid timescale for the cessation of star formation
begs the question of why we would see any star-forming spirals in the region of the

plot where models indicate that they should already be passive. Some mix of models,
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with increased dust obscuration combined with the truncation of star formation, could
provide an explanation.

While we have found passive spirals to be abundant in both Cl 0024 and MS 0451,
it appears that they are largely formed through different mechanisms in each cluster.
The more rapid cessation of star formation required to explain the MS 0451 passive
spirals is likely due to some physical mechanism that exerts a stronger force on galaxies
in MS 0451 than in Cl 0024. This once again brings to mind the hot, dense ICM of
MS 0451, which at least has the potential to apply a much stronger force (ram-
pressure stripping) on infalling galaxies than in Cl 0024. In the next section, we will
examine the stellar populations of early-type galaxies across the two clusters, in an
attempt to identify the expected end products of these rapidly and slowly quenched

passive spirals: SOs with signatures of recent star formation on varying timescales.

6.5 Star Formation Histories of E4+S0 Galaxies

While careful analysis of local SO galaxies has revealed some signs that their stellar
populations are younger than those of ellipticals (e.g., Poggianti et al. 2001), such
signatures have so far been elusive at intermediate redshift, despite expectations that
SO0s with newly halted star formation would be abundant. Now, however, under the
hypothesis that passive spirals in MS 0451 and Cl 0024 must be disappearing from
our spiral sample as they fade in UV and increase in D,,(4000), we turn again to a
study of the stellar populations of early-type galaxies.

The different characteristics of passive spirals in Cl 0024 and MS 0451 help to
provide a key for uniquely linking the passive spirals to their potential SO descendants.
Because the properties of passive spirals largely differ between the two clusters, so
too will any SOs that have just recently changed their morphology.

With this in mind, we wish to examine recent star formation as well as any ongoing
star formation in the cluster E+S0s. In Figure 6.5, we plot D,,(4000) strength versus
[Ou] EW for all early types in Cl 0024 (left) and MS 0451 (right), with symbols

coded to indicate their morphologies (as shown in the legend).
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Figure 6.5 D,,(4000) Balmer break strengths vs. [O11] equivalent widths for cluster
early types in Cl 0024 (left) and MS 0451 (right). Symbol shapes and colors denote
galaxy morphologies as indicated on the figure. Small symbols indicate galaxies that
are located outside the cluster virial radius, and large symbols mark galaxies within
Ry . Solid line in the left panel is the best-fitting model track, a starvation (7 = 1 Gyr)
model with dust, while in the right-hand panel the best fit is to a truncation model
(at age 5 Gyr). The best-fit model tracks for each cluster are similar to those seen in
Figure 6.4.

Most bright E4S0s in both clusters exhibit the signatures of old stellar popula-
tions: weak or absent [O11] and a strong Balmer break (D,,(4000) 2 1.6). In C1 0024,
however, we observe a striking tail of galaxies extending from the locus of old E+S0s
toward weaker D,,(4000), coupled with significant [O11] emission. MS 0451 exhibits
a similar tail of early-type galaxies toward weak D,,(4000) strength, but without any
associated [O 11] emission.

If we apply a cut at D, (4000) = 1.55, indicated by the horizontal dotted lines in
the figure, we find that 10%-15% of the total E4+S0 population in each cluster has
D,,(4000) below 1.55. While somewhat arbitrary, the chosen D,,(4000) dividing line
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lies well below the expected value for an early-type galaxy that has been passively
evolving since formation at z > 1. In fact, in the case of a prototypical elliptical
whose stars were created in a short burst, D,(4000) should fade from 1.25 to 1.7 in
less than ~2 Gyr, according to Bruzual & Charlot (2003) models—less than the time
from z =1 to z ~ 0.5.

There are essentially two possible explanations for finding E+4S0 galaxies with
such low D,,(4000): either they have undergone recent star formation, or they harbor
an AGN that contributes to the spectrum. If they have formed stars recently or are
continuing to form stars, then they must have either formed a significant population
of stars at z < 1 while already displaying early-type morphology, or else transformed
morphology from a star-forming spiral to an early type (either singularly or through
a merger). Under each of these scenarios, there must be some way to account for the
presence of emission lines in the Cl 0024 objects but a lack thereof in MS 0451.

A third possibility—that we have simply misclassified some spiral galaxies as SOs—
is easy to discount based on this last requirement. If the low D,,(4000) SOs are truly
just spirals, then we would not expect in MS 0451 to exclusively miscast as SO just
those spirals with no [O11] emission, while at the same time misclassifying spirals
with a range of [O11] in Cl 0024. On the other hand, if we are biased towards mixing
up the morphological classifications of passive spirals and SOs, this only strengthens
the notion that one type may be transforming into the other.

To better assess the star formation histories of these peculiar objects, we overplot
in Figure 6.5 two characteristic model tracks equivalent to those plotted for the passive
spirals in Figure 6.4. In Cl 0024, we plot a starvation-like track (7 = 1 Gyr with
internal Ay = 0.6), while in MS 0451, we plot the track of a galaxy with star formation
truncated rapidly at an age of 5 Gyr. In each case, the model track reproduces the
positions of the galaxies very well. We note that most physically plausible truncated-
spiral tracks are inconsistent with the distribution of points in Cl 0024, as no such
models reach D,,(4000) = 1.4 before truncation, yet we still see galaxies with [O 11]
emission in this range. Remarkably, then, a single starvation track reproduces the

positions of both the low-D,,(4000) early types and most passive spirals (Figure 6.4) in
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Figure 6.6 Left: Normalized, coadded spectra of E+S0s in Cl 0024 and MS 0451 with
D,,(4000) < 1.55, including only spectra with S/N > 5 (A_l). Cl 0024 spectrum
is shifted upward in flux (arbitrary units) for display purposes. The locations of
several key spectral lines are marked. Right: Normalized, coadded spectra of passive
spirals in Cl 0024 and MS 0451, also restricted to spectra with S/N > 5.0. In each
cluster, the [O11], Hé4, and HS strengths of passive spirals closely resemble those of
the low-D,,(4000) early types in the same cluster.

Cl 0024, while a truncated star formation track similarly matches the star formation
histories of both classes in MS 0451. These similarities in star formation history
suggest an evolutionary link between the passive spirals and the low-D,,(4000) early
types in each cluster.

We can further evaluate the likelihood of a connection between the passive spirals
and the low-D,,(4000) early types through a consideration, for each cluster, of the
coadded spectra of both classes. In Figure 6.6, we plot in the left-hand panel the
coadded spectra of all E4S0s in the clusters with D,,(4000) < 1.55, and in the right-
hand panel, the coadded spectra of passive spirals in each cluster. In each case, we
only include galaxies with overall spectral S/N > 5.0 (A_l) in the summation. The
locations of several key spectral lines are marked.

Considering the coadded early types first, we can immediately cast doubt on the

idea that AGN are responsible for the low D,,(4000). While a substantial contribution
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from a flat AGN continuum can serve to weaken the Balmer break in a galaxy, the
same effect should also dilute the observed depth of stellar absorption lines, such as
Hé. Yet it is clear from the coadded spectra that the low-D,,(4000) early types in both
clusters exhibit moderately strong Hé4: 2.2 4+ 0.2A and 1.2 + 0.2A for MS 0451 and
C1 0024, respectively. As both values are much higher than the median Hé, = —1.0+
0.2 of cluster ellipticals, their Balmer strengths are consistent with the interpretation
that they contain young stars, and inconsistent with a significant AGN (dust obscured
or otherwise) contributing to the galaxy’s spectrum.

