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Abstract
The influence of environment in galaxy evolution has been observed in a wide

range of environments, where in general red quiescent early-type galaxies pref-

erentially reside in high-density regions. The aim of this thesis is to understand

the role that galaxy groups, and in particular group dynamics, play in galaxy

evolution.

We examine substructure in rich groups at intermediate redshifts and find

that 4/15 groups contain substructure, which is preferentially found on the

group outskirts. Galaxies in groups with substructure have properties similar

to the field, while the galaxies in groups with no substructure are similar to

cluster populations. These results indicate that substructure galaxies do not

feel the effects of the environment until well inside the group potential.

We then study the evolution of group dynamics to z ∼ 1 and find that

the fraction of non-Gaussian groups increases with redshift, while the fraction

of groups with substructure remains constant. Additionally, we find that the

quiescent fraction correlates with galaxy stellar mass, but has little or no

dependence on group dynamical mass or state. However, we do observe some

correlation between substructure and quiescent fraction for low mass galaxies.

Finally, we investigate infalling subhalo galaxies to probe the importance

of pre-processing in galaxy evolution. At r200 & 2, galaxies in subhaloes show

enhanced quenching, when compared to non-subhalo galaxies. At these radii,

the infall population dominates, indicating that enhanced quenching is due

to the infalling subhalo population. Additionally, the fraction of groups with

subhaloes is a function of halo mass, where more massive systems have a

higher fraction of subhaloes. We conclude that for groups, pre-processing

is insignificant; however, for the most massive clusters a significant fraction

(∼ 25%) of the member galaxies have been pre-processed.
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Chapter 1
An Overview of Galaxy Evolution

The field of Astronomy has been an active area of scientific enquiry for over

three millennia; however, our current understanding of the Universe only began

to really take shape in the 20th century. The past ∼100 years have arguably

seen the most important discoveries in Astronomy, some of which have resulted

in major paradigm shifts. Examples of these seminal discoveries, both obser-

vational and theoretical, include: the Milky Way Galaxy as just one of many

galaxies in our Universe (Opik, 1922; Hubble, 1925, 1926), the expansion of

the Universe (i.e. Hubble’s Law: Hubble, 1929), the cosmic microwave back-

ground (Penzias & Wilson, 1965), nucleosynthesis (Alpher et al., 1948), and

dark matter (e.g. Oort, 1932; Zwicky, 1937) and energy (Riess et al., 1998;

Perlmutter et al., 1999).

One of the open debates in Astronomy concerns the evolution of galax-

ies and investigating when, where and how, galaxies form and evolve. In the

last few decades, photometric and spectroscopic surveys of galaxies, spanning

a wide range of redshifts and environments, have provided a vast amount of

information about the observable properties of galaxies. The results of some

of these studies have shown that galaxy properties, such as colour and mor-

phology, vary as a function of both environment and a galaxy’s stellar mass.

Variations with a galaxy’s environment, such as the morphology-density re-

lation (MDR: Dressler, 1980), indicate that external processes, related to the

properties of the host group or cluster halo, govern evolution. However, strong

correlations between observed galaxy properties and galaxy stellar mass sug-
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gest that internal processes, related to the galaxy itself, dominate. These

seemingly contradictory results have sparked the so-called ‘nature versus nur-

ture’ debate.

It is the goal of this thesis to understand the role of the environment, and

in particular the intermediate density environment of galaxy groups, in galaxy

evolution. In order to provide context and motivation for this work, the first

chapter will include a discussion of the current theory of the growth of structure

and a more detailed examination of the ‘nature versus nurture’ debate. I will

then give an overview of the most relevant galaxy transformation processes,

as well as discuss observational methods of probing galaxy evolution. In the

following chapter, I will focus on the importance of the group environment and

in particular group dynamics on galaxy evolution.

1.1 Hierarchical Structure Formation

One of the most important discoveries in modern Astronomy was that of the

Cosmic Microwave Background (CMB: Penzias & Wilson, 1965), which con-

firmed the Big Bang model and is a key observational probe of the current

standard model of cosmology, the Λ Cold Dark Matter (ΛCDM) model. Since

its discovery, numerous surveys have been carried out to study the CMB in

greater detail, including three all-sky surveys: the Cosmic Background Ex-

plorer (COBE: Smoot et al., 1992), the Wilkinson Microwave Anisotropy

Probe (WMAP: Bennett et al., 2003) satellite, and the Planck satellite (Planck

Collaboration et al., 2013). The results of the aforementioned missions have

provided increasingly precise information about cosmological parameters from

the temperature perturbations observed in the CMB.

In the ΛCDM concordance model, the primordial perturbations (seeded in

the early Universe) observed in the CMB, which are on the order of 10−5 with

respect to the background temperature level, are amplified over time by gravity

to form the large-scale structure (LSS) we see today. The number density of

dark matter haloes, or the halo mass distribution, formed via this process is

generally well described by the analytic Press-Schecter (PS) formalism, which

was developed from the work presented in Press & Schechter (1974). PS theory

suggests that haloes correlate with the peaks in the Gaussian random density
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field of dark matter in the early Universe. The basic idea of PS formalism

is that once a region attains a density above some critical threshold, it will

condense and form a dark matter halo. Additionally, as the PS formalism is

self-similar, the theory allows for the development of an analytical theory for

the group and cluster halo distributions (Bower, 1991) and also merger rates

in a hierarchical Universe (Lacey & Cole, 1993). These latter theories are often

referred to as extended-PS formalisms.

While the PS and extended-PS formalisms have provided great insight into

the growth of structure, much of our current understanding has come from

N -body simulations. In particular, dark matter-only simulations (in which

gravity is the only acting force) have confirmed that structure does in fact

grow hierarchically. In addition, these simulations have shown that galax-

ies preferentially reside in filaments (Bond et al., 1996; Kravtsov & Borgani,

2012), which mimic the pattern of the initial density perturbations observed

in the CMB (Bond et al., 1996). Galaxy clusters and superclusters form at

the intersection of these filaments and it is believed that galaxies accrete on

to the highest-density regions, either individually from the field or in smaller

groups of galaxies, along filaments.

In this model of structure formation, objects grow from the ‘bottom-up’

starting with single haloes that accrete and merge continuously to eventually

form the LSS we see today. The constant accretion and mergers of galaxies

has implications for galaxy evolution, as will be discussed in the remainder of

this chapter and in the following chapter.

1.2 The “Nature versus Nurture” Debate

Broadly speaking, galaxies fall into two categories: early- and late-type. Early-

type galaxies tend to be red in colour, have little or no on-going star formation

and have elliptical or lenticular morphologies; while late-type galaxies are gen-

erally star-forming blue galaxies and are classified as either spiral or irregular.

Despite the evolutionary progress suggested by this nomenclature, early-type

galaxies do not evolve into late-type galaxies. In fact, observational and the-

oretical studies indicate that galaxy evolution typically follows the opposite

direction, with late-type evolving into early-type galaxies (to be discussed in
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more detail in Section 1.4). While the ‘directionality’ of this evolution may be

known, the exact processes that drive it are still a source of debate.

Early simulations showed that the remnant of a major merger (i.e. merger

of similar mass galaxies) between two late-type galaxies generally resembles

the morphology of an elliptical or early-type galaxy (Toomre & Toomre, 1972;

Barnes, 1988, 1992; Hernquist, 1993). However, more recent work has shown

that the major merger of two spiral galaxies does not always result in an

elliptical galaxy. Parameters such as the amount of gas in the disk galaxy,

interactions with the surrounding interstellar medium (ISM), and the orbits of

the merging galaxies can result in either the survival or reformation of a disk

(Barnes, 2002; Robertson et al., 2006; Springel & Hernquist, 2005; Hopkins

et al., 2009). Additionally, mergers may not always be necessary to form an

early-type galaxy, as it has been suggested that lenticular or S0 galaxies may

be the remnant of a ‘faded spiral’ galaxy (Aragón-Salamanca et al., 2006;

Bedregal et al., 2006). Thus, the evolution from late- to early-type galaxy

appears to be more complicated than originally thought and it is still unclear

if there is one dominant evolutionary path or if a combination of multiple

mechanisms result in the observed properties.

Early- and late-type galaxies appear to preferentially reside in different

environments. Studies of galaxies in the cores of clusters showed that early-

type galaxies were preferentially found in the high-density regions, while late-

type galaxies were found in low-density regions, such as the field (Oemler,

1974; Dressler, 1980). This observation, now commonly referred to as the

morphology-density relation (MDR), was one of the first indications that the

environment can affect the observed properties of galaxies, sparking the ‘na-

ture versus nurture’ debate. Since then, the MDR has been extended to lower

density environments, such as the infall region of clusters and galaxy groups,

which also show enhanced star formation quenching with respect to the field

(Wilman et al., 2005a; Holden et al., 2007; van der Wel et al., 2010). Ad-

ditionally, correlations between the environment and other galaxy properties

have also been observed, including: the colour-density (Blanton et al., 2003;

Baldry et al., 2006), star formation-density (Poggianti et al., 2008; Vulcani

et al., 2010; McGee et al., 2011; Patel et al., 2011; Sobral et al., 2011) and

gas-density (Kauffmann et al., 2004) relations. In addition, numerous studies
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have shown that the fraction of either star-forming or quiescent galaxies is

strongly dependent on the environment (Kauffmann et al., 2004; Balogh et al.,

2004; Wilman et al., 2005a; Peng et al., 2010, 2012; Muzzin et al., 2012; Wetzel

et al., 2012).

While these relations appear to suggest that the environment plays a dom-

inant role in the evolution of galaxies, we now know that the situation is much

more complex. Although the fraction of quiescent galaxies has been observed

to be higher in groups and clusters, studies have shown that the observed prop-

erties of actively star-forming galaxies depend only weakly or do not depend

at all on environment (Balogh et al., 2004; Rines et al., 2005; Wilman et al.,

2005a; Cooper et al., 2008; Wolf et al., 2009; Peng et al., 2010; Grützbauch

et al., 2011; Tyler et al., 2011; Muzzin et al., 2012). Additionally, studies have

also shown that galaxy properties, such as morphology and colour, correlate

more strongly with galaxy stellar mass (Allen et al., 2006; Bamford et al., 2009;

Balogh et al., 2009; McGee et al., 2011). Based on these results, it would seem

that nature is in fact the primary driver of galaxy evolution.

A third option is that neither nature nor nurture is dominant, and rather

both factors contribute equally to the observed galaxy properties. In a study

of galaxies in the local Universe, Kimm et al. (2009) showed that star forma-

tion quenching in satellite galaxies correlated strongly with both stellar mass

and halo mass and to a similar degree. These authors concluded that the ob-

served properties of satellite galaxies, at least equally depended on nature and

nurture. Similar analysis presented by Woo et al. (2013) also indicated that

the quiescent fraction (fq), defined as the fraction of galaxies with neglible

star formation, depended on both stellar and halo mass, though they found a

slightly stronger dependence with halo mass.

To further complicate matters, galaxy stellar mass, which is believed to

trace internal processes, correlates with environment where higher mass galax-

ies are preferentially found in high-density regions. This correlation renders

it difficult, if not impossible, to truly isolate the effects of ‘nature’ from those

of ‘nurture’. In addition, since hierarchical structure formation states that

structure grows via the accretion and merger of smaller haloes, each galaxy

has what De Lucia et al. (2012) refer to as a ‘history bias’, which these authors

sum up by stating:
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As structure grows, galaxies join more and more massive sys-
tems, therefore experiencing a variety of environments during their
lifetimes. In this context, the nature-nurture debate appears to be
ill-posed, as these two elements of galaxy evolution are inevitably
and heavily intertwined.

Despite the observed correlation between stellar mass and environment and

the presence of a history bias, several authors still argue that it is possible to

disentangle galaxy transformation processes related to ‘nature’ from those due

to ‘nurture’ (Tasca et al., 2009; Peng et al., 2010, 2012; Sobral et al., 2011;

Muzzin et al., 2012). In particular, it has been suggested that whether galaxy

evolution is dictated by either internal or external processes is entirely depen-

dent on the mass of a galaxy. The observed properties of high mass galaxies

with Mstar & 1010.5M� show almost no dependence on environment, indicat-

ing a ‘nature’ evolutionary scenario; while the properties of low mass galaxies

show correlations with environment, suggesting a ‘nurture’ evolutionary sce-

nario (Tasca et al., 2009; Peng et al., 2010, 2012). Thus, the recent claims

that the environment plays a secondary role in the evolution of galaxies may

be a result of observational limits, as low mass galaxies are more difficult to

observe at higher redshifts.

Although there has been much effort to settle the ‘nature versus nurture’

debate, the issue is far from resolved as various studies have resulted in dif-

ferent, and sometimes contradictory, conclusions. What is clear from these

studies is that in order to properly probe environmental effects on galaxy evo-

lution, one must try to take into account the accretion history of a galaxy and

also isolate or disentangle correlations with galaxy stellar mass.

1.3 Observable Probes of Galaxy Evolution

Although there are numerous ways in which galaxies can be transformed, the

general trend for evolution, at least out to z ∼ 1, is to transform a blue,

star-forming spiral or disk galaxies into red, passively-evolving elliptical galax-

ies. Thus, galaxy evolution studies typically use one or a combination of the

following observables: colour, morphology and star formation rate (star for-

mationR).
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1.3.1 Colour

Arguably the simplest observable galaxy properties are the apparent magni-

tude and colour, defined as the difference between two magnitude bands (e.g.

the SDSS (g − r) colour with g-band at 8391 Å and r-band at 3551 Å). Since

the colour of a galaxy is determined mainly by the stellar population, colour

can provide vital information about star formation and the star formation

history (star formationH) of a galaxy.

In all environments, the distribution of galaxy colours is bimodal, with

galaxies either falling on the ‘red sequence’ or ‘blue cloud’ (Strateva et al.,

2001; Blanton et al., 2003; Baldry et al., 2004; Balogh et al., 2004). In general,

red galaxies have a stellar population that is dominated by cooler (3700 - 5200

K) and lower mass (∼ 0.4 − 0.8M�) K-stars and blue galaxies typically have

a high fraction of hotter (6000 − 10000 K) and more massive (∼ 1 − 2M�)

A and/or F stars. However, metallicity can also affect the observed colour of

a galaxy, where higher metallicity galaxies have redder colours. Additionally,

the presence of dust also alters the observed colour of galaxy, causing blue

star-forming galaxies to appear red as dust absorbs more short wavelength

radiation and re-emits it in the thermal infrared (IR).

For illustration, in Figure 1.1 I have plotted the (g − r) colours for low

redshift (0 < z < 0.05) group galaxies observed in the Sloan Digital Sky Survey

(SDSS - left: Yang et al., 2007; Abazajian et al., 2009) and for intermediate

redshift (0.15 < z < 0.55) group galaxies observed in the Group Environment

and Evolution Collaboration (GEEC - right: Wilman et al., 2005b) survey.

The colours shown in Figure 1.1 have been k-corrected (i.e. adjusting all of

the magnitudes to the same rest-frame redshift) to redshifts of z = 0 for SDSS

and to z = 0.4 for GEEC. The colour distributions for both the SDSS and

GEEC samples show the expected bimodal distribution. Although the (g− r)
colour distributions are shown in Figure 1.1, the bimodal feature is present in

numerous other filter combinations, e.g. (u − r) in the low redshift Universe

(Strateva et al., 2001; Balogh et al., 2004) and (V − z) in the high redshift

(z ∼ 1) Universe (Balogh et al., 2009)

In general, the colour distribution of galaxies can be fit with a double-

Gaussian (Strateva et al., 2001). Since the properties of blue galaxies are more
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Figure 1.1: Left: 0(g − r) colour distribution (k-corrected to a redshift of
z = 0) for galaxies in the Yang et al. (2007) SDSS group catalogue with
z ≤ 0.05. Right: 0.4(g − r) colour distribution (k-corrected to a redshift of
z = 0.4) for galaxies in the Wilman et al. (2005b) GEEC group catalogue with
0.15 < z < 0.55.

varied than those of red galaxies, the width of the Gaussian corresponding to

the blue cloud is typically wider than that of the red sequence. Although the

colour distribution is well fit by two Gaussian distributions, there is significant

overlap, as can be seen in Figure 1.1, and there is usually no clear minimum

value that easily divides red and blue galaxies. The overlapping region is

often referred to the green valley and is thought to represent a transitional

phase between the traditional blue and red galaxy populations. In a study of

high redshift (z ∼ 1) galaxies, Balogh et al. (2011) found that ∼ 30% of the

population resided in the green valley, defined by a range in (V − z) colour;

however, most galaxy studies do not show a significant population of green

galaxies with colour distributions well fit by a double Gaussian (e.g. Strateva

et al., 2001).