Though the spectra make clear that these “young S0s” (as we will call them)
truly contain a population of young stars, is it possible that these galaxies have
recently undergone a “rejuvenation” of star formation through some interaction (as
we hypothesized in Chapter 3)? Serious doubt is cast on this hypothesis by the
lack of MS 0451 E+4SOs currently containing emission lines in their spectra. After a
moderate starburst on top of an established stellar population, Bruzual & Charlot
(2003) models predict a return to a passive spectrum with strong D,,(4000) in as little
as 100 Myr after the burst. To have so many SOs experience a rejuvenation episode
so recently, yet observe none of them currently in a starburst phase, is implausible.

We are left, then, with the possibility that these young SOs truly represent the
end states of the passive spirals. The contrast between young SOs in Cl 0024, whose
[O11] strengths are consistent with a gradual decline in star formation, and those
in MS 0451, where the lack of [O11] indicates recent truncation, evokes the similar
dichotomy between passive spirals with a slow truncation of star formation (mostly
in C1 0024) and those exhibiting a more rapid truncation (mostly in MS 0451). Com-
paring the coadded spectra of the two classes in more detail, we find further evidence
to support an evolutionary link between passive spirals and young SOs.

First, the passive spiral spectrum for Cl 0024 exhibits a weak [O11] emission
line of —3.1 + 0.5A, despite the population having been selected for their low O 1.
The presence of some [O 11| emission in both the passive spirals and the young SOs
([O1]= —10.1 £ 0.5A) is consistent with the slow decay in star formation thought

to be acting. It may be that, in some cases, the transformation to SO morphology
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occurs before the final cessation of star formation. MS 0451 passive spirals, in con-
trast, have an [O11] EW consistent with zero, as do their SO counterparts. Again,
this is consistent with the rapid truncation of star formation in MS 0451 passive spi-
rals, followed by an almost simultaneous transformation into SO morphology. The
morphological transformation cannot be significantly delayed after the halt in star
formation, because the S0s’ low D,,(4000) and strong H¢ strictly limit the time since
last star formation to <100 Myr, according to the model tracks of Figure 6.4 and 6.5.

Second, the Hé values of passive spirals in each cluster are similar to those of their
counterpart young SOs. In Cl 0024, passive spirals exhibit weaker Hy than normal star
forming spirals—Hd4 = 1.8 & 0.2A in the coadded spectrum compared to a median
Hé4 = 3.940.2A for star-forming spirals (See also Chapter 5). The coadded spectrum
of young S0s exhibits a similarly moderate H = 1.24+0.2A, between the typical values
for spirals and for ellipticals. In MS 0451, passive spirals (H§ = 3.040.2A) and young
SOs (H6 = 2.2 + 0.2A) exhibit H4 strengths that also mirror each other closely. Yet
they exhibit overall higher strengths than in Cl 0024, another indication that the halt
in star formation was quite recent for galaxies in MS 0451.

The close similarities between passive spirals and young SOs within each cluster,
coupled with the clear differences in populations between the two clusters strongly ar-
gues in favor of a model where passive spirals and young SOs represent an evolutionary
sequence. At the same time, we have not yet fully explored possible explanations for
why this evolutionary sequence behaves differently in the two clusters. In the next
section, we begin consideration of this issue by examining the local environments in

which passive spirals and young SOs are found.

6.6 The Local Environments of Passive Spirals and
Young SOs

So far, we have treated the populations of passive spirals and young SOs largely as a

uniform population within each cluster. The reality, however, is more complex. While
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the passive spirals in MS 0451 were largely found to have different star formation
histories than Cl 0024 passive spirals, the segregation is imprecise: MS 0451 contains
a proportion of UV-detected spirals (~1/3) consistent with a slow decline in star
formation, while Cl 0024 conversely contains a similar fraction of passive spirals whose
star formation may have been truncated more rapidly. To help disentangle this puzzle,
we focus now more closely upon the local environments in which the passive spirals
and their remnant SOs are found.

We start by examining the spatial distribution of transition galaxies across both
clusters. In Figure 6.7, we plot the positions of all passive spirals (green squares)
and young SOs (red triangles). We also plot the populations of compact narrow
emission line galaxies (CNELGs) found in each cluster (blue pentagons), which will be
discussed further in §6.7. Thick black dots indicate cluster E4S0s, small black dots are
cluster spiral and irregulars, and small grey dots indicate spectroscopically confirmed
non-members, to illustrate the spatial coverage of our spectroscopic campaign.

The first striking feature to note in Figure 6.7 is that passive spirals and young
SOs occur both in the cluster core and at higher radius, even beyond Ry, with no
obvious segregation between the passive spirals and SOs. Secondly, in MS 0451 both
passive spirals and young SOs appear to be more spread out across the cluster than in
Cl 0024, where more than half are located within 1 Mpc of the cluster center. Both
features reveal important clues to the physical processes at work.

Careful inspection of those passive spirals found beyond the cluster cores gives the
impression that many have other cluster members nearby. Could passive spirals be
preferentially found in infalling groups? Some evidence for passive spirals in groups at
these redshifts has already be noted (Jeltema et al. 2007). To evaluate quantitatively
this possibility, we calculate the projected local densities of these passive spirals,
using the 10 nearest neighbors method, following T03 and Dressler et al. (1997).
Considering only galaxies outside of the cluster cores (R > 1 Mpc in Cl 0024 and
R > 1.5 Mpc in MS 0451, ~50% of Ry ), we find that passive spirals are found at
a median local density of ¥ = 36 &5 Mpc=2 in MS 0451 and ¥ = 51 & 15 Mpc 2
in Cl 0024, both somewhat higher than the density of a typical infalling spiral of
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Figure 6.7 Distribution of galaxies in the field of Cl 0024 (left), and MS 0451 (right).
Galaxies showing spectroscopic signs of recent evolution are marked. Spectroscopi-
cally confirmed cluster members are marked with large (E+S0s) and small (spirals)
black dots. Objects with spectroscopically determined redshifts outside the cluster
are marked as grey dots. Blue pentagons are compact narrow emission line galaxies
([On]< —15A, and to My < —18.0). Solid green squares are passive spirals. Filled
red triangles mark early types with D,,(4000) < 1.55. Top and right axes show pro-
jected radius from the cluster center, in Mpc. Large circle indicates the virial radius
in each cluster. Passive spirals and young S0Os are found even in the outskirts of both
clusters, perhaps residing in groups.

¥ = 28 4= 3 Mpc~2 across both clusters.

Passive spirals, therefore, seem to be forming both within infalling groups and
closer to the cluster core—two distinct regions where the dominant physical forces
acting on galaxies are likely to be quite different. Remarkably, we find that four out
of the five UV-detected passive spirals in MS 0451 reside in groups outside the cluster
core. Recalling from Figure 6.4 that these UV-detected passive spirals closely follow
a “starvation-like” gradual cessation of star formation, we conclude that nearly all
passive spirals within infalling groups are experiencing a cessation of star formation
spread over a ~1 Gyr timescale.

In contrast, virtually all MS 0451 passive spirals within 1.5 Mpc of the cluster
center have undergone a rapid truncation in star formation. In CI 0024 it appears

that rapid truncation of star formation can also occur, but only extremely close to
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the cluster core: 4/6 passive spirals without UV detection are located within 300 kpc
of the C1 0024 center.

While passive spirals are abundant in the region around the MS 0451 center, there
is a hole of ~600 kpc radius, within which we observe almost no spirals of any type.
Unlike in Cl 0024, where spirals are observed even within ~100 kpc of the central
galaxies, no spirals survive to reach the center of MS 0451. Even accounting for the
larger virial radius of MS 0451, this spiral-free zone is significantly larger than that
seen in Cl 0024: within 0.2Ry (~530 kpc in MS 0451 and ~340 kpc in C1 0024), only
4% + 3% of MS 0451 members in our sample are spirals (<2% passive), compared to
42% £+ 7% (9% £ 3% passive) in Cl 0024. As the time required for a galaxy to travel
~600 kpc across the core of MS 0451 is only 0.4 Gyrs, it appears that spirals in this
environment must indeed be converted to early morphology quite rapidly.

Both the central hole in MS 0451 and the central concentration of UV-undetected
passive spirals in Cl 0024 can be better understood by considering the local ICM
densities of the transition galaxies in each cluster. In Figure 6.8, we make use of
Chandra X-ray data for each cluster to plot the expected strength of ram pressure as
a function of radius for Cl 0024 and MS 0451. Each track is generated by calculating
the gas density p(R) from the best-fit isothermal S-model from Donahue et al. (2003)
and Ota et al. (2004), for MS 0451 and Cl 0024, respectively. We then estimate ram
pressure P = pv? by adopting each cluster’s line of sight velocity dispersion, o, as the
characteristic velocity of a galaxy in that cluster.

Figure 6.8 reveals that virtually all UV-undetected passive spirals are found in
regimes where the ram pressure is significant (>20% of that required to strip a Milky
Way analogue), while UV-detected passive spirals are largely confined to regions of
lower gas density. While the corresponding radial ranges differ between Cl 0024 and
MS 0451, the UV-undetected passive spirals span a nearly identical range of ram-
pressure strengths in each cluster. This argues strongly in favor of ram-pressure
stripping as the mechanism responsible for the UV-undetected passive spirals. We
note that no spirals survive in environments where the ram pressure is more than a few

times that required to strip the Milky Way, and a natural consequence of this limit is
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Figure 6.8 Strength of ram pressure as a function of radius, for both Cl 0024 and
MS 0451. Solid lines indicate ram pressure P(R) as described in the text. Dotted
line indicates the pressure required to strip a spiral with characteristics of the Milky
Way (T03; Gunn & Gott 1972). Overplotted on each track are the radial positions of
passive spirals (UV detected and undetected) and young SOs in that cluster. Where
the ram pressure falls below the lower bound of the plot, we mark the positions of
galaxies along the lower edge of the plot. Most UV-undetected passive spirals are
found in regimes of high ram pressure, while no passive spirals survive in regimes
where ram pressure is more than a few times that required to strip a Milky Way—like
spiral.
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that no spirals in MS 0451 survive to reach R < 600 kpc (though, as expected, several
young SOs appear at slightly lower radii). In §6.7.2, we will discuss in more detail the
relation between this presumed ram-pressure stripping and other mechanisms that

may be acting to transform morphology.

6.7 Physical Processes Driving the Transformation

So far, we have shown in §6.4 and §6.5 that the large population of passive spiral galax-
ies in both Cl 0024 and MS 0451 are transforming into SOs on a variety of timescales.
Building on this, in §6.6, we have successfully matched the timescales of transforma-
tion with specific environments within each cluster. Consequently, we are now able
to construct a road map describing the sites and timescales of transformations across
both clusters.

To summarize, we find that some passive spirals are generated within infalling
groups, experiencing a gradual decline in star formation rate and eventual transfor-
mation to SO morphology. In the central regions of both clusters, a high proportion
of spirals are seen to be passive. In Cl 0024, star formation within these spirals con-
tinues to decay at a relaxed pace, with few signs of rapid interaction with the cluster
environment except near the very center where the effects of ram pressure begin to
be important. In contrast, passive spirals all across the core of MS 0451 have had
their star formation truncated rapidly, with a subsequent rapid transformation into
S0 morphology.

In this section, we use this road map to consider the constraints that we can place
on the physical processes operating in each of these three regimes: groups in the

cluster outskirts, the Cl 0024 core, and the MS 0451 core.

6.7.1 The Cluster Outskirts

In the hierarchical assembly of clusters, groups infalling from the cluster outskirts
can be thought of as the building blocks. TO03 argued that the existence of the

morphology—density relation implies that a galaxy’s evolutionary history is tightly



181
linked to its group’s history, until the group is absorbed into the cluster. Furthermore,
the observation that mass and light trace each other tightly on large to small scales
(Kneib et al. 2003) suggests that groups of roughly constant mass to light ratio—
rather than individual galaxies—coalesce to build up the cluster.

The “preprocessing” of galaxies within these infalling groups is a crucial feature of
evolution within both clusters, as here we are probing galaxies in a key density range
at a key point in time: at z > 0.5, observations indicate that the early-type fraction is
growing only in the cores of clusters, while below z ~ 0.5 evolution begins to accelerate
in lower density regions (Smith et al. 2005a; Postman et al. 2005). As such, gaining
an understanding of the physical processes driving galaxy transformation within the
infall regions of clusters at z ~ 0.5 can shed light on the observed evolution in the
morphology—density relation.

By virtue of the fact that passive spirals in the cluster outskirts are preferentially
found in groups, we do not expect that the clusters’ ICM plays a direct role in
suppressing star formation. Even in MS 0451, the force of the ICM should not be
significant beyond the virial radius (Figure 1.2). And while we had previously argued
in favor of starvation by the ICM (Chapter 5), which can be effective at large cluster
radius, there is little reason to expect it to act on galaxies in groups more effectively
than isolated spirals.

However, we cannot rule out the presence of gaseous interactions within groups.
Indeed, X-ray observations of groups in the local universe reveal that they often har-
bor an intragroup medium (Mulchaey 2000), and simulations by Bekki et al. (2002)
suggest that the starvation mechanism can operate similarly within large groups as it
would in the overall cluster (see also Hester 2006; Fujita & Goto 2004). Intriguingly,
X-ray bright groups seem to contain a higher early-type fraction than X-ray unde-
tected groups (Zabludoff & Mulchaey 1998), consistent with the notion that the gas
plays a role in shaping galaxy morphology.

The predicted timescale for cessation of star formation under starvation is con-
sistent with our observed decline over 0.5 — 2 Gyr (Fujita 2004); in simulations by
Okamoto & Nagashima (2003), a timescale of 1-2 Gyr for the halt in star formation
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after gas removal provided a good fit to observations. We emphasize, however, that
the ~1 Gyr decline in star formation represents only one observable phase of the pre-
dicted total timescale for conversion of a spiral to an SO via starvation (>3 Gyr, Bekki
et al. 2002; Boselli et al. 2006). The slow action of starvation would preserve recog-
nizable spiral structure for over 1 Gyr after star formation stops, and we have shown
in Chapter 5 that these lifetimes for each phase are consistent with the hypothesis
that all such passive spirals will become S0Os by z = 0.