With a colour distribution it is possible to roughly distinguish between red

and blue galaxies. However, in addition to the lack of a clear minimum, the

red sequence itself shows a strong colour-magnitude correlation where brighter

galaxies have redder colours. In Figure 1.2, I plot a 0(g − r) versus 0r colour-

magnitude diagram (CMD) for galaxies in the Yang et al. (2007) SDSS group

catalogue with z < 0.05. From this CMD, it is clear that the red galaxies form

a relatively tight sequence that shows a strong relationship between colour
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Figure 1.2: 0(g − r) versus 0r (k-corrected to a redshift of z = 0) for galaxies
in the Yang et al. (2007) SDSS group catalogue with z ≤ 0.05.

and magnitude. A common method of distinguishing between red and blue

galaxies is to make a cut in colour-magnitude space, often defined as a linear

fit to the red sequence shifted down by, for example, one sigma in 0(g − r).
With the ability to distinguish between blue and red galaxies, it is possible

to determine the fraction of galaxies that reside in the red sequence (fred) and

in the blue cloud (fblue = 1−fred). The red/blue fraction is an important, and

arguably the most common, probe of galaxy evolution and shows correlations

with galaxy stellar mass, redshift and environment. In the following, I will

highlight some observed colour and red fraction trends.

Correlations with Stellar mass

The general trend between red fraction and galaxy stellar mass is that higher

mass galaxies typically have a higher red fraction (Baldry et al., 2006; Kimm

et al., 2009; Prescott et al., 2011). Semi-analytic models (SAMs) provide

insight into the physical processes behind this observed trend. In particular, it

appears that feedback from the central active galactic nuclei (AGN) is needed

in order to reproduce the observed fraction of red galaxies, at least for galaxies

with Mstar & 1010h−1M� (Bower et al., 2006; Somerville et al., 2008; Kimm
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et al., 2009). The mass of a supermassive black hole (SMBH) correlates with

the mass or velocity dispersion of the galaxy (i.e. the M−σ relation: Ferrarese

& Merritt, 2000) where more massive galaxies typically have more massive

SMBHs. Since AGN feedback suppresses star formation, it follows that if

more massive SMBHs output more energy, then quenching should be more

efficient in higher mass galaxies, which would reproduce the observed trend.

Additionally, SMBH growth can occur via a major merger. Since more massive

galaxies have also likely experienced one or multiple major mergers in their

assembly history, star formation quenching can occur as a result of a starburst

phase and/or higher AGN feedback due to a more massive SMBH.

Correlations with Environment

The red fraction of galaxies also shows correlations with environment both in

the local Universe and at z ∼ 1, where higher density environments have a

higher fraction of red galaxies (Baldry et al., 2006; Kimm et al., 2009; Woo

et al., 2013). The colour-density trend holds for various probes of the environ-

ment, including: projected local density (Σ), defined as the number density

of galaxies within some fixed distance on the sky and along the line-of-sight

(LOS: e.g. Balogh et al., 2004); distance from group or cluster centre, where

the density decreases with increasing radius (e.g. Prescott et al., 2011); and

host group or cluster halo mass (e.g. Kimm et al., 2009).

The transformation from blue to red galaxy is a direct consequence of star

formation quenching and may be due to processes related to either nature or

nurture. In general, SAMs are able to reproduce the observed fred − Mhalo

trend for central galaxies and massive (> 1010M�) satellites; however, for

galaxies with Mstar . 1010M� most SAMs produce too many red galaxies at

all halo masses. The overquenching of low mass galaxies in SAMs has been

attributed to ‘aggressive’ satellite star formation quenching in the group and

cluster environments. In many earlier models, star formation in a satellite

galaxy was immediately quenched upon accretion. Font et al. (2008) claimed to

have resolved this issue with more realistic models of stripping, where satellites

retain a higher fraction of their hot gas halo after infall, allowing for continued

star formation and resulting in a higher (lower) fraction of blue (red) galaxies.

Although it has been suggested that the correlation between red fraction
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and environment is secondary to the fred-stellar mass trend (e.g. Grützbauch

et al., 2011), both Baldry et al. (2006) and Kimm et al. (2009) found that at

fixed stellar mass fred still increased with increasing density. These authors

concluded that the environment was at least as important as galaxy stellar

mass in determining the fraction of red galaxies.

Redshift Evolution

In addition to correlations with stellar mass and environment, the fraction

of blue and red galaxies also evolves with redshift. This was first observed

by Butcher & Oemler (1984), who found that the fraction of blue galaxies in

clusters increased from fblue ∼ 0.03 for clusters at z ≤ 0.1 to fblue ∼ 0.25 for

clusters at z = 0.5. This trend is now commonly referred to as the Butcher-

Oemler (BO) effect. Since its discovery, numerous studies have confirmed the

BO effect in clusters (Dressler & Gunn, 1982; Ellingson et al., 2001; Kodama

& Bower, 2001; Margoniner et al., 2001) and have also found that the relation

extends to higher redshift (z ∼ 1: De Propris et al., 2003).

The observed BO effect appears to be the result of a combination of phe-

nomena. Studies of the cosmic SFR density (ρSFR =SFR per unit volume) as a

function of redshift, which showed that ρSFR rises steadily from z = 0 to a peak

value at z ∼ 1−2 and then turns over and declines to z ∼ 6 (Lilly et al., 1996;

Madau et al., 1996; Wall et al., 2005; Hopkins & Beacom, 2006; Dunne et al.,

2009). Consequently, in the redshift range examined by most cluster studies

(i.e. z < 2), the SFR is higher at higher redshift, which would explain the

observed increase of blue galaxies with redshift. Additionally, the cluster envi-

ronment itself may evolve with redshift. For example, Ellingson et al. (2001)

observed the BO effect in clusters between 0.18 < z < 0.55 but only when

galaxies at large radii (> 0.5r200, where r200 is taken to be the radius at which

the density is 200 times the critical density and is often referred to as the virial

radius) were included in their cluster sample. Galaxies within the cluster core

showed no evolution in blue fraction with redshift. Based on this result, these

authors concluded that the BO effect was not driven by galaxies in the cluster

core, but by infalling blue galaxies from the field and thus, the increased frac-

tion of blue galaxies indicated an increase in the infall rate onto the cluster.

In particular, Ellingson et al. (2001) claimed that the rate of infall decreased
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by a factor of ∼ 3 between z > 0.8 and z ∼ 0.5. Kodama & Bower (2001)

reached a similar conclusion for lower redshift clusters (0.23 . z . 0.43).

The strength of the BO effect may depend on galaxy stellar mass. In a

comparison of massive cluster galaxies (M? ≥ 1.34 × 1011M�) at z ∼ 2.2

to similar cluster galaxies in the local Universe, Raichoor & Andreon (2012)

found no evolution in the fraction of blue galaxies. I present a similar result

in a published paper reproduced in Chapter 4 of this thesis.

1.3.2 Morphological Classification

The first morphological classification scheme for galaxies was developed by

Edwin Hubble in 1926, who found that in general the observable shapes of

galaxies were either elliptical or showed spiral features (Hubble, 1926). El-

liptical galaxies have smooth light distributions in the shape of an ellipse and

typically show no distinct visible features. In contrast, spiral galaxies contain a

central ‘bulge’ or nucleus of stars that is surrounded by a flattened disk, which

shows spiral features or ‘arms’. In addition, more than half of the observed

spiral population also contain a central bar (Eskridge & Frogel, 1999).

The Hubble classification scheme itself consists of two sequences, one for

each morphological class. The spiral sequence also contains two sub-sequences,

normal and barred spirals. Together the sequences intersect one another form-

ing a ‘fork-like’ shape, hence the so-called ‘Hubble’s Tuning Fork Diagram’.

In Figure 1.3, I show a schematic diagram of Hubble’s classification scheme.

The elliptical galaxies are classified as E0-E7, where the numerical suffix cor-

responds to the ellipticity with ‘0’ being a nearly circular galaxy and ‘7’ being

a highly flattened galaxy. The normal spiral (S) and barred spiral (SB) se-

quences consists of subclasses that correspond to the tightness of the spiral

arms and the brightness of the central bulge. The properties of the spiral

subclasses, as defined by Hubble (1926), are listed below:

• Sa and SBa galaxies are defined as having tightly-wound spirals and a

bright central bulge;

• Sb and SBb galaxies typically have spiral arms that are less tightly-

wound and a fainter bulge, in comparison to Sa’s and SBa’s;
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The Hubble Tuning Fork Diagram

Ellipticals Spirals

E0 E3 E7 S0

Sa

Sb Sc

SBa
SBb SBc

Irregulars

higher ellipticity

brighter/larger bulge & more 
tightly-wound spirals arms

Figure 1.3: Schematic diagram for the Hubble morphological classifica-
tion scheme (i.e. the Hubble Tuning Fork Diagam). Image Credits:
NASA/ESA/STSci.

• Sc and SBc galaxies have loosely wound arms that are highly resolved,

such that individual stellar clusters are visible. They also have a smaller

and fainter bulge.

A fourth subclass (Sd and SBd) was added to this classification scheme by

de Vaucouleurs (1959). These spirals have very loosely-wound spiral arms that

are typically fragmented with most of the luminosity in the arms as opposed

to the central nucleus. de Vaucouleurs (1959) also observed rings around some

spiral galaxies and therefore added an additional suffix to the classification

scheme, where ‘r’ denotes spirals with a ring and ‘s’ for spirals with no ring.

The intersection point of the diagram represents a separate morphologi-

cal category known as lenticular or S0 galaxies, which have a bright central

bulge (similar to an elliptical galaxy) but is also surrounded by an extended
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disk (similar to a spiral galaxy), though with no spiral features. Since lentic-

ular galaxies have observable properties of both ellipticals and spirals, it is

thought that these galaxies represent a transitory phase between the two main

morphological classes.

A class of galaxies not included on the Hubble Tuning Fork Diagram are

irregular galaxies (Figure 1.3: bottom-left). These galaxies were initially

thought to only make up a few percent of the total population (Hubble, 1926);

however, it is now thought that the fraction of irregulars is comparable to that

of ellipticals and spirals, although they are typically lower mass (Gallagher &

Hunter, 1984). Irregular galaxies fall into two subcategories: type I and type

II. Type I irregulars show some structure, typically resembling spiral features

(i.e. disk and central bulge) though significantly less organized, preventing

their placement on the Hubble sequence. Type II irregular galaxies have no

distinct features.

Although visual classification of galaxy morphologies on the Hubble Se-

quence is still a common practice, there are drawbacks with this methodology.

In particular, since the Hubble sequence is a qualitative classification scheme,

the same galaxy may be identified as different morphological types depend-

ing on the person performing the analysis. Additionally, visual classification

is not feasible for large data sets. In order to overcome these issues, several

quantitative morphological classification methods have been developed. In the

following, I will list and briefly describe some of the more commonly used

techniques.

• The Sérsic Index: First developed by Sérsic (1963), the Sérsic in-

dex (n) parametrizes the slope of the surface brightness profile (here-

after SBP) of a galaxy, that is the intensity of light from a galaxy

as a function of radius (I(R)). In other words, the Sérsic index mea-

sures the concentration of a galaxy’s flux. In general, the SBP follows

the form I(R) ∝ exp(−R1/n) where n can take on any value between

1/2 < n < 10. Smaller values of n correspond to less centrally concen-

trated profiles. Spiral galaxies have a typical value of n = 1, correspond-

ing to an exponential profile, and elliptical galaxies typically have n = 4,

often referred to as the R1/4 law.
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• Two-component SBP Fits: The Sérsic index assumes that the SBP

is well fit by a single-component model. However, spiral and lenticular

galaxies have both a central bulge and an extended disk, which are bet-

ter fit by a two-component model of the SBP. Currently, there are two

commonly used, publicly available, automated programs that perform

detailed bulge+disk decomposition analysis of galaxy SBPs, Galaxy IM

2D (GIM2D) (Simard et al., 2002) and GALFIT (Peng et al., 2002).

Both programs compute properties such as: bulge effective radius (i.e.

the radius within which one half of the total luminosity of the galaxy is

emitted), disk scale length, bulge fraction (B/T = ratio of bulge luminos-

ity to total luminosity) and bulge ellipticity, each of which can be used to

classify galaxies. In particular, the B/T value can distinguish between

elliptical and spiral galaxies relatively well, where ellipticals typically

have high B/T values and spirals have lower values.

• Concentration, Asymmetry and Clumpiness (CAS): The CAS

classification scheme combines the use of galaxy concentration (C: Abra-

ham et al., 1994, 1996), asymmetry (A: Conselice et al., 2000) and

clumpiness (S: Conselice, 2003). The concentration parameter is es-

sentially a measure of the bulge-to-disk light ratio and is often defined

as the ratio of the amount of light within 80% over 20% of the galaxy’s

radius. Ellipticals typically have C > 4 and disk galaxies generally have

4 < C < 3 (Conselice, 2003). The asymmetry index is a comparison of

an image rotated by 180◦ to the original (unrotated) image. The inten-

sity of the residuals can be quantified by either a summation (Abraham

et al., 1996) or comparison to the flux of the original image (Conselice,

2003). Higher values of A indicate a more asymmetrical galaxy. The

final parameter, clumpiness, is meant to quantify the ‘patchiness’ of the

galaxy light distribution, which can occur due to concentrated regions

or knots of star formation, such as those seen in spiral arms. The S

parameter is measured by comparing an original image to a smoothed

or blurred image. Similar to asymmetry, the intensity of the residuals of

the original image subtracted by the blurred image can be quantified to

measure the ‘clumpiness’ of a galaxy. Each of these parameters encom-
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passes different aspect of galaxy morphology (i.e. shape, SBP, rotational

symmetry, and star formation) and combined provides a classification

scheme that takes into account many of the features one would detect

via visual classification.

• The Gini Coefficient The use of the Gini Coefficient in Astronomy

was first proposed by Abraham et al. (2003). Initially developed for eco-

nomics, the Gini coefficient is a measure of the distribution of wealth in

a population. Applied to astronomical data, it becomes a measure of the

distribution of light amongst the image pixels of a galaxy. A Gini coef-

ficient of 0 indicates uniform surface brightness and a value of 1 means

that all of the flux is within a single pixel. Therefore, higher values of

the Gini coefficient correspond to elliptical galaxies, while lower values

correspond to spirals. Additionally, Lotz et al. (2004) found that ellip-

ticals, spirals and ultra luminous infrared galaxies (ULIRGS) occupied

relatively distinct regions in the Gini Coefficient - M20 plane, where

M20 is the second order moment of light of the brightest 20% of the

galaxy, or in other words the flux in each pixel multiplied by the squared

distance to the centre of the galaxy of the brightest 20% of the pixels

over the summed total for the whole galaxy. The M20 values typically

range between −3 < M20 < 0, where lower values correspond to more

compact galaxies (ellipticals) and values closer to 0 correspond to more

spatially extended galaxies (spirals).

Both qualitative and quantitative measures of morphology show that galax-

ies can be separated into two broad classes, early-type galaxies (ellipticals and

lenticulars) and late-type galaxies (spirals and irregulars). In the following,

I will discuss how morphology and the fraction of either early- or late-type

galaxies correlate with galaxy stellar mass, environment and redshift. Many

of the trends mirror those observed with colour (Bamford et al., 2009), as

ellipticals are typically red and spirals are typically blue.

Correlations with Stellar Mass

In general, elliptical and S0 galaxies dominate at high galaxy stellar mass,

while spirals make up the majority of low stellar mass galaxies (Bamford et al.,

2009; Nair & Abraham, 2010; Vulcani et al., 2011; Wilman et al., 2013). Conse-
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quently, the fraction of elliptical galaxies (fe) increases strongly with increas-

ing stellar mass (Bamford et al., 2009; Wilman et al., 2013). The observed

morphology-stellar mass trends strongly favour the major merger formation

scenario for ellipticals, as mergers are the most efficient way to gain a signifi-

cant amount of stellar mass (Wilman & Erwin, 2012; Wilman et al., 2013).