Yet direct observations of the intragroup gas are challenging at these redshifts,
especially for small groups (but see Jeltema et al. 2007), and other mechanisms may
also be able to reproduce the observed timescale for the cessations of star formation.
In addition, some models suggest that modification of star-formation rates due to
starvation only begin to be visible many Gyr after the halo is stripped (Boselli et al.
2006), and so the effectiveness of starvation in groups would depend in some sense on
the dynamical age of each group, which is difficult to quantify. Gentle gas stripping
or starvation by a diffuse intragroup medium therefore remains an attractive, but
difficult to test, possibility.

Alternatively, the increased frequency of galaxy—galaxy interactions among mem-
bers of a group, compared to the interaction rate between isolated galaxies, could
be driving the creation of passive spirals in the cluster outskirts. We note that, at
the group scale, the effects of impulsive galaxy—galaxy interactions are difficult to
separate from galaxy—galaxy tidal interactions that act over a longer timescale, and
so we consider them together here. While galaxy-galaxy harassment at the typical
velocity dispersions of bound groups has not been widely studied, there are some
advantages to this explanation. First, on a larger cluster scale, simulations indicate
that harassment of massive cluster spirals results in gas being funneled to the central
bulge (Moore et al. 1999), providing a natural mechanism to accelerate star formation
and deplete a spiral’s gas supply; a similar gas funneling effect due to tidal effects
during group preprocessing has also been proposed (e.g., Mihos 2004).

While simulations would be necessary to test the hypothesis, one could imagine

a “gentle harassment” mechanism that induces a transport of gas to the galaxy cen-
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ter without immediately destroying the spiral arms. A slow group-scale harassment
could possibly reproduce the timescales for quenching of star formation indicated by
the “starvation” model tracks in Figure 6.4. We note that the timescale for final
conversion to SO morphology may be different from the timescale under starvation,
and could provide an important discriminator between the two possibilities in the
future.

Depending on the rate of gas transport, it is possible that a brief increase in star-
formation rate could be detected before the final quenching (Fujita 1998; Kodama &
Smail 2001), and this could provide another way to distinguish between this mecha-
nism and starvation. However, within the uncertainties, we cannot confirm any small
starbursts among galaxies within infalling groups in our sample. Dividing our total
sample of star-forming galaxies by radius into three equally-sized bins, we do not see
evidence for an enhancement of either the mean or median [O11] of a star-forming
galaxy in any of the three radial zones. Nor do we see any change in the fraction of
star-forming galaxies with strong (< —20A) [O11]. However, as the expected lifetime
for a burst is short (Fujita 2004), we cannot rule out the presence of small bursts that
change the median specific star-formation rate by less than 20%.

A definitive distinction between gas-related processes and galaxy interactions
therefore remains elusive. Importantly, however, we have already established that
galaxy—galaxy harassment is affecting spirals across both clusters, and at a level that
does not destroy their spiral structure: in Chapter 4, we found that the high scatter in
the cluster Tully-Fisher relation compared to the field was most readily understood if
galaxy harassment is acting to perturb the kinematics of spirals. We also observed a
strange deficit in the cluster outskirts of spirals with high central mass concentrations;
one possible explanation is that these galaxies have dropped out of our emission-line
sample as they become passive due to the aforementioned funneling of gas to their
centers.

While hardly a settled issue, we expect that the action of harassment is more
likely to be at the root of the galaxy evolution in infalling groups, as the mechanism

is already known to be acting in Cl 0024 and MS 0451. Yet some contribution from



184
the intra-group gas is also possible, and the two effects could act in combination.
Future study of the bulges of spirals and SOs could help distinguish between the
mechanisms by establishing whether significant mass has been funneled to centers of

galaxies during their evolution, as predicted in the case of harassment.

6.7.2 The Cluster Cores

We turn now to the cores of both clusters, where spirals in MS 0451 appear to have
their star formation quenched at a more rapid pace than in Cl 0024. The most obvious
explanation for the accelerated truncation of star formation within the central region
of MS 0451 is, of course, its much denser ICM. As we saw in Figure 6.8, rapid
truncation of star formation appears to occur in both clusters only in regimes where
the ram pressure is high. Due to the dense ICM in MS 0451, such an environment is
much more widespread in this cluster, and so, unlike in CI 0024, most of the passive
spirals in its core are experiencing a rapid truncation of star formation.

Ram-pressure stripping, in regimes where it is effective, can strip an entire spiral
disk in less than 100 Myr (Quilis et al. 2000; Fujita & Nagashima 1999). Detailed
analysis of local analogs of passive spirals thought to be undergoing ram-pressure
stripping suggest a timescale of ~ 300 Myr for the process to produce a galaxy similar
to the UV-undetected passive spirals we observe (Boselli et al. 2006; Cortese et al.
2007). Both of these are consistent with the maximum timescale of 400 Myr implied
by the 600 kpc hole devoid of spirals at the center of MS 0451. Further, there is some
evidence that poststarburst/poststarforming galaxies in the Coma cluster—similar
to, but fainter than those in MS 0451—are generated via ram-pressure stripping
(Poggianti et al. 2004).

The fact that we observe passive spirals at all implies that the transformation to
SO0 is not precisely simultaneous with the halt in star formation (Poggianti et al. 1999).
However, the “truncated” star formation history models presented in Figures 6.4 and
6.5 suggest that D,,(4000) strength will increase at a fast rate after truncation, such
that we must be seeing young SOs within 100 Myrs of the halt in star formation. The
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similar fraction of galaxies observed in both the passive spiral phase and the young
SO phase support the idea that the lifetimes for each phase are comparable, at about
100 Myr.

Yet there are several remaining uncertainties in this simple picture. Ram-pressure
stripping alone does not alter disk kinematics and spiral structure on such a short
timescale, so there must be an additional mechanism to speed the conversion. In
the cluster cores, harassment and/or tidal interactions could provide this additional
impetus (e.g., Cortese et al. 2007; Mihos 2004). In Cl 0024, in the absence of rapid
truncation by the ICM, a similar harassment or tidal process must be at work. How-
ever, the complex substructure of Cl 0024, and particularly the effects of the recent
cluster collision, may generate importance differences between the two clusters.

In order to better constrain the mechanisms affecting passive spirals in the cores of
C1 0024 and MS 0451, we are aided by two supplementary observations, one of which
illuminates the action of harassment, with the other providing further constraints
on ICM interactions—particularly the hypothesis that shocks in the ICM could be

important.

6.7.2.1 Compact Emission-Line Ellipticals

As discussed in Chapter 3, we found in Cl 0024 a population of relatively faint el-
liptical galaxies with strong emission, concentrated in a narrow range in radius close
to the virial radius. We cast doubt on the idea that major mergers were the cause
of these apparent starbursts, and we speculated that another rapidly acting physical
interaction must be triggering these bursts of activity. Strong shocks in the ICM of
Cl 0024 could easily have been generated (Roettiger et al. 1996) during the cluster—
subcluster merger (Czoske et al. 2002), and these shocks could be responsible for the
triggered starbursts/AGN we observe.

If this were the case, we hypothesized that we would not see such bursts in
MS 0451, as its smoother large-scale structure makes it less likely that such shocks
would be generated. Referring back to Figure 6.7, however, we see that objects of

this type are indeed found in the outskirts of both clusters. While only half as many
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are identified in MS 0451 as in CI 0024, this detection rate is consistent with the
lower spectroscopic completeness of our MS 0451 campaign for galaxies at these low
luminosities: in MS 0451, 10% of detected cluster members are at My > 19.6, while
in Cl 0024, the fraction is 20%.

The properties of these objects—compact size, EW([O11])< —15A, and typical
luminosities My = —19.2, associate them with a class of objects dubbed Compact
Narrow Emission Line Galaxies (CNELGs) (Koo et al. 1995), or their more luminous
cousins the Luminous Blue Compact Galaxies (LBCGs) (e.g., Noeske et al. 2006).
Analysis by Rawat et al. (2007) of deep ACS imaging of LBCGs reveals that more
than 1/3 show signs of a recent merger. Their positions outside of dense regions
in both MS 0451 and Cl 0024 support the notion that these galaxies may simply
represent the remnants of a merger between small, gas-rich galaxies.

In this interpretation, two important constraints can be put on the physical pro-
cesses acting on passive spirals. First, we have eliminated the possibility that strong
shocks in the Cl 0024 ICM have a significant effect, even on low-mass galaxies. Sec-
ondly, the minimum cluster radii at which these CNELGs/LBCGs are found identifies
empirically the point at which merging becomes impossible and harassment must be-
gin to dominate any galaxy—galaxy interaction.

In CI 0024, this occurs nearly at the Viral radius, while in MS 0451 it occurs
at a similar projected radius of 1.5 Mpc. We expect, then, that harassment within
1.5 Mpc should scale in strength similarly between the two clusters. If harassment is
responsible for the slow conversion of spirals to SO in the Cl 0024 core, it should also

be acting on MS 0451 spirals with similar strength.

6.7.2.2 Fundamental Plane

An analysis of the Fundamental Plane can provide sensitive constraints on the star
formation and kinematic histories of E+S0s (Chapter 3). In Cl 0024, we observed that

elliptical and SO galaxies form a clear FP (Figure 6.9), yet they exhibit a high scatter,
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Figure 6.9 The Fundamental Plane of E+S0s in MS 0451, top, and Cl 0024, bottom.
Symbols represent different morphologies, as indicated in the legend. Solid line is
the local FP for the Coma cluster, adapted from Lucey et al. (1991). Dotted lines
indicate the expected positions for early types that formed in a single burst at z =1
or z = 3, calculated according to the models of Bruzual & Charlot (2003). A typical
errorbar is shown in the upper left of the Cl 0024 panel.
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equivalent to a spread of 40% in mass to light ratio (M/Ly).> Upon closer inspection,
this high scatter appeared to occur only among galaxies within 1 Mpc of the cluster
core. We suggested in Chapter 3 that the enhanced scatter in the cluster core may
somehow be related to the recent cluster—subcluster merger in Cl 0024 (Czoske et
al. 2002). By examining the FP and its residuals for MS 0451 as well, we can test
the hypothesis that galaxy interactions in the core of Cl 0024 are enhanced over that
expected for a relaxed cluster.

In constructing the FP for both clusters, surface brightness (uy) and effective
radius (R.) are determined via the GALFIT software (Peng et al. 2002), which fits a
2D model to the HST imaging. We fit models following the deVaucoleur’s function to
each galaxy, and apply a k-correction from observed F814W magnitudes to rest-frame
V-band surface brightness, py, as discussed in Chapter 3.

The resulting FP for our sample of 60 E4S0 galaxies in MS 0451 is shown in
Figure 6.9, alongside the previously published FP for Cl 0024. For both Cl 0024 and
MS 0451, we overplot the local FP from the Coma cluster (Lucey et al. 1991) as a solid
line, adapted to our chosen cosmology. In addition, we plot two parallel dotted lines
indicating the galaxies’ expected FP intercept if they had formed in a single burst at
zy = 1 or zy = 3, calculated using the Bruzual & Charlot (2003) models. It is clear
that the E+S0 populations in both clusters have largely formed their stars at z > 1.
Nevertheless, the high scatter in the C1 0024 FP also seems to be present in MS 0451.
Limiting our sample to the 67 galaxies with o > 100 km s~! as in Chapter 3, the
overall scatter is 0.18 +0.02, expressed in terms of a spread in log(M /Ly ), compared
to 0.16 £ 0.02 for C1 0024.

A small portion of this large scatter in M/Ly can be attributed to the higher
redshift of MS 0451, where an equivalent spread in galaxy formation ages translates
into a larger FP scatter at z = 0.54 than at z = 0.4. In Figure 6.9, this effect is most
easily seen by noting the larger separation between the z; = 1 and zy = 3 model lines

in the MS 0451 panel, compared to the Cl 0024 panel. If MS 0451 early types were

2As discussed in Chapter 3, a galaxy’s deviation from the FP can be thought of as a change in
mass to light ratio, via the relation Alog(M/Ly) = Av/(2.53), where ( is the slope of the FP and
A~ is each galaxy’s deviation from the cluster’s overall FP intercept ~.
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to passively evolve between z = 0.54 and z = 0.4, the single stellar population (SSP)
models of Bruzual & Charlot (2003) predict a decrease in the FP scatter of only up to
~0.04. With a typical uncertainty in Alog(M/Ly) of ~0.05 for each point, a small
additional amount of scatter can be attributed to measurement error. However, if we
assume that the measurement uncertainties and intrinsic scatter add in quadrature,
we can only attribute an additional ~0.01 of the scatter to measurement uncertainties.

This still leaves an unexpectedly high spread in mass to light ratios for MS 0451
early types. In Figure 6.10, we plot each galaxy’s residual from the FP as a function
of its dynamical mass, calculated according to M = 506°R./G. In both clusters, we
observe a clear “downsizing” trend that has been described by several authors (e.g.,
Cowie et al. 1996; Treu et al. 2005b), the tendency for less massive E4S0s to exhibit
lower mass to light ratios, implying younger stellar populations.

To judge the effects of “downsizing”, we fit a straight line to the FP residuals as a
function of mass, limiting the fit to masses above 5 x 10'*®M, where selection effects
are minimal. In MS 0451, subtracting off this extra “tilt” to the FP greatly tightens
the observed scatter, to Alog(M/Ly) = 0.12, a level of scatter consistent with that
of other well-virialized clusters at lower redshift (e.g., Kelson et al. 2000b).

Performing the same exercise on Cl 0024, however, results in no improvement
in the FP scatter. Close inspection of the morphologies of galaxies in Figure 6.10
uncovers the reason. While ellipticals in Cl 0024 display a tight sequence in mass, S0s,
especially at intermediate masses of ~10 Mg, exhibit a remarkable scatter in their
FP residuals. These residuals do not appear to correlate with any typical measures of
star formation rate or mass to light ratio, including D,,(4000), Hé, or even broadband
optical colors. It seems, then, that the previously described FP scatter in the core
of Cl 0024 can be ascribed almost entirely to SOs whose properties do not obey any
simple trends with mass or star formation.

Furthermore, a significant number of Cl 0024 galaxies exhibit FP residuals with
Alog(M/Ly) > 0, an unphysical quantity that either indicates stellar populations
older than those of Coma cluster early types (impossible due to the much younger

age of the universe at z = 0.4 and the extreme mass to light ratios implied), or else
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Figure 6.10 Alog(M/Ly) versus dynamical mass, M, for MS 0451 (left) and Cl 0024
(right). Symbols denote different morphologies as indicated on the legend. We are
insensitive to galaxies in the area to the lower left of each solid black line, due to
the luminosity limit of our sample. Above, ~5x10°My, we are nearly unbiased.
Lower split panels show the residuals from fitting and subtracting a straight line to
galaxies at M> 5 x 10""M. Alog(M/Ly) for SOs in Cl 0024 do not form a tight
sequence in mass, while their counterparts in MS 0451 and the Es in both clusters
do form a tight sequence. Many Cl 0024 galaxies also occupy unphysical locations at
Alog(M/Ly) > 0.

indicates the breakdown of the Fundamental Plane for these objects. In contrast,
all of the scatter in MS 0451 early types is in the expected direction, in the sense
that some galaxies have younger stellar populations with Alog(M/Ly) < 0, while
the most massive ellipticals and SOs lie neatly on the local FP.