Correlations with Environment

As previously mentioned, the MDR was one of the first observations to show

that the properties of galaxies correlate with environment (Dressler, 1980;

Postman & Geller, 1984; Bamford et al., 2009; Wilman et al., 2009; Wilman &

Erwin, 2012). In general, early-type galaxies are preferentially found in high-

density environments, such as rich groups and clusters, while late-type galaxies

are preferentially found in the field or on the group or cluster outskirts. Thus,

the fraction of ellipticals is also strongly correlated with local overdensity with

values of ∼ 20% in the lowest density environment and ∼ 60% in the highest

densities (Bamford et al., 2009). Additionally, in a study of galaxy morpholo-

gies in the redshift range of 0 < z < 1.2, Capak et al. (2007) found that the

fraction of elliptical (fe) and SO galaxies increased with increasing local over-

density at all redshifts indicating that the MDR was in place since at least

z ∼ 1.2. While fe is strongly correlated with the local overdensity, Wilman &

Erwin (2012) and Wilman et al. (2013) found that only the fraction of central

(i.e. brightest or most massive galaxy in the group or cluster) ellipticals cor-

related with the host halo mass. The satellite ellipticals showed no halo mass

dependence.

Although the MDR is now a well established relation, recent studies have

suggested that the correlation between morphology and environment are much

weaker than the correlation between colour and environment (Bamford et al.,

2009; Skibba et al., 2009). Additionally, Skibba et al. (2009) found that mor-

phological changes were accompanied by a change in colour, that is a galaxy

transformation from late- to early-type resulted in star formation quenching,

but not vice versa. Based on these, and similar results, it has been suggested

that the MDR is in fact driven by the colour-density relation (Blanton et al.,

2005; Skibba et al., 2009). Alternatively, since both colour and morphology de-

pend strongly on stellar mass, which also correlates with environment, much of

the MDR (∼ 40%) is actually a result of the varying stellar mass distributions

17



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

with environment (Bamford et al., 2009).

Redshift Evolution

Analogous to the redshift evolution of red and blue galaxies, the fraction of el-

liptical (spiral) galaxies decreases (increases) with increasing redshift, at least

out to z ∼ 1.2 (Lotz et al., 2008). Between 0.3 . z . 1.1 the spiral frac-

tion decreases from 64% at high-z to 47% at low-z and the elliptical fraction

increases from 21% at high-z to 44% at low-z (Lotz et al., 2008).

1.3.3 Star formation Rates

Although galaxy colour is a probe of star formation, the correlation between

colour and star formationR is not always one-to-one. This is mainly due to

the fact that dust causes the reddening of light in star forming galaxies. Since

all galaxy transformation mechanisms either trigger and/or quench star for-

mation (to be discussed in more detail in the following section), it is important

to be able to directly probe star formation in galaxies and investigate correla-

tions between SFR and specific star formation rate (SFR normalized by galaxy

stellar mass: SSFR ≡ SFR/Mstar) with stellar mass and environment.

Similar to colour and morphology, the distribution of SSFRs is bimodal. In

Figure 1.4, I plot the SSFR distribution for low redshift (z < 0.05) SDSS galax-

ies observed in the Yang et al. (2007) group catalogue. The SSFR distribution

is visibly bimodal and unlike the colour distribution shown in Figure 1.1, which

is plotted from the same data set, there is a clear minimum at log10(SSFR)

= -10.7. Galaxies with log10(SSFR) < −10.7 form the passive population and

galaxies with log10(SSFR) > −10.7 form the actively star-forming population.

There are numerous methods to probe star formation in galaxies and I will

briefly outline some of the more commonly used star formation indicators, as

well as discuss some of their drawbacks.

• The Ultraviolet (UV) Stellar Continuum: The bulk of the galaxy’s

emission in the UV regime originates from young massive stars. There-

fore, the UV continuum is a direct probe of star formation in a galaxy
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Figure 1.4: log10(SSFR) (yr−1) distribution for all group galaxies in the Yang
et al. (2007) SDSS group catalogue with z ≤ 0.05, where the SSFR values are
from the most recent release of the spectral reductions of Brinchmann et al.
(2004).

and the star formationR scales linearly with UV luminosity as

SFR(M� yr−1) = constant× Lν(ergs s−1 Hz−1), (1.1)

where Lν is the UV luminosity, constant ∼ 1.3−1.4×10−28 for a Salpeter

initial mass function (IMF: the distribution of stellar mass on the zero-

age main sequence). Equation 1.1 is valid in the wavelength region be-

tween 1500 -2800 Å and assumes solar metallicities and continuous star

formation over timescales of 108 yrs or longer (Kennicutt, 1998; Madau

et al., 1998). For younger stellar populations and starburst galaxies the

SFR/Lν ratio will be lower than quoted in Equation 1.1. The optimal

wavelength regime for this star formation indicator is between 1250 -

2500 Å, which avoids emission from both the Lyman-alpha forest and

older stellar populations (Kennicutt, 1998). For high redshift galaxies

(z ∼ 1 − 5) the UV continuum gets redshifted to optical wavelengths,

rendering this technique optimal for high-z studies. A drawback of UV

continuum derived SFRs is that this technique is very sensitive to ex-
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tinction due to dust and therefore underestimates the SFR of dusty star

formation galaxies (Kennicutt, 1998).

• The Infrared (IR) Continuum: One way to overcome the sensitivity

of UV derived SFRs to dust is to take complementary observations in the

IR. The effect of dust in a galaxy is to absorb the UV emission from stars

and re-radiate it in the IR, at wavelengths beyond a few microns. Thus,

the IR luminosity provides information about dust-obscured star forma-

tion and together with the UV luminosity, can measure the total star

formation in a galaxy. Rieke et al. (2009) found that the SFR could be

determined from the Sptizer Space Telescope Multiband Imaging Pho-

tometer (MIPS) 24 µm band with the following relation

SFR(M� yr−1) = 7.8× 10−10L(24µm, L�), (1.2)

for galaxies with total IR luminosities (L(TIR)) between 5×109−1011L�,

and

SFR(M� yr−1) = 7.8×10−10L(24µm, L�)×(7.76×10−11L(24µm, L�))0.048,

(1.3)

for galaxies with higher L(TIR)’s. A more general relation for all far-IR

wavelengths (i.e. not just MIPS 24 µm data) goes as

SFR(M� yr−1) = 4.5× 10−44LFIR(erg s−1), (1.4)

where LFIR is the luminosity integrated over the full mid- and far-IR

wavelengths (8 - 1000 µm: Kennicutt, 1998). These authors claim that

other published IR derived SFRs are within ±30% of Equation 1.4. A

disadvantage of this methodology is that it is not a direct measure of

SFR. Since it is based on re-emitted light, the IR wavelengths can con-

tain emission from the old stellar population, which would lead to an

overestimated SFR.

• Recombination Lines: An alternative method of measuring SFRs is

from the strength or intensity of certain emission lines in the spectra of

a star-forming galaxy. One such set of observed features are recombina-
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tion lines, the most common of which is the Balmer series: Hα (6563 Å),

Hβ (4861 Å), Hγ (4341 Å), Hδ (4102 Å) and so on. The UV emission

from young massive stars ionizes the surrounding gas. Eventually, the

free electrons recombine with the atoms, which are initially in highly

excited states. As the electrons jump down to lower energy levels, they

emit energy in the form of an emission line. Thus, recombination lines

are a direct and sensitive probe of the young massive stellar population

(Kennicutt, 1998). Since the Balmer lines lie in the optical wavelength

regime, they are the most commonly used SFR indicators. In particular,

the Hα line is quite strong and is therefore one of the easier spectral lines

to identify and measure. SFRs derived from Hα measure the ‘instanta-

neous’ SFR, as only young massive (i.e. Mstar > 10 M� and lifetimes <

20 Myrs) contribute to the ionizing flux and therefore this measure does

not probe the old stellar population. An example calibration between

Hα luminosity (LHα) and SFR is

SFR(M� yr−1) = 7.9× 10−42LHα(erg s−1), (1.5)

assuming a Salpeter IMF and solar abundances (Kennicutt et al., 1994;

Kennicutt, 1998; Madau et al., 1998). However, it should be noted that

there is approximately a 30% range in the published values of the cali-

bration constant given in Equation 1.5. Similar to SFRs derived from the

UV continuum, this methodology is sensitive to extinction and the IMF

used for calibration (Kennicutt, 1998). Additionally, Hα is redshifted

out of the optical wavelengths at z ∼ 0.5, which limits the use of this

technique for studies of high-z galaxies.

• Forbidden Lines: Another set of emission lines often used to measure

SFRs are forbidden lines, which occur when an electron in an excited, but

relatively stable energy level, transitions to a lower energy. The proba-

bility of such an occurrence is extremely unlikely and requires very long

timescales; however, the densities in the gas surrounding star forming

regions are low enough such that atomic collisions are unlikely, provid-

ing the timescales needed for such transitions to occur (Kennicutt, 1998).

The strongest forbidden-line feature in a galaxy’s spectrum is the oxygen
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double ([OII] at 3727 Å). However, unlike recombination lines, forbidden

emission lines are not directly coupled to the ionizing UV luminosity

and are sensitive to the electron temperature and the abundance and

distribution of the gas (Kennicutt, 1998). SFRs derived from the [OII]

emission line are calibrated empirically through Hα and an average of

these calibrations go as

SFR(M� yr−1) = 1.4± 0.4× 10−41L[OII](erg s−1), (1.6)

where L[OII] is the luminosity of the [OII] line (Kennicutt, 1998). Since

the [OII]/Hα ratio varies significantly between galaxies, SFRs derived

from [OII] are less precise than those derived from Hα (Kennicutt, 1998).

The main advantage of this technique is that the [OII] doublet is observ-

able in optical wavelengths out to redshifts of z ∼ 1.6, and can therefore

probe star formation in higher-z galaxies. Though at z ∼ 1 Gilbank

et al. (2010) found that the SFR-L[OII] relation differed for high and low

mass galaxies and required a mass-dependent conversion to obtain more

accurate SFRs.

• The 4000 Å Break (D4000): Another probe of star formation that

makes use of features in a galaxy’s spectra is the break strength at 4000

Å, or the D4000 value, defined as the flux ratio in the red continuum

(4000 - 4100 Å) to that in the blue continuum (3850 - 3950 Å: Balogh

et al., 1999). Galaxies with recent or on-going star formation (typically

late-types) emit in the UV, which raises the level of the blue continuum

resulting in a relatively level continuum from blue to red. In contrast,

galaxies with only old stellar populations and no recent star formation

(typically early-types) have little flux in the UV and show a clear break

in the continuum at 4000 Å. Since D4000 measures the strength of the

break, high values correspond to galaxies with no recent star formation

and low values correspond to recent or on-going star formation. While

this technique does not directly measure the SFR, it does probe the

star formation history (SFH) of a galaxy. Additionally, galaxies tend to

occupy two separate regions in the D4000-stellar mass plane (Blanton &

Moustakas, 2009), analogous to the red sequence and blue cloud regions
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in a CMD.

• Spectral Energy Distribution (SED) Fitting: With all of the afore-

mentioned star formation indicators only a specific, and usually narrow,

wavelength region of the galaxy’s spectra is considered when deriving

SFRs. In order to get a more complete picture of the total star formation

and the SFH of a galaxy, it is important to try to incorporate as much of

the spectral energy distribution (SED = brightness/flux as a function of

wavelength or frequency) as possible. Theoretically, detailed analysis of a

galaxy’s full SED should provide complete information about the proper-

ties of the observed galaxy (e.g. stellar mass, SFR, dust properties, etc.).

The UV to IR wavelength regimes of the SED provide information about

the star forming properties of the galaxy, since the emission is dominated

by stellar light at these wavelengths. With observations in multiple filters

between the UV to the IR, it is possible to fit an SED with models that

depend on, for example: the SFH, the IMF, the stellar population and

the amount of dust. The basic idea of SED fitting is that the spectrum of

a galaxy is the total sum of the spectra of the stars within that galaxy,

a process known as stellar population synthesis initially developed by

Tinsley (1972), Searle et al. (1973) and Larson & Tinsley (1978). The

basic goal of stellar population synthesis codes is to determine the right

combination of stars to produce the observed galaxy SED. For stars of

a given age this requires an input IMF and large grids of stellar evo-

lutionary tracks to obtain the final stellar mass distribution, as well a

library of corresponding stellar spectra (either empirical or computed:

Walcher et al., 2011). Observed galaxies are typically not composed of

stars with a single age and metallicity, thus stellar population synthesis

codes typically integrate the spectra of stars with a wide range of ages

and metallicities. In order to determine the ages of the stars in the final

population, a model of the SFH of the galaxy is required. An example

of such a model SFH is an exponentially declining SFR with additional

bursts of star formation (Salim et al., 2007). In addition to stars, SED

fitting also requires models of the gas and dust within a galaxy, as these

components absorb and re-radiate the emission from stars. SED fitting
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combines all of these models and input parameters and finds the best

fitting combination that produces the observed SED. While this method

can provide a wealth of information regarding galaxy properties, SED

fitting is very sensitive to the amount of available photometry and input

parameters (e.g. IMF). SED fits that include UV, optical and IR bands

provide more accurate fits and better estimates of the SFR.

Each of the aforementioned measures of SFR has its advantages and draw-

backs. The choice of indicator used depends strongly on the available data,

the desired redshift range of study and the science goals.

In the following, I discuss general trends in the observed SFR , SSFR and

quiescent or quenched fraction (fq ≡ the number of passive galaxies over the

total number of galaxies) with stellar mass, environment and redshift.

Correlations with Stellar mass

Actively star-forming galaxies (i.e. log10(SSFR) & −11) in the local Universe

and at higher redshift (z ∼ 0.8), show a negative correlation in the SSFR-

stellar mass plane, where higher mass galaxies have lower SSFRs (Brinchmann

et al., 2004; Vulcani et al., 2010; McGee et al., 2011). This relation is often

referred to as the ‘main sequence’ of star formation. Quiescent galaxies with

log10(SSFR) . −11 do not show an obvious trend with stellar mass (McGee

et al., 2011). However, it should be noted that it is very difficult to obtain

an accurate measure of SFR, and therefore SSFR, in galaxies with little or

no recent star formation. Thus, SSFR values for quiescent galaxies are less

certain than those measured for star forming galaxies (McGee et al., 2011).

The main-sequence of star formation itself shows a trend with stellar mass,

where galaxies with Mstar < 1010.5M� show more scatter in SSFR than in

high mass galaxies (Vulcani et al., 2010). The dependency of SSFR on stellar

mass has also been observed in the quiescent fraction of galaxies. Wetzel

et al. (2012) found that for low mass galaxies (Mstar ∼ 109.8M�) fq varied

significantly (between 30− 60%) depending on halo mass, where higher-mass

haloes had a higher quiescent fraction. In contrast, for high-mass galaxies

(Mstar ∼ 1011M�) fq ∼ 0.9, independent of halo mass.

Correlations with Environment
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In a study of SDSS galaxies, Kauffmann et al. (2004) found that of all the ob-

served galaxy properties in their sample (including stellar mass, effective stellar

mass surface density, SSFR, D4000, concentration and colour) the SSFR corre-

lated most strongly with environment. These authors defined the environment

as the number of neighbours within a given volume and found that the fq in-

creased with an increasing number of neighbours. The quiescent fraction also

appeared to correlate with other probes of the environment, such as cluster-

centric radius, where fq increases from the outskirts/infall region toward the

cluster core (Rines et al., 2005), and halo mass, where more massive haloes

have higher fq (Kimm et al., 2009; Wetzel et al., 2012). Although it should be

noted that for massive galaxies Mstar > 1011M� fq showed no dependence on

halo mass (Kimm et al., 2009; Wetzel et al., 2012).

The enhanced quenching in clusters has also been observed in the high

redshift Universe (0.4 ≤ z ≤ 0.8) where Vulcani et al. (2010) found that while

the field and cluster galaxies showed similar trends in the SSFR-stellar mass

plane, at a given stellar mass galaxies in clusters had lower values of SSFR,

indicating enhanced quenching. Woo et al. (2013) also found that the quiescent

fraction correlated well with halo for galaxies at z ∼ 1.

Theoretically, many SAMs predict that the quiescent fraction should cor-

relate with halo mass; however, most models are only able to reproduce the

observed fq -Mhalo trend for central galaxies (Kimm et al., 2009). For satellite

galaxies, most models severely overestimate fq , especially for low-mass galax-

ies (Kimm et al., 2009). As previously discussed in Section 1.3.1, the high fq

values in satellites are a result of overly efficient stripping in group and cluster

haloes. Thus, while SAMs can reproduce the effects of ‘nature’ on the observed

quenched fraction, more work is needed to properly model environmental star

formation quenching.

Additionally, while SAMs and some observations show correlations between

fq and environment, several studies show that the properties of actively star

forming galaxies are independent of environment (Rines et al., 2005; Bai et al.,

2009; Wolf et al., 2009; Tyler et al., 2011). In particular, Rines et al. (2005)

found that for galaxies with on-going star formation, the distribution of Hα

equivalent widths are the same for galaxies within and beyond the virial ra-

dius of a host halo. Similarly, Wolf et al. (2009) found that the SSFRs of blue
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galaxies were similar in the field, infall regions and cores of clusters. There-

fore, while groups and clusters may quench star formation, these high density

environments do not appear to affect galaxies that are actively star-forming.