What could be generating such abnormal galaxies in Cl 0024 but not in MS 04517
Enhanced levels of galaxy—galaxy interaction due to the complex substructure in
C1 0024 is the most likely explanation. The difference between a slow conversion of
spirals to SOs (in C1 0024) and a rapid truncation of star formation (in MS 0451) could
also affect the positions of SOs on the FP. Future simulations to test this possibility

would be welcome. We note that the actual “young SOs” are only sparsely represented
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in Figure 6.10, due to the smaller sample of galaxies that can be plotted on the FP,

and are not driving the observed difference by themselves.

What, then, are the implications for the physical processes driving galaxy evolu-
tion in the cores of both clusters? In short, we can conclude that the complex recent
assembly history of Cl 0024 does not enhance the ability of the ICM to transform
galaxies via shocks, but it does appear to enhance the observed kinematic distur-
bance of galaxies within the cluster core. Some mix of galaxy—galaxy interaction and
tidal interaction therefore must dominate in the core of Cl 0024, driving the steady
decline in star formation rate within its spiral population. Only for galaxies that
reach the inner ~300 kpc will ram-pressure stripping become important.

In contrast, the quenching of star formation in MS 0451 is almost certainly driven
by ram pressure from the ICM, probably coupled with galaxy and tidal interactions
that serve to erase spiral structure and complete the morphological conversion. In
MS 0451, the effects of harassment /tidal interaction must complete the morphological
conversion more rapidly than in Cl 0024, where the stellar populations of passive
spirals indicate that they are long-lived (~1-2 Gyr). At the same time, the effects of
this conversion must somehow decay rapidly enough in MS 0451 SOs to be unobserved
in the residuals from the FP. Future investigations into the effects of harassment on

the SO Fundamental Plane could help shed light on this issue.

6.8 Discussion and Conclusions

In this work, we have presented new results from our comprehensive comparative
survey of two massive, intermediate redshift galaxy clusters, C1 0024 + 17 (z = 0.39)
and MS 0451 — 03 (z = 0.54). We have identified and studied several key classes of
transition objects in the clusters: the passive spirals and the young SOs. Through
UV imaging and measurements of spectral line indices, we have concluded that some
passive spirals have experienced a decline in star formation over a ~1 Gyr timescale,

mostly in Cl 0024, while others, mostly in MS 0451, have experienced a more rapid
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truncation in star formation. For the first time, we have been able to conclusively
identify spiral galaxies in the process of transforming into SO galaxies, by directly
linking the passive spirals in each cluster with their descendant SOs.

Having established that the transformation from spiral to SO galaxies is tak-
ing place in each cluster, we have leveraged the differences between clusters in the
timescales and spatial location of the conversion process, in order to evaluate the rel-
ative importance of several proposed physical mechanisms that could be responsible
for the transformation. Combined with other diagnostics that are sensitive to either
ICM-driven galaxy evolution or galaxy—galaxy interactions—including the residuals
from the Fundamental Plane and the properties of signpost compact emission line
galaxies—we paint a tentative but remarkably self-consistent picture of galaxy evo-
lution in clusters.

We find that spiral galaxies within infalling groups have already begun a slow
process of conversion into SOs primarily via gentle galaxy-galaxy interactions that
act to quench star formation, perhaps aided by interaction with the intragroup gas.
The fates of spirals upon reaching the core of the cluster depend heavily on the cluster
ICM, with rapid conversion of all remaining spirals into SOs via ram-pressure stripping
in clusters where the pressure of the ICM is 2 20% of that needed to strip a canonical
Milky Way-like spiral. In the presence of a less-dense ICM, the conversion continues
at a slower pace, with galaxy-galaxy interactions continuing to play a role, perhaps
along with “starvation” or gentle stripping by the ICM.

Several authors have raised objections to a scenario where SOs are created via
simple fading of spiral disks. First, SOs are observed to have higher bulge-to-disk
ratios than their supposed spiral progenitors (e.g., Burstein et al. 2005), suggesting
that if the spiral to SO conversion takes place, significant redistribution of mass or
significant new star formation is required (Christlein & Zabludoff 2004; Kodama &
Smail 2001). Second, other authors have noted that the local abundance of SOs is only
weakly correlated with environment, such that processes like ram-pressure stripping

that act only in cluster cores cannot be responsible for the entire buildup of SOs

(Dressler 2004, 1980).
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We have here demonstrated, however, that simple stripping of gas does not build
up the entire population of cluster SOs. Rather, a combination of gas effects and
galaxy interactions are responsible, in ratios that vary widely and depend on both
the cluster dynamical state and the location within the cluster or its outskirts. The
buildup of bulges through new star formation (Christlein & Zabludoff 2004) that is
expected from harassment-like encounters could potentially balance out the expected
fading of disks after ram-pressure stripping has run its course. It may still be necessary
to invoke significant obscured star formation to bridge the observed gap between the
bulges of spirals and SOs (Kodama & Smail 2001); the higher detection rate of such
systems in Cl 0024 compared to MS 0451 (Geach et al. 2006) may indicate that
such obscured starbursts are part of the preprocessing that occurs before galaxies
encounter a dense ICM.

Furthermore, the wide distribution of passive spirals across both clusters, and
their association with groups in the cluster outskirts, indicates that the resulting SOs
will likely be spread across a wide range of environments. The typical densities of
infalling groups at z ~ 0.5 are likely realized even in isolated groups by z = 0 (Fujita
& Goto 2004), and so it seems that, though a variety of mechanisms are responsible,
passive spirals could be the progenitors of most local SOs.

In Chapter 5, a rough assessment of the frequency of passive spirals and their ex-
pected lifetimes in CI 0024 suggested that passive spirals could account for the entire
buildup of SOs between z = 0.4 and z = 0. In MS 0451, we observe a similar number
of spirals currently in the passive phase, but we have shown that the timescale for
conversion is much shorter than in Cl 0024. This suggests that all existing spirals
should be converted to SO in MS 0451 even before z = 0, and the rate of any fu-
ture buildup should be limited by the infall rate of new galaxies. As MS 0451 is a
remarkably well-evolved system at z = 0.54, comparable in mass to Coma or Virgo
(6.9 x 10" M, and 1.1 x 10*° My, respectively, Biviano et al. 1993; Fouqué et al. 2001;
Geller et al. 1999), this is perhaps not surprising.

It suggests, however, that there may exist a generic tipping point in the evolution

of a massive cluster: beyond the threshold in ram-pressure strength that we have
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identified here (which is reached through some combination of cluster mass and ICM
density), spirals are transformed so rapidly upon infall that they will be essentially
absent. By z = 0, many clusters have likely reached this threshold, as evidenced by
their low spiral fractions (Dressler et al. 1997; Dressler 1980). This sort of dichotomy
between well-evolved and still-assembling clusters could, for example, explain why
some clusters, like Coma, reveal few signs of evolution in their massive galaxies (Pog-
gianti et al. 2004), while others, like Virgo, have a rich population of passive spirals
and galaxies with other signs of recent evolution (e.g., Chung et al. 2007).