Redshift Evolution

The evolution of star formation with redshift is well described by the SFR

density (ρSFR in units of M� yr−1 mpc−3) versus redshift plot, often referred

to as the ‘Lilly-Madau’ plot, which shows that ρSFR increases from z = 0 to z ∼
1−2, where it reaches a peak and then turns over and decreases with increasing

redshift (Lilly et al., 1996; Madau et al., 1996; Wall et al., 2005; Hopkins &

Beacom, 2006; Dunne et al., 2009). Hopkins & Beacom (2006) found that the

‘Lilly-Madau’ plot puts strong constraints on the cosmic SFH and in particular,

evolution in the stellar and metal mass densities, supernova rate densities

and the IMF. With regards to the IMF, Hopkins & Beacom (2006) found

that shallower or more ‘top-heavy’ IMFs (e.g. Baldry & Glazebrook, 2003)

provide a better fit to the data than the more commonly used Salpeter IMF.

Additionally, the SSFRs of actively star-forming galaxies also increase with

redshift, for all stellar masses (Bauer et al., 2005; Damen et al., 2009; Dunne

et al., 2009; Bouché et al., 2010; Cen, 2011). Since the inverse of the SSFR

is the timescale for a galaxy to double in mass, assuming a constant and

continuous SFR, an increasing SSFR with redshift indicates that galaxies at

higher redshift were able to gain stellar mass in a shorter amount of time.

1.3.4 The Relationship Between Colour, Morphology

and SFR

In the previous sections, I discussed colour, morphology and star formation

separately; here, I will discuss how these observed properties correlate with

each other. Based on the aforementioned correlations, it would appear that

the general trends are that high-mass galaxies are typically red, quiescent,

have early-type morphologies and preferentially reside in high-density envi-

ronments, while low mass galaxies are blue, actively star-forming, have late-

type morphologies and typically reside in low-density environments. Although

these trends are on average representative of the galaxy population, colour,

26



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

morphology and star formation do not always correlate as expected.

In general, both qualitative and quantitative measures of morphology tend

to correlate well with colour, where ellipticals are usually red and spirals are

for the most part blue. However, several studies have observed a population of

red spiral galaxies, which suggests either the presence of a significant amount

of dust or that SF quenching has occurred with no obvious morphological

changes (Bamford et al., 2009; Skibba et al., 2009). The latter suggests that the

transformation from a blue to red galaxy occurs on a shorter timescale than the

transformation from spiral to early-type (Bamford et al., 2009). Additionally,

while the fraction of elliptical galaxies as a function of environment mirrors the

fred trend, the fraction of red galaxies is consistently higher by approximately

20% (Bamford et al., 2009), which further verifies that morphology and colour

are not always directly linked. As a function of redshift, Lotz et al. (2008) found

that the morphological make-up of the red sequence evolved with redshift. At

z ∼ 1.1 Sb and Irregular galaxies make up 29% of the red sequence, while at

z ∼ 0.3 almost all (∼ 90%) of red sequence galaxies either have elliptical, S0 or

Sa morphologies. Therefore, the correlation between colour and morphology

also appears to evolve with redshift.

Since colour is, in essence, a probe of the stellar population of a galaxy,

one would expect red galaxies to be quiescent and blue galaxies to be actively

star-forming. In Figure 1.5, I plot 0(g − r) versus SSFR for SDSS galaxies

in the Yang et al. (2007) group catalogue, where the red dashed vertical line

indicates the division between quiescent (log10(SSFR) . −10.6) and actively

star-forming (log10(SSFR) & −10.6) galaxies and the red solid horizontal line

roughly corresponds to the division between red (0(g − r) & 0.6) and blue

(0(g − r) . 0.6) galaxies. In Figure 1.5, there are two visible sequences; one

that corresponds to ‘red & quiescent’ galaxies (top-left region) and the other

to ‘blue & actively star-forming’ galaxies (bottom-right region). For galaxies

in these sequences, the correlation between colour and SSFR goes as expected.

Very few (∼ 2%) of the galaxies occupy the ‘blue & quiescent’ region of Figure

1.5. However, ∼ 10% of the galaxy population reside in the ‘red & actively star-

forming’ region and it is the presence of this population that renders colour a

sometimes unreliable measure of star formation. It is thought that the majority

of these galaxies contain significant amounts of dust, which reddens the UV
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Figure 1.5: 0(g − r) (k-corrected to a redshift of z = 0) versus log10(SSFR)
for all group galaxies in the Yang et al. (2007) SDSS group catalogue with
z ≤ 0.05.
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emission from star forming regions. Observations in the IR wavelengths can

provide information about dust-obscured SF. However, in a study of ‘dusty

red galaxies’, Wolf et al. (2009) found that at fixed stellar mass the SFRs in

‘red & actively star-forming’ galaxies were ∼ 4 times lower than in blue star

forming spirals. As a result, these authors claimed that dusty red galaxies

were actually a transitory phase between red and blue galaxies, as opposed to

‘normal’ star forming galaxies with significant amounts of dust.

1.4 Galaxy Transformation Processes

One of the main goals of pursuing the ‘nature versus nurture’ issue is that it

can provide insight into the physical processes responsible for galaxy trans-

formation. These mechanisms are often divided into two categories: internal

or secular processes that occur due to changes within the galaxy itself (i.e.

nature) and external processes that relate to either the local environment or

properties of the host group or cluster dark matter halo (i.e. nurture). While

there are numerous theoretical galaxy transformation mechanisms, I will focus

on those that are most probable and also relevant to this work.

1.4.1 Internal Processes

Internal processes refer to galaxy transformation mechanisms that occur within

the galaxy itself, such as supernova feedback. While some of these processes

may correlate with the external environment (for example galaxy-galaxy in-

teractions are thought to fuel active galactic nuclei (AGN)) it believed that

these processes more strongly correlate with galaxy stellar mass. Thus, these

mechanisms are considered as part of the ‘nature’ scenario.

1.4.1.1 Feedback

A longstanding issue in the theory of galaxy formation is the overcooling prob-

lem, which essentially states that the gas in dark matter haloes cools far too

efficiently and produces galaxies that are much more massive than observed

(White & Rees, 1978; White & Frenk, 1991; Cole, 1991; Balogh et al., 2001).

The favoured solution to this problem is to include processes that heat up
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the gas and prevent cooling and therefore star formation, such as supernovae

feedback or feedback from active galactic nuclei (AGN) (White & Frenk, 1991;

Cole, 1991; Cole et al., 2000; Benson et al., 2003; Bower et al., 2006). Both

Benson et al. (2003) and Bower et al. (2006) showed that supernovae feedback

alone provided insufficient energy to overcome the overcooling problem in the

most massive haloes. Since AGN can provide anywhere between 20-50 times

more energy for heating, these authors claimed that AGN feedback is necessary

to prevent overcooling; though the method by which the energy from the AGN

heats the gas is still unknown (Benson, 2010). There are two proposed general

methods of delivery, radiative and mechanical feedback (Benson, 2010). The

radiative mode is straightforward, in that the AGN radiatively heats up the

surrounding cold gas. For the mechanical feedback mode, AGN winds or highly

collimated, powerful jets physically remove the cold gas from the galaxy.

Although supernovae feedback may not be efficient in the most massive

galaxies, the energy output from supernovae can suppress star formation in

lower mass galaxies (Cole et al., 2000; Bower et al., 2006; Stinson et al., 2006).

Supernovae heat the surrounding cold gas such that it becomes part of the hot

gas halo. If the hot gas is not able to re-settle into a cold phase, either due to

long radiative cooling times or escape of the gas from the galaxy’s potential

well, then star formation is effectively quenched.

1.4.1.2 Secular Galaxy Evolution

Although galaxy-galaxy interactions and mergers are a natural consequence of

hierarchical structure formation, observations of galaxies with an extremely

thin disk and no bright central bulge (Goad & Roberts, 1981; Matthews

et al., 1999; Kautsch et al., 2006) and pseudobulges, that is predominantly

rotationally- rather than dispersion- supported bulges, indicate that at least

some galaxies have not experienced a major merger since the onset of star

formation. These galaxies have therefore evolved with no external influences,

a process known as ‘secular evolution’, which refers to changes that arise from

interactions between the various sub-components of a galaxy, i.e. bars, spiral

structure and the triaxial dark matter halo (Toth & Ostriker, 1992). While

there are many theoretical secular evolution processes, I will only briefly dis-

cuss the main mechanisms in order to emphasize the fact that morphological
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changes can occur in situ. For a more detailed summary of secular galaxy

evolution see Kormendy & Kennicutt (2004) and references therein.

Observations of spiral galaxies show that a large fraction, anywhere be-

tween ∼ 30 − 65%, contain a central bar (Eskridge & Frogel, 1999; Sheth

et al., 2008; Masters et al., 2011). Additionally, bars appear to occur naturally

in N -body simulations of spiral galaxies (Sellwood, 1981; Sparke & Sellwood,

1987; Athanassoula, 2003), arising as a connection between the end-points of a

disk instability. Analytic and numerical investigations of bars show that they

grow via the transfer of angular momentum to the outer disk (Lynden-Bell,

1979; Sellwood, 1981; Binney & Tremaine, 1987; Sparke & Sellwood, 1987;

Athanassoula, 2003), which either drives gas inwards, forming a pseudobulge,

or outwards, forming a ring.

Unbarred galaxies can undergo similar secular evolution to barred galaxies,

if the galaxy contains global-pattern spirals (Kormendy & Kennicutt, 2004).

Since spiral patterns are thought to be density waves that propagate through

the disk, the ‘spiral arms’ are not made of the same continuous material.

Instead, gas and old stars pass through the arms as they rotate around. SF is

triggered as gas passes through the arms resulting in a concentration of young

and bright stars, which are often observed in the spiral arms (Kormendy &

Kennicutt, 2004). Additionally, shocks form in regions where gas piles up and

generally mimics the shape of the spiral density wave. Further interaction

between these shocks and gas results in a loss of energy. The gas then flows

toward the centre of the galaxy, forming a pseudobulge. This process is slower

than bar instability, but qualitatively produces the same morphological change.

1.4.2 External Processes

External processes involve interactions with the gas in the host group/cluster

halo, i.e. intragroup or intracluster medium (IGM or ICM), or gravitational

interactions between the galaxies themselves.

1.4.2.1 Ram Pressure-Stripping

Some of the first discovered extragalactic X-ray sources were associated with

the nearby Virgo, Coma and Perseus clusters (Byram et al., 1966; Cavaliere
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et al., 1971; Fritz et al., 1971; Gursky et al., 1971). Observations of the X-ray

emission from these clusters showed that it was bright (1043 − 1045 erg s−1),

did not vary temporally (Elvis, 1976) and was extended, roughly following

the spatial distribution of galaxies (Forman et al., 1972; Kellogg et al., 1972).

Further investigation of the X-ray emission, and in particular an emission

feature at 7 keV, showed that it formed via thermal bremsstrahlung or free-

free emission (i.e. scattering of free elections off ions) in hot ionized gas within

the cluster (Mitchell et al., 1976). As gas falls into a potential well, it gets

compressed and its kinetic energy is converted into thermal energy resulting

in temperatures following

3kTgas

2µmp

≈ 3

2
σ2
r , (1.7)

where Tgas is the temperature of the IGM or ICM, µ is the mean molecular

weight in unit of amu, mp is the proton mass, and σr is the line-of-sight (LOS)

velocity dispersion of the cluster (Sarazin, 1986). In the case of rich clusters

with σr ∼ 1000km s−1, the temperature derived from Equation 1.7 is on the

order of ∼ 108 K and the baryonic matter remains in a dense gaseous state

forming the intracluster medium (ICM).

The density and temperature of the ICM not only produces strong extended

X-ray emission, but also acts as ‘fluid’ within the cluster. As a result, infalling

galaxies experience a strong drag force in a process known as ram pressure

stripping (Gunn & Gott, 1972). The drag pressure is given by

Pram = ρgasv
2
rel, (1.8)

where ρgas is the density of the ICM and vrel is the relative velocity between

the infalling galaxy and the ICM. Stripping occurs if Pram is greater than the

restoring gravitational force per unit area of the infalling disk, which is given

by

Frestoring

A
= 2πGΣdiskΣISM, (1.9)

where Σdisk is the surface density of the stars in the disk and ΣISM is the surface

density of the hot gas in the ISM (Sarazin, 1986).
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Combining Equations 1.8 and 1.9, taking v2
rel = 3σ2

r and assuming a disk

with radius rdisk, mass Mdisk and uniform surface density, Sarazin (1986)

showed that the condition for ram pressure-stripping becomes

( ngas

10−3cm−3

)( σr

103km s−1

)2

& 3

(
Mdisk

1011M�

)2(
rdisk

10kpc

)−4(
MISM

0.1Mdisk

)
,

(1.10)

where ngas in the number density of atoms in the ISM and MISM is the mass

of the ISM.

From Equation 1.10, we see that an infalling galaxy is more easily stripped

in a massive cluster (large σr), if the infalling disk has low mass (Mdisk) or an

extended disk (rdisk). When ram pressure-stripping does occur, the gas, rather

than the stars, in the infalling galaxy is much more easily removed. Using

Smoothed-particle hydrodynamics (SPH) N -body simulations, Abadi et al.

(1999) showed that the analytic predictions of Gunn & Gott (1972) provided

a good approximation for the effects of ram pressure-stripping. These authors

showed that a spiral galaxy falling onto a Coma-like cluster would lose ∼ 80%

of its diffuse gas in only ∼ 10 Myr resulting in a truncated disk. However,

in less massive clusters or in galaxy groups, Abadi et al. (1999) found that

the infalling galaxies lost significantly less gas. Thus, ram pressure-stripping

is only efficient in the most massive clusters.

The effect of ram pressure-stripping on galaxy evolution is to remove the

supply of the cold gas used to form stars (Gunn & Gott, 1972). Subsequently,

star formation is quenched in the infalling galaxy. Although the process does

not directly result in morphological change, star formation quenching can lead

to disk-fading which is one possible formation mechanism for SO or lenticular

galaxies.

Observational evidence of ram pressure-stripping can be seen in galaxies

on the outskirts of nearby clusters (e.g. Coma and Virgo). Examples include

galaxies with: truncated or deficient HI disks (Haynes & Giovanelli, 1986;

Cayatte et al., 1994; Vollmer et al., 2001), extended UV, HI or Hα tails (Sun

et al., 2007; Smith et al., 2010; Abramson et al., 2011), and bent radio lobes

(Blanton et al., 2001; Wing & Blanton, 2011). Thus, while it is clear that

ram pressure-stripping does affect cluster galaxies, it is far less efficient in
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galaxy groups, where both ngas and σr in Equation 1.10 are reduced. Since,

environmental trends are seen even in poor or low mass groups, ram pressure-

stripping is unlikely to be the main mechanism of galaxy transformation in the

group environment.

1.4.2.2 Strangulation

Ram pressure-stripping is only effective in massive haloes with σr ∼ 1000km s−1.

In lower mass systems, such as galaxy groups, ram pressure-stripping is inef-

ficient; however, the IGM still imparts a drag force on infalling galaxies. Al-

though this drag force cannot directly remove cold gas, it is able to remove

the hot gas from the infalling galaxy, a process that is often referred to as

‘strangulation’ (Larson et al., 1980; Balogh et al., 2000; Kawata & Mulchaey,

2008).

Using cosmological simulations, Kawata & Mulchaey (2008) studied the

effects of the group environment (Mhalo ∼ 8 × 1012M�) on an infalling disk

galaxy with Vrot ∼ 150km s−1. Their simulations showed that ram pressure

could not strip the cold gas, but that after roughly 1 Gyr the majority of hot

gas in the galaxy was stripped. The removal of the hot gas halo does not

‘instantly’ quench star formation, as in the case of ram pressure-stripping, but

instead effectively cuts off the supply of gas for any future star formation. In a

study of 210 nearby spiral and irregular galaxies, Kennicutt et al. (1994) found

that a spiral galaxy would convert the majority of its disk gas into stars within

∼3 Gyr; however, the additional supply of gas from the surrounding hot halo

could extend the star formation lifetime by factors of 1.5-4. Thus, the effect of

strangulation is to limit the duration of star formation in late-type galaxies.

Recent results suggest that strangulation may be the preferred galaxy

transformation mechanism. Evidence in favour of this process includes the

fact that strangulation is efficient in the low-mass galaxy groups, where envi-

ronmental trends begin to take place, and the long timescale over which the

mechanism acts. In particular, SAMs have shown that environmental pro-

cesses begin in haloes with masses between 1012 − 1013 M� (McGee et al.,

2009) and that complete star formation quenching requires timescales on the

order of ∼ 2 − 7 Gyrs (McGee et al., 2009; De Lucia et al., 2012). Both of

these conditions appear to rule out ram pressure-stripping, which again acts
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Figure 1.6: Left: Interacting galaxies NGC 4038 and NGC 4039 (the Antennae
Galaxies). Right: Interacting galaxies Arp 87. Both Image credits: NASA,
ESA and the Hubble Heritage Team (STSci/AURA).

on very short timescales and is only efficient is massive clusters. While the re-

sults of these SAMs suggest that strangulation is the preferred mechanism for

galaxy evolution, it cannot directly induce any morphological changes, which

is necessary to explain the MDR.

1.4.2.3 Galaxy Mergers and Interactions

In the 1950s and 1960s, astronomers began to observe galaxies with peculiar

features, such as extended tails and filamentary structures (i.e. bridges) con-

necting pairs or multiples of galaxies (Zwicky, 1956; Vorontsov-Velyaminov,

1959; Arp, 1966). In Figure 1.6, we show examples of interacting galaxies,

taken with the Hubble Space Telescope (HST); the image on the left is of the

Antennae Galaxies (NGC 4038 and 4039) and the image on the right is of Arp

87.

While observations showed that these peculiar galaxies were interacting

with each other, it would take numerical simulations to show that the driving

force of the interaction was purely gravity. With a simulation of two equal

mass disk galaxies, each with just 120 test particles, Toomre & Toomre (1972)

demonstrated that through gravitational forces alone one could reproduce the

tails and bridges observed in peculiar pairs of galaxies. Toomre (1977) later

suggested that such an interaction would eventually lead to a merger and the

formation of a single galaxy with an early-type morphology.
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Advancements in computer technology and numerical techniques have since

provided a wealth of information regarding gravitational interactions. In par-

ticular, we now know that frequent galaxy-galaxy interactions and mergers are

a direct consequence of hierarchical structure formation. Additionally, numer-

ical studies have shown that there are numerous sub-categories of mergers (e.g.

minor, major, wet, dry, etc.), each of which has a different influence on galaxy

evolution. Major mergers, defined as an interaction of two similar mass galax-

ies, were originally thought to produce an early-type galaxy (Toomre, 1977;

Barnes & Hernquist, 1992); however, simulations have since shown that major

mergers can also result in the remnants with late-type morphologies (Barnes,

2002; Springel & Hernquist, 2005; Robertson et al., 2006; Hopkins et al., 2009).

For the most part the stars within the galaxies are thought to be collisionless,

but the gas within galaxies is not. Major mergers between gas-rich galaxies,

so-called ‘wet mergers’, can have very different results in comparison to merg-

ers between galaxies with little or no gas, so-called ‘dry mergers’. The latter

are thought to mainly produce early-type galaxies, while the former can result

in the survival of the disk (Springel & Hernquist, 2005; Hopkins et al., 2009).

The addition of interactions between the merging galaxies and the surrounding

ISM can further aide in a surviving or newly-formed disk, depending on the

orbital parameters (Barnes, 2002). Robertson et al. (2006) showed that during

a merger, pressurization from the ISM prevented star formation and allowed

the gas to settle into a rotationally-supported disk that can eventually form

stars and spiral features.

In addition, the gaseous component of galaxies undergoing a major merger

experiences strong shocks and loses both energy and angular momentum. The

gas is then funnelled toward the centre of the remnant galaxy and then quickly

cools, resulting in a burst of star formation (Mihos & Hernquist, 1996; Cox

et al., 2006). Major mergers are therefore believed to be the cause of the high

star formation rates (SFRs) seen in starburst galaxies (Barnes & Hernquist,

1991; Mihos & Hernquist, 1996; Elbaz & Cesarsky, 2003; Cox et al., 2006;

Hopkins et al., 2006; Teyssier et al., 2010). Indeed, many of the observed post-

starburst (PSB) galaxies show signs of galaxy-galaxy interactions and mergers

(Zabludoff et al., 1996; Yang et al., 2004, 2008; Goto, 2005). Simulations show

that the majority of the gas is consumed during the starburst phase, and
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assuming there is no additional supply of gas, star formation is subsequently

quenched in the remnant galaxy. As the starburst phase is relatively short,

∼150 Myr (Mihos & Hernquist, 1996), the transition from blue cloud to red

sequence for the merger remnant is relatively quick.

Although major mergers have the ability to drastically alter the star form-

ing and morphological properties of galaxies, it appears that the majority of

mergers occur between galaxies with mass ratios greater than 1:4, so-called

minor mergers or accretion. Observational studies have shown that the minor

merger rate is roughly 3 times higher than the major merger rate, at least

to z ∼ 0.7 (Lotz et al., 2011). N -body simulations show similar results to

redshifts as high as z = 3 (Hopkins et al., 2010). While these interactions

are much less violent than major mergers, minor mergers can still result in

morphological change, e.g. a warped or thickened disk (Quinn & Goodman,

1986; Huang & Carlberg, 1997). Also, a fraction of the gas can still accrete

onto the inner region of the remnant galaxy (Hernquist & Mihos, 1995), which

could lead to a starburst scenario similar to that observed in major mergers.

Based on these results, it is evident the galaxy-galaxy interactions and

mergers play an important role in the evolution of galaxies. The questions

that remain are: how much of a contribution does this process play and is

there a correlation between mergers and environment? SAMs have provided

insight into the environmental dependence of mergers. For example, Jian et al.

(2012) found that the correlation between merger rate and environment dif-

fered depending on the definition of environment. These authors found the

merger rate showed a strong dependence on environment when defined either

by the local overdensity or the 6th nearest neighbour. However, when the

environment is defined by the host group or cluster halo mass, Jian et al.

(2012) showed that merger rate did not monotonically increase, as with the

other estimators of environment, but rather peaked at halo masses between

1012 − 1013 h−1M�, which corresponds to group scales. While it is difficult

to observationally determine the galaxy merger rates as a function of radius,

it is possible to study correlations between dynamical state, observable signs

of interactions (e.g. asymmetries, PSB) and environment. We will discuss our

method of investigating this topic in a letter section.
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1.4.2.4 Galaxy Harassment

The effects of gravitational forces on galaxy evolution are not limited to merg-

ers and direct interactions, which only occur if the galaxies are moving slowly

enough for dynamical friction to reduce the orbital energies of the galaxies.

When galaxies are moving at high speeds, relative to each other, there is insuf-

ficient time for a merger to take place. In the rich galaxy cluster environment,

where σ ∼ 1000 km s−1, galaxies are moving too quickly for direct interactions

to take place; instead galaxies experience multiple high-speed encounters with

other cluster members with a frequency of one per Gyr in high density regions

(Moore et al., 1996). These repeated gravitational encounters, often referred to

as ‘galaxy harassment’, can cause impulsive gravitational heating, which can

lead to morphological distortions and the ejection of gas and stars beyond the

galaxy’s tidal radii (Moore et al., 1996, 1998). These authors found that ha-

rassment could lead to the morphological transformation of a late-type galaxy

into a spheroidal one in approximately 5 Gyrs. Additionally, Moore et al.

(1996, 1998) suggested that galaxy harassment could explain the observation

of disturbed blue spirals, dwarf ellipticals or the enhanced star formationRs

seen in cluster galaxies at all radii. Many of these galaxies did not appear to

have any neighbouring or ‘close’ galaxies; thus, direct interactions could not

be the cause of the distorted features or higher rate of star formation (Moore

et al., 1996, 1998).

Another feature of galaxy harassment is that its efficiency is thought to be

independent of cluster radius. According to the impulse approximation, the

amount of energy transferred during harassment scales as the square of the

opposing galaxy’s mass (M2
opp: Spitzer, 1958), assuming that mass scales lin-

early with cluster-centric radius (Mopp ∝ rcluster). The efficiency of harassment

(εharassment) also depends on the density of galaxies (ρ), which scales as r−2
cluster.

Putting these together, we see that the efficiency is independent of rcluster,

εharassment ∝ M2
opp × ρ ∝ r2

cluster × r−2
cluster. (1.11)

Thus, harassment differs from other galaxy transformation processes, such

as ram pressure-stripping, since it is equally efficient at all radii.
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1.5 Conclusions

In this chapter I have presented some of the basic properties of galaxy evolu-

tion, including observed correlations between galaxy properties and the main

galaxy transformation processes that may drive these observed relations. In

the following chapter I will discuss the specifics of galaxy evolution in the

group environment, which serves as motivation for the three papers presented

in Chapters 3, 4 and 5.
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C., Robertson, B., & Stewart, K. 2009, MNRAS, 397, 802

Hopkins, P. F., Bundy, K., Croton, D., Hernquist, L., Keres, D., Khochfar, S.,

Stewart, K., Wetzel, A., & Younger, J. D. 2010, ApJ, 715, 202

Hopkins, P. F., Somerville, R. S., Hernquist, L., Cox, T. J., Robertson, B., &

Li, Y. 2006, ApJ, 652, 864

Huang, S. & Carlberg, R. G. 1997, ApJ, 480, 503

Hubble, E. 1929, Proceedings of the National Academy of Science, 15, 168

Hubble, E. P. 1925, ApJ, 62, 409

—. 1926, ApJ, 64, 321

Jian, H.-Y., Lin, L., & Chiueh, T. 2012, ApJ, 754, 26

Kauffmann, G., White, S. D. M., Heckman, T. M., Ménard, B., Brinchmann,

J., Charlot, S., Tremonti, C., & Brinkmann, J. 2004, MNRAS, 353, 713

Kautsch, S. J., Grebel, E. K., Barazza, F. D., & Gallagher, III, J. S. 2006,

A&A, 445, 765

Kawata, D. & Mulchaey, J. S. 2008, ApJ, 672, L103

Kellogg, E., Gursky, H., Tananbaum, H., Giacconi, R., & Pounds, K. 1972,

ApJ, 174, L65

46



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

Kennicutt, Jr., R. C. 1998, ARA&A, 36, 189

Kennicutt, Jr., R. C., Tamblyn, P., & Congdon, C. E. 1994, ApJ, 435, 22

Kimm, T., Somerville, R. S., Yi, S. K., van den Bosch, F. C., Salim, S.,

Fontanot, F., Monaco, P., Mo, H., Pasquali, A., Rich, R. M., & Yang, X.

2009, MNRAS, 394, 1131

Kodama, T. & Bower, R. G. 2001, MNRAS, 321, 18

Kormendy, J. & Kennicutt, Jr., R. C. 2004, ARA&A, 42, 603

Kravtsov, A. & Borgani, S. 2012, ARAA, 50, 353

Lacey, C. & Cole, S. 1993, MNRAS, 262, 627

Larson, R. B. & Tinsley, B. M. 1978, ApJ, 219, 46

Larson, R. B., Tinsley, B. M., & Caldwell, C. N. 1980, ApJ, 237, 692

Lilly, S. J., Le Fevre, O., Hammer, F., & Crampton, D. 1996, ApJ, 460, L1

Lotz, J. M., Davis, M., Faber, S. M., Guhathakurta, P., Gwyn, S., Huang, J.,

Koo, D. C., Le Floc’h, E., Lin, L., Newman, J., Noeske, K., Papovich, C.,

Willmer, C. N. A., Coil, A., Conselice, C. J., Cooper, M., Hopkins, A. M.,

Metevier, A., Primack, J., Rieke, G., & Weiner, B. J. 2008, ApJ, 672, 177

Lotz, J. M., Jonsson, P., Cox, T. J., Croton, D., Primack, J. R., Somerville,

R. S., & Stewart, K. 2011, ApJ, 742, 103

Lotz, J. M., Primack, J., & Madau, P. 2004, AJ, 128, 163

Lynden-Bell, D. 1979, MNRAS, 187, 101

Madau, P., Ferguson, H. C., Dickinson, M. E., Giavalisco, M., Steidel, C. C.,

& Fruchter, A. 1996, MNRAS, 283, 1388

Madau, P., Pozzetti, L., & Dickinson, M. 1998, ApJ, 498, 106

Margoniner, V. E., de Carvalho, R. R., Gal, R. R., & Djorgovski, S. G. 2001,

ApJ, 548, L143

47



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

Masters, K. L., Nichol, R. C., Hoyle, B., Lintott, C., Bamford, S. P., Ed-

mondson, E. M., Fortson, L., Keel, W. C., Schawinski, K., Smith, A. M., &

Thomas, D. 2011, MNRAS, 411, 2026

Matthews, L. D., Gallagher, III, J. S., & van Driel, W. 1999, AJ, 118, 2751

McGee, S. L., Balogh, M. L., Bower, R. G., Font, A. S., & McCarthy, I. G.

2009, MNRAS, 400, 937

McGee, S. L., Balogh, M. L., Wilman, D. J., Bower, R. G., Mulchaey, J. S.,

Parker, L. C., & Oemler, A. 2011, MNRAS, 413, 996

Mihos, J. C. & Hernquist, L. 1996, ApJ, 464, 641

Mitchell, R. J., Culhane, J. L., Davison, P. J. N., & Ives, J. C. 1976, MNRAS,

175, 29P

Moore, B., Katz, N., & Lake, G. 1996, ApJ, 457, 455

Moore, B., Lake, G., & Katz, N. 1998, ApJ, 495, 139

Muzzin, A., Wilson, G., Yee, H. K. C., Gilbank, D., Hoekstra, H., Demarco,

R., Balogh, M., van Dokkum, P., Franx, M., Ellingson, E., & et al. 2012,

ApJ, 746, 188

Nair, P. B. & Abraham, R. G. 2010, ApJS, 186, 427

Oemler, Jr., A. 1974, ApJ, 194, 1

Oort, J. H. 1932, Bull. Astron. Inst. Netherlands, 6, 249

Opik, E. 1922, ApJ, 55, 406

Patel, S. G., Kelson, D. D., Holden, B. P., Franx, M., & Illingworth, G. D.

2011, ApJ, 735, 53

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2002, AJ, 124, 266
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Chapter 2
Galaxy Evolution in the Group

Environment

Although the ‘nature versus nurture’ debate emerged from trends observed in

the rich cluster environment (Mhalo & 1014M�), it now appears that the lower-

mass group environment (1012.5 . Mhalo . 1014M�) may be equally, and pos-

sibly even more, important in shaping the observed properties of galaxies. The

importance of the group environment arises from the following observational

and theoretical results:

• Galaxy groups are the most common environment in the local Universe

(Geller & Huchra, 1983; Eke et al., 2004, 2005; Berlind et al., 2006;

Knobel et al., 2009), and the fraction of galaxies in groups has tripled

since z ∼ 1 (Knobel et al., 2009);

• Environmental effects on galaxy evolution have been observed even in

poor or low-mass groups, where, for example, groups have a higher frac-

tion of galaxies with high D4000 values with respect to the field (Blanton

& Moustakas, 2009);

• SAMs indicate that anywhere between ∼ 25−45% of galaxies in present-

day simulated clusters fell in as members of a group with Mhalo ≥
1013M�, which suggests that ‘pre-processing’, that is galaxies that have

had their star formation quenched in the group environment, may be

significant (McGee et al., 2009; De Lucia et al., 2012);
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• Results from SAMs suggest that the timescale for star formation quench-

ing is on the order of a few Gyrs (McGee et al., 2009; De Lucia et al.,

2012) pointing to a slow transformation process, such as strangulation,

which is most efficient in the group environment;

• Galaxy-galaxy interactions and mergers are currently the only transfor-

mation mechanism known that can explain the formation of classical el-

lipticals and this process is thought to be most efficient in galaxy groups

(Barnes, 1985; Zabludoff & Mulchaey, 1998b; Brough et al., 2006).

Therefore, in order to better understand the role of the environment in the

evolution of galaxies, it is important to study the intermediate density envi-

ronment of groups. In particular, correlations between group dynamical state

and member galaxy properties can probe the importance of gravitational inter-

actions in both morphological transformations and star formation quenching.

2.1 The Group Environment

Galaxy groups represent an intermediate environment between isolated field

galaxies and massive galaxy clusters. The group environment itself can be

subdivided into two categories, loose and compact groups.

2.1.1 Loose Groups

Most references to ‘groups’, including those presented in this thesis, almost

exclusively refer to studies of loose groups of galaxies, as opposed to compact

groups. There is no one set definition for a loose galaxy group, in part because

group membership is typically defined by the parameters of the group-finding

algorithm (to be discussed in more detail in the following section). The same

is also true of richer galaxy clusters, although the discrepancy between dif-

ferent cluster-finding techniques is not as significant, as the density contrast

between a cluster and the field is much greater. Additionally, the properties of

groups and their members, are much more varied than those of galaxy clusters.