Regardless, the results presented here indicate that the abundant cluster spirals
found at intermediate redshift, do, in fact, transform into the equally abundant SO
population seen today. The transformation process at z = 0.5, as we have seen,
is beginning to operate even in groups at the cluster outskirts. As a result, the
conversion of passive spirals to SOs can account for the evolution of the morphology—
density relation at both the cluster and group scale from intermediate redshift to
today.
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Chapter 7

Conclusions and Future Work

7.1 Summary

In this thesis, we have combined extensive spectroscopy with wide-field HST imag-
ing to perform a detailed case study of two intermediate redshift galaxy clusters,
Cl1 0024+1654 (z = 0.395) and MS 0451-03 (z = 0.540). Leveraging a comprehensive
multiwavelength data set that spans the X-ray to infrared, and with spectral line
measurements serving as the key to revealing both the recent star-formation histories
and kinematics of infalling galaxies, we have, through several investigations, shed
light on the environmental processes that are acting to transform galaxies in clusters.

Some of our key findings are as follows:

e By constructing the Fundamental Plane (FP) of Cl 0024, we observed that el-
liptical and SO galaxies (E+S0s) exhibit a high scatter in their FP residuals,
equivalent to a spread of 40% in mass to light ratio (M /Ly ) (Chapter 3). The
high scatter occurs only among galaxies in the cluster core, suggesting a turbu-
lent assembly history for cluster early types, which we believe to be related to

the recent cluster—subcluster merger (Czoske et al. 2002).

e We noted in Chapter 3 a substantial population of early-type galaxies in the
core of Cl 0024 that seem to contain small populations of young stars. We pro-
posed a scenario where remnant star formation persists in Cl 0024 early types,

decaying as they fall into the cluster core, but with an apparent “rejuvenation”
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event occurring within the virial radius. We now know from Chapter 6 that
this apparent rejuvenation more likely represents the appearance of young SOs,

recently transformed from passive spirals, into the early-type sample.

Around the virial radius of Cl 0024, we observed a number of compact, inter-
mediate mass ellipticals undergoing a burst of star formation or weak AGN
activity, indicated by strong [O11] emission (Chapter 3). While we speculated
that these objects could be due to interactions with shocks in the ICM, our
later observation of similar objects in MS 0451 led us to conclude that they are
likely merger remnants, with locations that mark the minimum radius at which

merging is effective in each cluster.

We searched for disruptions in the internal structures and star-formation rates
of disk galaxies due to tidal effects or galaxy—galaxy interactions, by measuring
emission line rotation curves and constructing the Tully-Fisher relation (Chap-
ter 4). We find that the cluster TF relation exhibits significantly higher scatter
than the field relation, echoing the high scatter seen in the Cl 0024 FP. We ar-
gue that the high scatter in both K- and V-band TF relations demonstrate that
cluster spirals are kinematically disturbed by their environment. We proposed

that such disturbances may be due to galaxy merging and/or harassment.

We combined GALEX UV observations with key spectral line indices to place
strict constraints on the recent star-formation histories of “passive spiral” galax-
ies, an important class of transition object (Chapter 5). Through GALEX UV
imaging, we find that passive spirals in Cl 0024 exhibit UV emission nearly as
strong as regular star forming spirals, implying the presence of young stars.
Their unusual combination of UV emission with weak HJ strength supports
a picture where passive spirals have experienced a rapid decline and eventual
cessation of star formation over the last ~1 Gyr. The timescale of this decline
implicates “starvation” by the ICM as the likely cause (Larson et al. 1980; Bekki
et al. 2002).
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e In Chapter 6, we document what we believe to be the first direct evidence
for the transformation of spirals into SOs: through an analysis of their stellar
populations and recent star-formation rates, we link the passive spiral galaxies in
both clusters to their eventual end states as newly generated cluster SO galaxies.
Differences between the two clusters in both the timescales and spatial location
of this conversion process allow us to evaluate the relative importance of several

proposed physical mechanisms that could be responsible for the transformation.

Considering each of these pieces of evidence for interactions with the environment,
we outlined in Chapter 6 a self-consistent picture of galaxy evolution in clusters.
Under our model, spiral galaxies within infalling groups have already begun a slow
process of conversion into SOs primarily via gentle galaxy-galaxy interactions that
act to quench star formation, though a starvation-like interaction with an intragroup
medium may also be at work.

The fates of spirals upon reaching the core of the cluster depend heavily on the
cluster ICM, with rapid conversion of all remaining spirals into SOs via ram-pressure
stripping in regimes where the strength of ram pressure exceeds 20% of that required
to strip a canonical Milky Way—like spiral. In the presence of a less-dense ICM, the
conversion continues at a slower pace, with galaxy—galaxy interactions continuing to
play a role along with “starvation” by the ICM.

We conclude that the buildup of the local SO population through the transforma-
tion of spiral galaxies is a heterogeneous process that nevertheless proceeds robustly

across a variety of different environments from cluster outskirts to cores.

7.2 Reconciling Nature and Nurture

We return now to the essential question of nature vs. nurture posed in Chapter 1,
and attempt to specify a bit more precisely the role of environment and of intrinsic
processes in the buildup of galaxies in the universe.

While this thesis has focused on identifying the processes contributing to the

“nurtured” evolution of cluster galaxies, we have nevertheless identified several effects
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that could perhaps best be attributed to “nature”. In Chapter 3, the residuals from
the Fundamental Plane revealed a gradient in stellar population ages for E4S0s as
a function of radius. Likewise, we observed a tight “downsizing” trend (Cowie et al.
1996) in the stellar population ages of MS 0451 E+S0s, in the sense that lower-mass
early types have younger ages. Both effects are perhaps best explained as arising from
the different hierarchical formation histories experienced by galaxies spanning a range
of masses and initial overdensities at formation. Each trend has been reproduced
generally by hierarchical formation simulations that include intrinsic processes such
as feedback (Croton et al. 2006; de Lucia et al. 2006).

However, evaluating the relative contributions of “nature” and “nurture” to the
buildup of the galaxy populations we see today remains a controversial question. In
the field at z ~ 0.5, Tanaka et al. (2007) find evidence that the median luminous red-
sequence galaxy has recently truncated star formation on a fast timescale; based on
this, they claim that galaxy—galaxy interaction plays a larger role in the buildup of the
red sequence than “starvation”, which is inconsistent with the timescales for trunca-
tion they observe. This result may seem to conflict with our observation in Chapter 6
that star formation is being slowly quenched in group passive spirals. However, selec-
tion effects may play a role, in that they are most sensitive to detecting rapidly halted
star formation in massive red galaxies that may include merging systems, while we
specifically exclude such mergers due to their often irregular morphologies.

As a result, comparison of the two studies gives some insight into the question
of nature vs. nurture. Being sensitive to merging systems, Tanaka et al. may well
be observing the buildup of field ellipticals at z ~ 0.5, occurring via a combination
of merging and AGN feedback. In contrast, our work has focused on the subsequent
creation of SOs that is beginning in groups and finishing in clusters at the same
redshift. This interpretation is supported by further work reported in Tanaka et al.
(2007) claiming to observe a similar truncation of star formation in groups at z ~ 0.8.
If SOs are rare in the universe at z ~ 0.8 (Smith et al. 2005a), then the evolution they
observe likely involves the continuing buildup of ellipticals.