However, there are general criteria that loose groups follow. Broadly speaking,

groups are typically defined as having:
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• Between 3 ∼ 50 member galaxies, though the upper limit is somewhat

arbitrary;

• Halo masses ranging from ∼ 1012.5 − 1014M� (Huchra & Geller, 1982;

Mamon, 2007);

• Virial radii or r200, defined as the radius at which the density is 200 times

the critical overdensity, between 0.3 ∼ 1 Mpc (Mamon, 2007), and;

• Velocity dispersions between ∼ 100− 450 km s−1 (Mamon, 2007).

Additionally, some groups emit extended X-ray emission (e.g. Mulchaey

& Zabludoff, 1998; Zabludoff & Mulchaey, 1998b; Osmond & Ponman, 2004;

Connelly et al., 2012; Erfanianfar et al., 2013), with typical X-ray temperatures

between 0.2 - 2 keV (Mamon, 2007), while others show no detectable X-ray

emission. All of the work presented in this thesis focuses on the loose group

subcategory of the group environment.

2.1.2 Compact Groups (CGs)

Unlike loose groups, there are specific criteria for what defines a CG. Following

Hickson (1982), CGs, often referred to as Hickson compact groups (HCGs) are

defined as having:

• More than four members (N ≥ 4) within 3 mags of brightness of each

other;

• The mean surface brightness of the member galaxies ( µG per arcsec

squared), averaged over the smallest angular diameter than contains the

geometric centres of all HCG member galaxies (ΘG), must have µG < 26;

• The largest angular diameter (ΘN) that contains no other external galaxy

must have ΘN ≥ 3ΘG.

The first criteria ensures that the system is not composed of a single bright

galaxy surrounded by many significantly smaller and less luminous satellite

galaxies. The second criteria requires that the galaxies are in close proximity

to one another (i.e. compact), typically having mean intergalactic separations
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similar to the scale of the galaxies themselves. The final criterion ensures that

the system is isolated, which excludes clusters from the sample.

Recently, McConnachie et al. (2009) identified 2297 CGs, down to a limiting

magnitude of r = 18, in the SDSS-DR6 sample with the aforementioned HCG

criteria. Their sample contained CGs with as many as 10 members, velocity

dispersions between ∼ 50− 400 km s−1, maximum group radial extent . 200

kpc and typical intergalactic separations between 50-100 kpc.

The size of the member galaxies and the compactness of CGs provide the

ideal environment for galaxy-galaxy interactions and mergers, even more so

than in loose groups. Most CG galaxies show signs of interactions and have

morphological or kinematic distortions, starburst or PSB galaxies and/or AGN

activity (Hickson, 1997, and references therein). Figure 2.1 is an image of

the first CG discovered, referred to as Stephen’s Quintet. This CG contains

five member galaxies that show signs of interactions, such as disrupted spiral

features and bright star forming regions.

CGs have been also observed to be associated or embedded in loose groups

(Ramella et al., 1994), and it has been suggested HCGs form from the collapse

of loose groups (Mamon, 1987; Diaferio et al., 1994; Ramella et al., 1994).

Thus, loose groups provide a continuous source for the formation of CGs,

which provides an explanation for how these systems can be observed in such

abundance despite the fact that strong gravitational interaction should render

CGs relatively short-lived (Diaferio et al., 1994).
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Figure 2.1: An image of Stephen’s Quintet, which includes five interacting
CG galaxies. Image credits: X-ray- NASA/CXC/CfA/E and optical- Canada-
France-Hawaii-Telescope/Coelum

2.2 Defining a group sample

Unlike galaxy clusters, groups are not as massive, do not always have evolved

stellar populations or have pronounced density contrast over the background.

Therefore, techniques typically used to identify clusters are not able to detect

the full range of group systems, and tend to only identify rich, massive and

typically dynamically relaxed galaxy groups. In order to study groups that

may still be in the process of assembling (i.e. dynamically young), different

methods must be employed. The ability to detect both poor and rich groups,

that span a wide range of dynamical states, is particularly important for the

work presented in this thesis, as one of the main goals is to investigate the role

of group dynamics in galaxy evolution. In the following, I will describe the

most commonly used group-finding algorithms, as well as their limitations.
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2.2.1 Extended X-ray Emission

As previously discussed in Section 1.4, as gas falls onto the group potential it

gets shock heated to the virial temperature of the host halo. If the IGM is

hot enough, roughly 107 − 108 K, then the gas will produce extended X-ray

emission due to thermal bremsstrahlung radiation. However, obtaining such

high gas temperatures requires a large velocity dispersion (∼ 1000 km s−1),

and therefore mass (Equation 1.7). Thus, surveys that search for extended

X-ray emission tend to identify massive groups, which are on average more

evolved and dynamically relaxed.

An additional obstacle in employing this method to identify groups is that

the X-ray emission from groups is not as bright as in more massive clusters,

with Lx, group ∼ 1041 − 1042erg s−1 compared to Lx, cluster ∼ 1043 − 1045erg s−1.

The fainter X-ray luminosities not only render groups more difficult to ob-

serve in general, especially at higher redshifts, but also make it difficult to

determine if the emission is from the group or an individual galaxy, which can

also produce extended X-ray emission of comparable brightness (Lx, galaxy ∼
1038−1042erg s−1). In some cases, X-ray groups exhibit a two-component sur-

face brightness profile (SBP) with a broad central peak corresponding to either

the brightest or most massive group galaxy and an extended component corre-

sponding to the group emission (Mulchaey & Zabludoff, 1998). However, it is

not always possible to fit a two-component SBP, especially if there are insuffi-

cient statistics (i.e. low X-ray counts). Fortunately, Osmond & Ponman (2004)

found that they could still identify groups from a single-component SBP fit, if

they applied a minimum threshold for the radial extent of the group emission,

such that rext, group > 60 kpc.

Furthermore, since X-ray emission can only be observed from space-based

observatories, it can be quite costly to obtain large-scale, blind surveys with

sufficient depth to detect galaxy groups. Only recently has it been possible to

acquire unbiased catalogues with as many as ∼ 40− 60 X-ray selected groups

(Osmond & Ponman, 2004; Connelly et al., 2012; Erfanianfar et al., 2013).

While this method of detecting groups has its disadvantages, X-ray se-

lected catalogues are necessary to gain a complete understanding of the group

environment. In particular, it is important to understand why some groups
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are X-ray bright, while others are X-ray faint. In a study comparing optically-

selected (X-ray faint) and X-ray selected (X-ray bright) groups, Connelly et al.

(2012) showed that both samples covered a similar range in velocity dispersion,

indicating that mass or the depth of the potential well alone is not the factor

that separates X-ray bright and faint systems. Clearly, more work needs to be

done to understand what drives X-ray emission in the IGM.

2.2.2 Gravitational Lensing

A consequence of Einstein’s theory of General Relativity is that matter bends

or warps space-time (Einstein, 1915). Since light travels along geodesics, which

are locally the shortest path between two points, these space-time distortions

cause light to appear to bend near massive objects, such as galaxy clusters or

black holes. The distorted distribution of light from a background galaxy can

manifest itself in two ways: strong and weak gravitational lensing.

In strong lensing the light from a background source is highly distorted

and split into multiple images. Einstein rings occur when the source, lens and

observer are aligned and if the lens is symmetrical. For a point source, the size

of the ring (in radians) is given by

ΘE =

√
4GMdLS
c2dLdS

, (2.1)

where G is the gravitational constant, M is the mass of the lens, dLS is the

angular diameter distance between the lens and the source, dL is the angular

diameter distance between the observer and the lens and dS is the angular

diameter distance between the observer and the source.

If the alignment is not perfect or the lens is not symmetrical, then a back-

ground source is mapped into multiple images on the sky. The radius at which

the arc is observed can be expressed approximately by Equation 2.1. Thus,

if the angle of deflection of an arc (∼ ΘE) and the distances to the lens and

sources (i.e. dLS, dL and dS) are known, then it is possible to reconstruct the

mass distribution of the lens. Though, in reality this process is much more

difficult to carry out and involves sophisticated ray-tracing techniques to re-

create the lensed image. However, strong lensing does provide vital information
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about dark matter, which dominates the lens mass distribution.

Observationally, perfect Einstein rings (both complete and partial) are very

rare. On the other hand, arcs, which do not require a symmetrical lens mass

distribution, are much more common. In fact, strong lensing arcs have been

used to identify galaxy clusters in photometric surveys (e.g. Cabanac et al.,

2007; Postman et al., 2012; Furlanetto et al., 2013). Strong lensing typically

identifies rich galaxy clusters, as more massive systems are more likely to

produce visible arcs; however, it is possible to detect lower-mass groups using

this technique. Additionally, since group-sized haloes are more common than

cluster-sized haloes, there should theoretically be a relatively high probability

of finding group-scale lenses (More et al., 2012). Recently, the Canada-France-

Hawaii Telescope Legacy Survey (CFHTLS) Strong Lensing Legacy Survey

(SL2S) detected strong lenses from galaxy groups with typical halo masses of

1013h−1M� (Cabanac et al., 2007). The group-scale lenses of CFHTSLS-SL2S

were presented in Limousin et al. (2009), which included 13 strong lensing

systems with Einstein radii consistent with group-sized dark matter haloes

(∼ 3− 8′′) and in More et al. (2012), which included 54 good group-scale lens

candidates in the Strong Lensing Legacy Survey-ARCS (SARCS) sample.

Gravitationally-distorted light from a source object can also manifest in the

form of weak lensing, where the image of a background galaxy can be magni-

fied and/or stretched tangentially with respect to the lensing mass (Kristian,

1967; Brainerd et al., 1996). Observationally, it is extremely difficult to de-

tect magnification; though it is possible with large scale surveys such as SDSS

(e.g. Scranton et al., 2005; Ménard et al., 2010). A shear can also be diffi-

cult to detect, in particular because galaxies themselves are elliptical in shape;

however, since the shear is tangential to lensing mass, it is possible to obtain

a weak lensing signal by analyzing the shapes of galaxies in a large statisti-

cal sample. The tangential component of the measured shear vector is directly

proportional to the lens mass distribution, providing another probe of the dark

matter distribution of the lensing object. However, it should be noted that

source galaxies can be weakly lensed by any mass distribution along the LOS.

Therefore, projection effects may result in a false detection of a group-scale

weak-lensing signal.

While individual galaxy clusters have been discovered via weak-lensing
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(Wittman et al., 2001, 2003; Gavazzi & Soucail, 2007; Abate et al., 2009),

extending this methodology down to group-scales is challenging. In general,

weak-lensing signals from groups can only be detected by stacking groups

(Hoekstra et al., 2001; Parker et al., 2005), which provides information about

the average group properties and not individual systems. However, Limousin

et al. (2009) recently presented weak-lensing masses for 13 galaxy groups which

are in good agreement with masses measured from photometric catalogues

(Coupon et al., 2009). So while weak-lensing can be used to study a popula-

tion of previously determined groups, it cannot be used to blindly search for

new group systems, as the signal is just too weak.

2.2.3 The Sunyaev-Zel’dovich Effect

The Sunyaev-Zel’dovich (SZ) Effect is the result of interactions between pho-

tons from the CMB and high-energy electrons, where the photons gain en-

ergy from the electrons via inverse-Compton scattering (Sunyaev & Zeldovich,

1972). The thermal SZ effect refers to interactions between photons and high-

energy electrons in the hot gas in group and clusters; while, the kinetic SZ ef-

fect, or alternatively the Ostriker-Vishniac Effect (Ostriker & Vishniac, 1986),

refers to interactions with electrons that gain their high energies due to their

bulk motion. Astrophysical observations, at least the ones discussed here, are

almost exclusively a result of the thermal SZ effect.

The increase in energy from the SZ effect results in an overall shift of the

CMB spectrum to higher frequencies. Observationally, this results in a de-

crease in the intensity of the CMB at frequencies . 218 GHz and an increase

in the intensity at frequencies & 218 GHz. At low frequencies, Sunyaev & Zel-

dovich (1972) showed that the change in temperature due to inverse-Compton

scattering is given by

∆TCMB

TCMB

= −2
kBTe
mec2

σTNel, (2.2)

where TCMB is the temperature of the CMB, kB is the Boltzmann constant,

Te is the temperature of the electron, mec
2 is the rest mass energy of the

electron, σT is the Thomson scattering cross-section, Ne is the number density

of electrons and l is the LOS dimension of the source in units of inverse volume.
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Sunyaev & Zeldovich (1972) showed that for a cluster with Te ∼ 7 × 107

K, Ne ∼ 10−3cm−3 and l ∼ 1025cm−3 , the temperature variations due to

inverse-Compton scattering were on the order of ∆TCMB/TCMB ∼ 2 × 10−4.

While this is a small deviation in temperature, it is detectable with modern

submillimeter and millimeter telescopes, such as the South Pole Telescope

(SPT) or the Atacama Cosmology Telescope (ACT). From Equation 2.2, it

is clear that higher electron densities and temperatures will result in larger

temperature variations. These conditions are normally met in more massive

galaxy clusters with Mhalo & 1014M�. There are currently several ongoing SZ-

cluster surveys, including a catalogue of 224 cluster candidates observed with

SPT (Reichardt et al., 2013) and a catalogue of 68 spectroscopically confirmed

clusters observed with ACT (Menanteau et al., 2013). For both catalogues,

the cluster masses are typically greater than 5× 1014M� and contains clusters

with redshifts as high as z ∼ 1.3. While it is theoretically possible to detect

lower-mass galaxy groups in SZ surveys, the predicted temperature variation

is even smaller assuming lower IGM temperatures and densities (Equation

2.2). Additionally, Holder et al. (2007) found that the confusion limit between

the SZ background, which is the superposition of numerous weak SZ signals

from unresolved clusters spanning a range of masses along the LOS, and a

true SZ cluster signal occurs at ∼ 1014h−1M�, which is the approximate mass

boundary between groups and clusters. Thus, it may only be possible to detect

massive groups with this technique.

There are several advantages to employing the SZ effect to search for mas-

sive groups and clusters. In particular, the SZ effect is redshift independent, as

shown in Equation 2.2, and can therefore detect systems at (theoretically) any

redshift with equal probability. Thus, the SZ effect is likely the best method

to detect high-redshift clusters. Additionally, it provides an independent mea-

sure of the properties of hot gas in the ICM, and in conjunction with X-ray

observations can provide vital information about the ICM.

2.2.4 Photometric Surveys

The strong morphology- and colour-density relations observed in rich galaxy

clusters, with red early-type galaxies preferentially found in the dense cluster
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environment, provides a method of detecting clusters based on photometric

data alone. First proposed by Gladders & Yee (2000), these authors developed

a cluster-finding algorithm that makes use of the fact that all rich clusters ap-

pear to have a large, coeval population of passively-evolving elliptical galaxies

that formed at high redshifts. As discussed in Chapter 1, red galaxies form

a tight sequence with relatively little scatter on a CMD, often referred to as

the red sequence. Gladders & Yee (2000) showed that with the appropriate

filters, the red sequence cluster galaxies would have redder observed colours

than non-cluster galaxies at lower redshifts. Therefore, cluster members could

be identified with a simple cut in a CMD with extremely low contamination,

that is false positive rates < 5% where the false positive rate is the fraction of

systems falsely identified as clusters (Gladders & Yee, 2005). Since the cluster

red sequence (CRS) method only relies on the presence of a dominant red se-

quence, it is possible to detect both low- and high-redshift clusters. With this

methodology Gladders & Yee (2005) have identified 429 group and cluster can-

didates, including 67 cluster candidates in the redshift range of 0.9 < z < 1.4 in

the Red sequence Cluster Survey (RCS). The follow-up survey to RCS, RCS2

contains between ∼20 000 - 30 000 group and cluster candidates in the redshift

range of 0.1 < z < 1 (Gilbank et al., 2011). Muzzin et al. (2009) have also used

the CRS method to identify two spectroscopically-confirmed z ∼ 1.2 clusters

in the Spitzer Adaptation of the Red sequence Clusters Survey (SpARCS).

Although Gladders & Yee (2000) claim that the CRS method can detect

group-sized systems with σ ∼ 300km s−1, it is likely that only concentrated

groups with a high fraction of bright red elliptical galaxies can be identified

with this methodology. Additionally, while the false-positive rate for the CRS

method is low, the false-negative rate (i.e. the rate that a true group or cluster

member is not identified) may not be. Since the galaxy population of groups is

more varied than in clusters, it is likely that the CRS method will either miss

a significant fraction of faint and/or blue group members or only identify old,

concentrated and dynamically evolved systems. Both scenarios would lead to

a biased view of the role of the group environment in galaxy evolution.

While the CRS method is arguably the most commonly used photomet-

ric group- and cluster-finding algorithm, there are other algorithms that only

require photometric data, including the 3D-Matched-Filter (3D-MF) galaxy
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cluster finder (Milkeraitis et al., 2010). The 3D-MF algorithm uses galaxy

cluster radial profiles, luminosity functions and photometric redshifts to detect

clusters in photometric surveys. For a given luminosity function and cluster

radial distribution, the 3D-MF algorithm searches within a single wavelength

band and photo-z redshift slice for regions that ‘maximally and simultane-

ously’ match both the luminosity function and radial distribution, essentially

‘filtering’ out clusters. Likelihood values are then computed for each candidate

cluster and systems above some threshold value are then identified as clusters.

Based on performance tests with simulated mock catalogues, Milkeraitis et al.

(2010) found that for clusters with M200 ≥ 3× 1014M� the 3D-MF algorithm

has 100% completeness, which is defined as the fraction of true group members

identified by the algorithm. However, for groups sized haloes (M200 ∼ 1013M�)

the completeness drops significantly to 72% and the false detection rate is also

quite high at 24%. Thus, the 3D-MF algorithm is not a reliable group-finding

technique.

It should be noted that there is another group-finding algorithm that uses

only photometric data (i.e. the probability friends-of-friends algorithm); how-

ever, it is based on the same principles as the spectroscopic friends-of-friends

group-finding algorithm, so I will discuss this technique in the following sec-

tion.

2.2.5 Spectroscopic Surveys

Although all of the aforementioned methods can identify group-sized haloes,

most of them are technically cluster-finding algorithms and as a result typi-

cally only detect old, massive and/or dynamically relaxed galaxy groups. Ad-

ditionally, since the galaxy overdensity, with respect to the background, is

much lower for groups, reliable group membership cannot be assigned with

photometric data alone, at least not without significant contamination from

interloping background or foreground galaxies (i.e. low purity). In order to

maximize the purity of an identified group, group-finding algorithms require

velocity information to ensure that the galaxies are also associated along the

LOS.

The necessity to have costly spectroscopic redshifts to accurately assign
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group membership is part of the reason why, historically, the group environ-

ment has not been as actively investigated as individual galaxies or rich clus-

ters. However, recent large-scale spectroscopic surveys have made it possible to

study statistical samples of galaxy groups. The most notable of these surveys

is the SDSS (York et al., 2000), which with the seventh data release (DR7) has

an imaging footprint of 11 663 square degrees, a spectroscopic footprint of 9380

square degrees of the sky and obtained a total of 1 640 960 spectra (Abaza-

jian et al., 2009). Other examples of large spectroscopic surveys include: the

Two-degree-Field Galaxy Redshift Survey (2dFGRS: Colless et al., 2001),

the second Canadian Network for Observational Cosmology Galaxy Redshift

Survey (CNOC2: Yee et al., 2000), the Deep Evolutionary Exploratory Probe

2 Galaxy Redshift Survey (DEEP2: Gerke et al., 2005, 2012) and the spec-

troscopic follow-up of the Cosmic Evolution Survey (zCOSMOS: Lilly et al.,

2007). Numerous galaxy group and cluster catalogues have been identified

from these surveys and in the following I will discuss some of the current

group-finding algorithms.

2.2.5.1 The Friends-of-Friends (FoF) group-finding algorithm

The FoF group-finding algorithm is one of the most commonly used methods

of identifying groups and clusters, in both redshift surveys and in N -body

simulations. First developed by Huchra & Geller (1982), the FoF algorithm

searches for groups, which they defined as ‘...an association of galaxies which

are likely to be physically (and dynamically) associated: more precisely, they

are density enhancements in redshift space’, by linking together galaxies that

are close in projection on the sky and also along the LOS. For each galaxy in the

catalogue, not already assigned to a group, the FoF algorithm calculates the

distance to neighbouring galaxies, first in projected space on the sky and then

in redshift space, and links the galaxies together as ‘friends’ if the projected

distance between them follows

D12 =
2 sin (θ/2)V

H0

≤ DL(V1, V2,m1,m2), (2.3)

where V = (V1 + V2)/2, V1 and V2 are the redshifts of the initial galaxy and

its friend, m1 and m2 are their magnitudes, θ is their angular separations, and
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DL is the spatial linking-length parameter. Additionally, the LOS velocities

between the two galaxies must follow

V12 = |V1 − V2| ≤ VL(V1, V2,m1,m2), (2.4)

where VL is the redshift linking-length parameter. The algorithm repeats this

process for each neighbouring galaxy until no more ‘friends’ can be added to

the group.

From Equations 2.3 and 2.4, it is clear that assigning group membership is

entirely dependent on the linking lengths, DL and VL. As these values are free

parameters, the type of groups identified can vary widely between different

catalogues. With short linking lengths the FoF algorithm typically identifies

more compact groups that are likely already virialized. Catalogues from FoF

algorithms with small linking lengths are limited in the available mass and

dynamical range, which could potentially bias evolutionary studies. On the

other hand, groups identified with large values of DL and VL tend to have a

high fraction of interloping field and neighbouring group galaxies, which again

could affect studies of environmental effects on galaxy evolution.

There are methods of determining so-called ‘optimal linking lengths’ by

testing the FoF algorithm on mock catalogues generated from N -body sim-

ulations in which true group membership is already known. However, even

with an ‘optimized’ FoF group-finder, membership can differ significantly be-

tween group catalogues derived from the same data set. For example, multiple

groups defined in Berlind et al. (2006) can be identified as a single group in

Yang et al. (2007), or vice versa, even though both catalogues were defined

based on the same SDSS sample. The reason for this likely lies in the fact

that what is being ‘optimized’ differs between authors, with some aiming for

low contamination (i.e. purity) and others aiming to recover 100% membership

within the same dark matter halo (i.e. completeness). In fact in their abstract

Berlind et al. (2006) state

Extensive tests with these mock catalogues show that no com-
bination of perpendicular and line-of-sight linking lengths is able
to yield groups and clusters that simultaneously recover the true
halo multiplicity function, projected size distribution, and velocity
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dispersion.

Since there is no universal value for the FoF linking lengths, it is extremely

important to understand how a particular value may affect the types of groups

selected, especially when comparing groups from different catalogues.

In recent years, there has been an adaptation to the FoF algorithm where

photometric redshifts are used in place of spectroscopic ones and is referred to

as the probability-FoF algorithm (pFoF: Li & Yee, 2008; Liu et al., 2008; Jian

et al., 2013). While the precise algorithm and selection parameters for the Li &

Yee (2008) and Liu et al. (2008) pFoF group-finders may differ, the underlying

methodologies are similar in that groups are defined using photometric data

alone. Although, it should be noted that the Liu et al. (2008) pFOF algorithm

does utilize spectroscopically-determined groups as a training set to optimize

the group-finder.

The success of the pFoF algorithm is almost entirely dependent on the

error associated with photometric redshifts, which are typically 50-100 times

larger than spectroscopic redshift errors. A direct consequence of this increase

in redshift uncertainly is an increase in the percentage of contamination from

foreground and background interloping galaxies. In a performance study of the

pFoF group-finder, Jian et al. (2013) found that the purity of a group, which

they define as the fraction of pFoF members that are true group members in

an N -body simulation, ranges between ∼ 40− 65% depending on the redshift

uncertainty. While this recovery rate is much lower than with a spectroscopic

FoF group-finder, improvements in photometric redshift determination will

undoubtedly increase the accuracy of the pFOF algorithm. Additionally, it

is advantageous to further test and develop group-finding methods that only

require photometric data as they can be applied to much wider and deeper

surveys. In particular, large scale photometric surveys, such as the Panoramic

Survey Telescope and Rapid Response System (Pan-STARRS: Kaiser et al.,

2002) and the Dark Energy Survey (DES: Flaugher, 2005) may not have com-

plementary spectroscopic data, at least not with sufficient completeness, and

therefore algorithms like pFoF will be necessary to study the group environ-

ment.
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2.2.5.2 The halo-based group-finding algorithm

The main goal of the halo-based group-finding algorithm, developed by Yang

et al. (2005), is to identify groups of galaxies that share the same host dark

matter halo in order to better compare observed results with theoretical pre-

dictions. While this is likely the goal of all group-finding algorithms, Yang

et al. (2005) claim that most algorithms define groups as a local overdensity

of galaxies that do not necessarily have to share a common dark matter halo.

Since the distribution of dark matter haloes is not directly observable, Yang

et al. (2005) use the results of N -body simulations and SAMs to relate the

properties of the dark matter distribution to the expected galaxy distribution

to design their group-finder.

The halo-based group-finder, as presented in Yang et al. (2005), consists of

five steps which can be applied to any galaxy redshift survey. The initial step is

to identify a potential group and group center with a traditional FoF algorithm.

As the main goal of this step is to identify a group center, the projected (DL)

and LOS (VL) linking lengths are chosen to be very short. The geometric center

is then taken to be the group centroid. The second step of the algorithm is to

estimate the total luminosity of the group (Ltotal) from the summed luminosity

of all the potential group members, corrected for spectroscopic incompleteness

and ‘missed’ galaxies resulting from the magnitude limit of the survey. Next,

the halo mass is estimated from Ltotal and a model for the mass-to-light ratio.

The virial radius, virial velocity and LOS velocity dispersion are then computed

from the halo mass. The fourth step involves assigning group membership,

where galaxies are added and removed as group members based on the mass,

size and velocity dispersion computed in step three, and assuming that the

projected galaxy distribution follows an Navarro-Frenk & White (NFW) dark

matter distribution (Navarro et al., 1996) and a LOS Gaussian distribution.

The final step involves re-computing the group centroid and then going back

to step 2. The algorithm continues iteratively until no further members can

be added to the group.

Testing this algorithm on mock catalogues, (Yang et al., 2005) found that

on average the halo-based group-finder had a completeness of∼ 90%, where the

completeness is defined as the percentage of true host halo member galaxies
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recovered with the algorithm, and a contamination between 0 − 50% from

interloping galaxies for haloes between ∼ 1012 − 1015M�. Also, in contrast

with many of the aforementioned group-finding techniques, the halo-based

algorithm appears to better detect group-, rather than cluster-, sized haloes

in volume-limited surveys, as groups tend to have higher completeness values

(Yang et al., 2005).

Thus far, the halo-based group finder has been applied to 2dFGRS (Yang

et al., 2005) and SDSS (Yang et al., 2007) and the group catalogues have been

made publicly available. Numerous works, including the final paper presented

in this thesis, have made use of the Yang group catalogues to investigate various

aspects of the group environment. The wide-spread use of the same catalogue

allows for fair comparison of results from different studies.

2.2.5.3 The Voronoi-Delaunay Method (VDM)

The application of the Voronoi-Delaunay Method (VDM) to detect overden-

sities in redshift-space was first presented in Marinoni et al. (2002). Unlike

the FoF or halo-based group finders, the Voronoi-Delaunay Method (VDM) is

a geometric and nonparametric method that makes use of Voronoi diagrams

and its complementary Delaunay triangulation to identify groups and clusters.

A Voronoi diagram divides the data into regions, referred to as Voronoi cells,

where the size of each cell depends on the local density of nearest neighbours.

Large cells correspond to low-density regions, such as isolated galaxies or voids,

and small cells represent high-density regions, such as groups or clusters. The

mean galaxy density is then computed by taking the number of galaxies within

each cell divided by the volume of the cell. The centres of the Voronoi cells are

joined together by the Delaunay complexes, which are triangular in shape. The

Delaunay complexes provide information about the distances to neighbouring

cells, where high density regions will be connected by Delaunay complexes with

small areas, while voids will be connected to neighbouring cells with Delaunay

complexes that have large areas.

Once the VDM is applied to a redshift catalogue, groups and clusters are

found by identifying peaks in the galaxy density field, which is done by sorting

all of the galaxies in the catalogue by their inverse Voronoi cell volume. As

previously stated, the smallest cells correspond to the densest regions and
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these are identified as potential group ‘seeds’. Each group seed is then linked

to its nearest neighbours via the Delaunay complexes. Galaxies within some

fixed distance (Rmin), typically 1h−1 Mpc, of the group seed are referred to as

first-order Delaunay neighbours and are then used to compute the potential

group’s center of mass (CoM). To account for the peculiar velocities introduced

by the group potential, which causes groups to appear elongated along the

LOS, Marinoni et al. (2002) define a cylinder in redshift space centered on

the potential groups CoM with radius RII ≥ Rmin and length LII = 20h−1

Mpc along the LOS. All of the galaxies within this cylinder are referred to as

second-order Delaunay neighbours.

Final group membership is then assigned based on the richness (NII) of the

potential groups, which is taken to be the sum of the first- and second-order

Delaunay neighbours. From the group richness, a new cylindrical window with

R = max[rNII, RII], (2.5)

L = max[vNII, Lmin], (2.6)

where R is the radius of the cylinder, L is the length of the cylinder, r and v are

coefficients that fix the scale of the cylinder and Lmin is a minimum cutoff filter

that takes into account redshift distortions due to peculiar velocities within

the group potential. Galaxies are added as members if they fall within this

cylinder and are connected via the Delaunay complexes. Thus, in contrast

to the FoF algorithm, group membership via VDM is not assigned by linking

‘friends’ but rather by searching for members that fall within some window of

the central group seed position.

With the VDM Gerke et al. (2012) has identified 1165 groups, with more

than two members, in the Extended Groth Strip (EGS) spanning a redshift

range of 0 < z < 1.5 and 1295 in the rest of the DEEP2 fields with z > 0.6.

Testing the VDM on mock catalogues made to mimic the DEEP2 survey,

Gerke et al. (2005) found that ∼ 78% of all real groups were identified with

∼ 72−79% completeness and ∼ 46% contamination from interloping galaxies.

While the completeness rates for this group-finding algorithm are comparable

to other methods, the contamination from interlopers is significantly higher

than other algorithms that require redshift information and similar to the
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pFoF group-finder, which only requires photometric data.

2.3 Environmental Trends in Galaxy Groups

Much of our knowledge regarding environmental effects on galaxy evolution

comes from studies of rich and massive galaxy clusters, which typically have

hundreds of member galaxies and halo masses > 1014 M�. However, the clus-

ter environment represents the extreme end of the galaxy density scale, and in

order to get a more complete picture of the role of the environment in galaxy

evolution, it is essential to examine group-sized haloes. The difficulty with

studying this intermediate density regime is that current methods of defining

group samples that span the full range of group properties (i.e. membership,

halo mass, dynamical state and galaxy population) require spectroscopic red-

shifts. Thus, defining a group catalogue can be a costly endeavour. Fortu-

nately, recent large-scale spectroscopic surveys, such as SDSS (York et al.,

2000; Abazajian et al., 2003), have made it possible to study statistical sam-

ples of galaxy groups. With these surveys and the group finding algorithms

described in Section 2.2.5, numerous authors have published group catalogues

that span a wide range of redshifts and group properties. In Table 2.1, we list

examples of well-studied group catalogues identified in spectroscopic surveys.

These catalogues contain large samples of groups and clusters, allowing for

in-depth studies of the environment.
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2.3.1 Group Scaling Relations

Studies of rich galaxy clusters have shown that many of the cluster properties

follow scaling relations that describe how important physical properties of the

cluster, such as mass, luminosity and richness (nmembers), correlate with one

another. Examples of cluster scaling relations include: the Lx−Tx, the Lx−σ
and the σ - nmembers relations. The parameters of most cluster scaling relations

(e.g. Lx, Tx, σ, M200) all probe the depth of the cluster potential. Since groups

are essentially lower mass versions of clusters, one would expect the scaling

relations to extend to the group regime. However, studies of scaling relations

in the group environment have contradictory results. It is important to inves-

tigate and understand group scaling relations, as deviations from the cluster

scaling relations can provide vital information about the physical differences

between groups and clusters.