Considering the implication of these studies together, we note that they are
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broadly consistent with the simple scenario posed in Chapter 1 for the evolution
of galaxies within the hierarchical framework. That is, ellipticals form through merg-
ers and cease forming stars first (perhaps via feedback), while SOs only form later as
the strength and importance of environmental interactions increase in step with the
buildup of large scale structure and clusters. Illustrated by the work in this thesis, it
seems then that both of these processes—nature and nurture—are essential parts of
the overall evolutionary history of the universe that led to the mix of morphologies

and spread in star formation that we observe today.

7.3 Future Work

One of the key accomplishments of this thesis has been to directly trace the evolution
of the passive spiral galaxies into cluster SOs. Yet analysis of galaxies in the SDSS
shows that passive spirals are exceedingly rare in the universe today (Goto et al.
2003), at only ~0.28% of the total population. Their spectral properties (weak HJ)
and environments (in the outskirts of clusters) seem to indicate that they are more
akin to the UV-detected passive spirals that predominate in the outskirts of our two
z ~ 0.5 clusters.

Given that 25% of cluster spirals are passive at z ~ 0.5, it will be interesting to
trace the decline in passive spirals over the next 5 Gyrs of cosmic history, and there
are several key questions to be asked. Does the typical environment of a passive spiral
move outward from the cluster core as group preprocessing has more time to act on
spirals before they assemble onto clusters? How does the importance of ram-pressure
stripping change as clusters evolve? Goto (2005) claims that the velocity dispersions
of the various accreted populations indicate that harassment has been more important
in the recent past than ram pressure, but it remains unknown whether the overall
decline in spirals near cluster cores (Butcher & Oemler 1978; Dressler et al. 1997)
is due to increased ram pressure or whether spirals disappear via harassment/group
starvation even before encountering the ICM.

One way to begin answering these questions is to repeat the exercise of this thesis



200

on galaxy clusters at lookback times approximately halfway between z ~ 0.5 and
today, at around z = 0.2. The LoCuSS survey aims to study ~100 clusters in the range
0.15 < z < 0.3, and we have recently submitted a proposal to obtain GALEX imaging
of 30 of these clusters, critical data to allow us to probe the stellar populations of
passive spirals across these fields. By securing observations of a statistically significant
sample of galaxy clusters at lower redshift where follow-up spectroscopy along with X-
ray observations are more efficient, we can also hope to resolve the current uncertainty
in whether starvation or harassment is driving the creation of passive spirals found
in groups (Chapter 6).

Just as with z ~ 0.2 observations, probing the galaxy populations of higher red-
shift clusters will help to establish how the dominant physical processes acting to
transform galaxies have evolved over time. The immaturity of large scale structure
at z ~ 0.8 — 1 could well diminish the importance of group preprocessing, yet a num-
ber of clusters with dense ICMs and high fractions of red galaxies have been observed
(Tanaka et al. 2007; Tran et al. 2007). Detailed observations of clusters at these higher
redshifts may prove to be essential in understanding any role that environment plays
in the original formation of the giant ellipticals.

An important outstanding issue, however, is the unknown abundance of SOs at
z > 0.8. Visual determination of morphologies becomes uncertain at these high
redshifts, due to effects like surface brightness dimming, band shifting, and loss of
resolution. Even with ACS imaging, separating ellipticals from SOs is challenging.
Postman et al. (2005), who attempted such a separation in their analysis of the
morphology—density relation, find an SO fraction that could be anywhere from 0%-—
30%, consistent with a wide range of evolutionary scenarios.

A promising alternative method involves separating Es from SOs via their kine-
matics. With deep resolved spectroscopy, it is in principle possible to distinguish
between rotationally supported SOs and pressure-supported ellipticals, in much the
same way that Binney (1982) originally considered the ratio of rotational velocity, v,
to velocity dispersion, o, to prove that ellipticals are not flattened by rotation but

rather consist of stars on randomly oriented orbits.
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Figure 7.1 Selection of HST F814W images and rotation curves for field and cluster
early types from our surveys of Cl 0024 and MS 0451. From top left to bottom right:
two cluster Es, two cluster SOs, one field E and one field SO. In each case, the redshift,
z, rotational velocity, v, and stellar velocity dispersion, o, are listed with their errors.

As a pilot study for applying Binney’s technique to higher redshift, in Moran et al.
(2007¢) we have used the deep Keck spectroscopy of our E and SO galaxies in Cl 0024
and MS 0451 to measure resolved rotation curves from absorption lines (Figure 7.1).
Comparing our v and ¢ measurements to the visually determined morphologies, we
empirically devise several discriminators that successfully separate Es from SOs at
z ~ 0.5, as well as in a test sample at z = 0. Having verified the technique, future
observations at z ~ 0.8 should be able to ascertain the SO fraction to better precision
than has been possible to date.

Finally, an essential component of star formation—one which is often neglected
in intermediate to high z studies—is the HI and H, gas that indirectly and directly
provide the source material for new stars. Studies of HI in spiral galaxies in and
around local clusters find that they are largely depleted of HI, even when star forma-
tion appears to be ongoing (Boselli & Gavazzi 2006, and references therein). This is
often interpreted as due to ram pressure in the ICM, particularly in the case of the
Virgo cluster where the ICM is somewhat weak and many spirals continue to survive
(Biviano et al. 1993).

Yet the connection between gas-poor galaxies in the local universe and the overall
decline in star formation that reaches its peak at z ~ 0.5 has not yet been established.

The first HI observations of clusters beyond the local universe have only recently been
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reported (Verheijen et al. 2007, at z = 0.2), yielding tantalizing evidence that blue
“Butcher-Oemler” spirals near the centers of clusters are gas depleted. Likewise, it
is just now becoming possible to explore the Hy content of galaxies at intermediate
redshift. At the redshift of Cl 0024 (z = 0.395), the CO (3-2) line is redshifted into
the Imm wavelength band. Direct detection of this line in a typical, gas-rich spiral
galaxy should be possible with recently commissioned millimeter facilities such as
CARMA and the Submillimeter Array (SMA), as evidenced by initial exposure time
estimates we have performed.

Due to the sensitivity limits of previous generations of instruments, molecular
gas observations of galaxies spanning the redshift range from 0.1 to at least 1.0—
corresponding to more than half the age of the universe—have largely been lacking,
being limited to a handful of QSOs (e.g., Scoville et al. 1993). As a result, a small
survey of the gas content in a sample of cluster galaxies in, e.g., Cl 0024, could be
very powerful. Such a survey would add greatly to our understanding of the evolution
in gas content within both typical galaxies and “transition” objects, and paint a more
complete picture of how the decline in cosmic star-formation rate progresses across
time. Crucially, we could establish whether passive spiral galaxies are truly gas poor,
or if they have simply entered a temporary quiescent state, as has been suggested by,
e.g., Burstein et al. (2005). This is an especially important question for the passive
spirals found within infalling groups, where our UV observations indicate that young
stars are still present.

Together, these future observations of transition galaxies at both higher and lower
redshift than those presented in this thesis, combined with direct observations of
molecular gas content, have the potential to fill in large blank areas in our map of

how galaxies evolve and cease to form stars during their assembly into clusters.
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