Theoretically, for a system in virial equilibrium, Lx ∝ σ4 (Navarro et al.,

1995). Observations of the Lx − σ relation in galaxy clusters are generally

in good agreement with the theoretically predicted value, with power-law ob-

served slopes of 4.29 ± 0.37 (Mulchaey & Zabludoff, 1998), 4.4+0.7
−0.3 (Mahdavi

& Geller, 2001) and 3.7± 0.3 (Popesso et al., 2005). In the group regime, the

Lx − σ slope has been observed to either deviate from clusters, with observed

values of 0.37 ± 0.3 (Mahdavi et al., 2000), 2.31 ± 0.12 (Xue & Wu, 2000)

and 2.5± 0.4 (Osmond & Ponman, 2004), or follow the cluster scaling relation

(Mulchaey & Zabludoff, 1998; Helsdon & Ponman, 2000; Rines & Diaferio,

2010). Theoretically, a shallower Lx−σ slope is difficult to understand, as the

most obvious scenarios (i.e. substructure or interloping galaxies) would result

in an overestimation of the group velocity dispersion and therefore a steeper

slope (Bird, 1994; Mahdavi et al., 2000; Rines & Diaferio, 2010). A possible

explanation for the observed shallow Lx − σ group slope, which is driven by

systems with low velocity dispersions, is that for groups with σ . 300 km

s−1 the velocity dispersion no longer appears to correlate with mass (Mahdavi

et al., 2000). Therefore, the expected Lx − σ relation cannot apply to these

low dispersion systems as the relation between M and σ no longer holds.

Another commonly measured scaling relation is the Lx−Tx relation. Since

Lx ∝ σ4 and Tx ∝ σ2 (also as a result of the virial theorem), then Lx ∝ T 2
x
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(Navarro et al., 1995). Unlike the Lx − σ relation, the observed slope of the

cluster Lx−Tx relation is steeper than theoretically predicted with an observed

slope value of 2.64±0.27 (Markevitch, 1998). Cavaliere et al. (1997) also found

a steeper relation for clusters with Lx ∝ T 3
x ; however, for very hot clusters

(Tx ≥ 8× 107K) the relation followed the expected slope of Lx ∝ T 2
x . Similar

to the Lx− σ relation, there appears to be some debate regarding the Lx− Tx
relation in galaxy groups. Most studies find a steeper relation than observed

in clusters with an average slope of ∼ 5 (Cavaliere et al., 1997; Helsdon &

Ponman, 2000; Xue & Wu, 2000). However, Osmond & Ponman (2004) observe

a shallower slope of 2.75 ±0.46 which is in agreement with the cluster relation.

Osmond & Ponman (2004) suggested that differences in the measured Lx−Tx
slopes in groups resulted from differences in the group samples. In particular,

these authors suggested that their group sample contained groups with a wider

range of X-ray properties, including a larger sample of cool (Tx < 0.7 keV)

systems, in comparison to the Helsdon & Ponman (2000) group sample, which

only contained X-ray bright groups. However, given the results of Cavaliere

et al. (1997), it is difficult to understand how cooler systems would result in a

shallower slope.

Deviations from the expected scaling relations may also be due to the

presence of dynamically young systems, as the derived scaling relations all

assume that the systems are in dynamical equilibrium. In a study of X-ray-

and optically-selected groups, Connelly et al. (2012) found that non-Gaussian

groups and groups with significant substructure were often outliers in their

best fit Lx − σ relation. For illustration, I have included an adapted version

of Figure 8 in Connelly et al. (2012), which shows the Lx−σ relation for opti-

cally selected groups (Figure 2.2). For our purposes, the important features of

Figure 2.2 are the black line and shaded region, which indicate the best fitting

Lx−σ relation for these data, and the filled diamonds and squares, which indi-

cate non-Gaussian groups and groups with substructure. The majority of the

dynamically complex systems in Figure 2.2 are outliers; though there appears

to be no systematic offset. In a more recent study of X-ray groups, Erfanianfar

et al. (2013) also found that groups with substructure were extreme outliers

in the Lx − σ relation, having significantly higher values of σ than expected.

Thus, dynamical studies in both groups and clusters can provide vital informa-
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tion about systems that both follow and stray from the theoretically expected

scaling relations.

2.3.2 The Properties of Group Galaxies

As discussed in Chapter 1, galaxy-galaxy interactions and mergers, as well

as strangulation are the most efficient galaxy transformation processes in the

group environment. Therefore, similar to the more massive cluster environ-

ment, the main effect of the group environment is to quench star formation.

In the local Universe (z ∼ 0), group galaxies show a higher quiescent fraction

than observed in the field, though lower than found in rich clusters (Kimm

et al., 2009; McGee et al., 2011; Peng et al., 2012; Wetzel et al., 2012; Woo

et al., 2013). Similar results have been observed when star formation is probed

via the fraction of red galaxies (Kimm et al., 2009). Enhanced quenching in

groups, with respect to the field, has also been observed at higher redshifts,

out to z ∼ 1 (Gerke et al., 2005; Iovino et al., 2010; George et al., 2011; McGee

et al., 2011; Presotto et al., 2012; Mok et al., 2013).

As discussed in Section 1.3.1, the colour distribution of group and cluster

galaxies is often observed to be bimodal, separating red and blue galaxies, in

all environments and in a wide range of redshifts (0 < z . 1). While there

are galaxies that reside in the ‘green valley’, that is galaxies with intermediate

colours between the blue cloud and red sequence galaxies (e.g. Martin et al.,

2007), the fraction of the green valley population is typically quite low. How-

ever, in a high-redshift group sample Balogh et al. (2011) recently showed that

∼ 30% of group members were in the green valley. If green valley galaxies

are a transient population between the blue cloud and red sequence then the

number of galaxies in this population can tell us about the timescale of star

formation quenching in groups.

In addition to colour and SFRs, the morphological composition of group

galaxies has also provided vital insight about galaxy evolution. The MDR

observed in clusters has also been shown to extend down to group-sized haloes

to at least z ∼ 1 (Postman & Geller, 1984; Ramella et al., 1999; Capak et al.,

2007; Kovač et al., 2010). However, unlike the quiescent or red fractions, the

the relative fractions of elliptical, S0 and late-type galaxies do not appear to
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Figure 2.2: Adapted version of Connelly et al. (2012)’s figure 8 showing X-
ray luminosity (Lx) versus group velocity dispersion (σ) for optically selected
GEEC groups and including all members within 1 Mpc of the group cen-
troid. Dashed and dot-dashed green lines show z ∼ 0 sample fits (Mulchaey
et al., 2003) while the dotted line is a z ∼ 0.25 sample (Rykoff et al., 2008).
Bayesian best fits for the X-ray (blue) and optical systems (black) are shown
with filled region representing the scatter. Yellow bow-ties show systems tested
for substructure. Filled yellow diamonds and squares indicate systems with
substructure according to AD and DS tests, respectively.
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smoothly increase (or decrease in the case of late-types) from the low density

environment of the field to the highest density environment of rich clusters.

Indeed, in a study of galaxies between 0 < z < 1.2, Capak et al. (2007)

found that the star formation-density relation showed strong evolution at all

densities and at all redshifts, while the MDR of low density environments

(< 100 galaxies Mpc−2) show no evolution beyond z = 0.4. Based on these

results, these authors concluded that the dominant transformation processes

responsible for morphological change differed from those that resulted in star

formation quenching. Thus, galaxy morphologies probe a different aspect of

evolution.

Although the MDR has been observed in the group environment, there

are deviations from the relations observed in clusters. For example, Zabludoff

& Mulchaey (1998b) found that the fraction of ellipticals in groups varied

significantly from one group to another, with values between . 25% to ∼ 55%.

Additionally, Helsdon & Ponman (2003) found that X-ray bright groups had

a lower fraction of spiral galaxies and a higher fraction of ellipticals than

clusters. Based on the observed increased fraction of ellipticals in groups,

Helsdon & Ponman (2003) concluded that morphological transformation was

more efficient in X-ray bright groups than in clusters. The observed fraction

of S0 galaxies also appears to deviate from the observed cluster MDR. Both

Helsdon & Ponman (2003) and Wilman et al. (2009) found that the S0 fraction

in groups was as least as high as in clusters, which indicates that the formation

of S0 galaxies cannot depend only on cluster-related galaxy transformation

mechanisms. Additionally, Wilman et al. (2009) found that the fraction of S0’s

was highest at radii ≥ 0.3h−1
75 Mpc from the group core, which also suggested

that interactions with the IGM could not be responsible for the morphological

change. Instead, Wilman et al. (2009) claimed that galaxy-galaxy interactions

and mergers were responsible for S0 formation. Since interactions have been

shown to be elevated in the group environment (Barnes, 1985; Zabludoff &

Mulchaey, 1998b; Brough et al., 2006), (Wilman et al., 2009) concluded that

galaxy groups are the ‘site of S0 formation’.
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2.4 The Role of Group Dynamics

A goal of current galaxy evolution studies is to not only determine whether

nature or nurture dominates, but also to understand when and where galaxies

do the majority of their evolution. In other words, does galaxy evolution occur

primarily in the field, in which case nature would govern evolution, in group-

sized haloes or in cluster-sized haloes? On the surface it would seem that this is

simply a re-phrasing of the ‘nature versus nurture’ debate; however, the differ-

ence lies in the fact that groups and clusters are truly different environments.

While there is no strict mass or density threshold that separates groups and

clusters, the efficiency of the galaxy transformation mechanisms discussed in

Section 1.4 differ in each environment. In particular, ram pressure-stripping

and galaxy harassment are most efficient in rich clusters as a result of the hot

ICM and high velocity dispersions. In the group environment, ram pressure-

stripping is thought to be inefficient so strangulation begins to dominate and

it is also thought that groups are the ideal environment for galaxy-galaxy in-

teractions and mergers due to the relatively low observed velocity dispersions

(Barnes, 1985; Zabludoff & Mulchaey, 1998b; Brough et al., 2006).

Strangulation is extremely difficult, if not impossible, to observe; however,

it is possible to directly observe on-going interactions and post-merger galax-

ies by looking for features such as tidal tails and bridges (Toomre & Toomre,

1972), asymmetries (Conselice et al., 2000) or the distribution of pixel bright-

ness (i.e. Gini coefficient: Abraham et al., 2003; Lotz et al., 2004). Although

visually-disturbed galaxies provide the most convincing proof that an inter-

action or merger has occurred, the aforementioned techniques require deep

and high resolution imaging for reliable classification, which limits searches

for morphologically disturbed galaxies to either low redshift surveys or small

area space-based surveys. It is therefore difficult to study correlations between

mergers and the environment at higher redshifts, where mergers are more likely

to occur.

Fortunately, in addition to morphological distortions, interactions are also

thought to induce an intense burst of star formation resulting in a starburst

galaxy, which can be identified by searching for galaxies with very high SFRs

(Kennicutt & Evans, 2012). It is also possible to identify post-starburst (PSB)
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galaxies, that is galaxies that have had their star formation shut off abruptly

within the past Gyr, by looking for specific spectral features, such as the

equivalent width of the Hα line (Dressler & Gunn, 1983). Due to their star

formation history, PSB galaxies lack emission lines and show strong Balmer

absorption lines, which is a result of the combined spectra of K- and A-stars

(Dressler & Gunn, 1983). If the rate of mergers is truly higher in groups,

then one might expect a correlation between starburst or PSB galaxies and

the group environment. Indeed, in a study of starburst and PSB galaxies

in the ESO Distant Cluster Survey (0.4 ≤ z ≤ 0.8), Poggianti et al. (2009)

found that the fraction of dusty starburst galaxies, with strong Balmer and

emission lines, was highest in the group environment and that post-starburst

galaxies were preferentially found in groups with 200 ≤ σ ≤ 400km s−1 and a

low fraction of OII-emitting galaxies. Based on these results, Poggianti et al.

(2009) concluded that starburst galaxies were triggered by mergers in groups.

Another way to probe galaxy-galaxy interactions and mergers is to look

at the dynamical state of the host group. Theoretically, dynamically young

or complex systems are still in the process of assembling and should have a

higher rate of interactions and/or accretion. Therefore, the dynamical state

of a group can be used as an indicator of ‘age’, where dynamically relaxed

groups likely formed earlier. Additionally, there may be correlations between

dynamical state and the properties of the group and its members. The aim of

the work presented in this thesis is to first find reliable ways to classify group

dynamics and then investigate possible correlations between the dynamical

state and observed properties.

2.4.1 Determining the Dynamical State of a Group

Generally speaking, there are two ways to study the dynamical state of groups

and clusters: X-ray emission and group member velocities. The observed X-ray

luminosity (Lx) provides information about the group centroid, while the X-ray

temperature (Tx) can provide information about the group or cluster velocity

dispersion, assuming that the system is in virial equilibrium. In Equation 1.7,

the virial theorem was used to derive a relationship between the temperature

of the hot gas in the ICM to velocity dispersion of the halo, such that Tx goes
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as σ2. Further application of the virial theorem allows us relate the dispersion

to the halo mass with the following relation

Tx ∝ σ2 ∝ M

R
∝M2/3, (2.7)

where M is the mass of the group or cluster halo, R is the halo radius and

the final relation assumes constant density (Osmond & Ponman, 2004). If the

relations in Equation 2.7 hold, then the X-ray temperature is a probe of the

halo mass and therefore the depth of the potential well.

Early studies of X-ray selected groups and clusters showed that these sys-

tems followed the Tx−σ scaling relation, or alternatively the Lx−σ relation as

Tx and Lx are well correlated, shown in Equation 2.7. Since this relation only

holds for systems in dynamical equilibrium, it was thought that all X-ray emit-

ting groups and clusters were old and dynamically relaxed systems (Mulchaey

& Zabludoff, 1998). However, recent work has shown that X-ray groups can

be classified as dynamically young or complex if a more relaxed group radial

cut is applied (Connelly et al., 2012). Additionally, in a study of 49 DEEP2

and DEEP3 X-ray bright groups Erfanianfar et al. (2013) found that groups

with substructure, and therefore dynamically young, were significant outliers

in the Lx − σ plane having much higher velocity dispersions when compared

to groups with similar X-ray luminosities. This result is not unexpected as

the presence of substructure has been shown to boost the observed velocity

dispersion (Bird, 1994).

An alternative method of probing group dynamics is to examine the ve-

locities of the member galaxies with respect to the group centre. The shape

of the overall group velocity distribution provides information about whether

the system has reached dynamical equilibrium. Theoretically, the total three-

dimensional (3-D) velocity distribution of a system of particles (either stars or

galaxies) in or near dynamical equilibrium will take on the form of a Maxwell-

Boltzmann distribution, similar to an ideal gas in thermodynamic equilibrium.

However, observational astronomers are privy to only one component of the

velocity distribution, i.e. the redshift or radial velocities. With only the ra-

dial velocities, the expected velocity distribution is Gaussian in shape, which

results from the integration over two of the three velocity components. There-
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fore, systems with non-Gaussian distributions are thought to be dynamically

young or complex.

Studies of group dynamics require statistically reliable methods to deter-

mine if a velocity distribution deviates from Gaussian, i.e. is non-Gaussian.

Statistical techniques that look for deviations from a Gaussian distribution

can be divided in two categories: one-dimensional (1-D) and three-dimensional

(3-D) tests1. 1-D probes of the dynamical state make use of the group velocity

distribution, along the LOS, to determine if the shape of the distribution is

non-Gaussian. Many statistical tests, often referred to as goodness-of-fit tests,

have been developed to determine if two distributions come from the same

underlying parent distribution (for a good review see D’Agostino & Stephens

(1986) or Pinkney et al. (1996)). Unfortunately, most goodness-of-fit tests have

been developed assuming large sample sizes (i.e. n ∼ 100−1000′s). Thus, while

these techniques may be reliable for dynamical studies of clusters, they begin

to break down at group scales. In Hou et al. (2009), we used Monte Carlo

simulations to test the performance ability of two commonly used statistics,

the Kolmogorov-Smirnov (KS) Test and the Pearson’s χ2 test, as well as the

Anderson-Darling (AD) Test, to identify non-Gaussian velocity distributions

for small sample sizes. The Pearson’s χ2 Test is computed as

χ2 =
n∑
i=1

(observedi - expectedi)
2

expectedi
, (2.8)

where the observed values correspond to binned data and the expected val-

ues correspond to the assumed underlying distribution (e.g. Gaussian). An

observed distribution of data is considered to be statistically different from

the expected distribution if the χ2 value is above some critical value. For the

Pearson’s χ2 Test, these critical values were developed for large sample sizes.

Indeed, in Hou et al. (2009) we found that the statistic began to break down at

N = 30 and severely overestimate the expected χ2 value, resulting in almost

a 100% false positive rate. Since most groups contain fewer than 30 members,

1It should be noted that two-dimensional (2-D) statistical tests also exist, but these
typically deal with only positional data (i.e. RA and DEC ). Since the focus of this work
focuses in dynamical studies with LOS velocity information, I will not discuss any 2-D tests.
For a detailed discussion on 1-D, 2-D and 3-D tests see Pinkney et al. (1996).

83



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

we concluded that the χ2 would not be a reliable tool for classifying group

dynamics.

In addition, we also conducted performance tests of the KS and AD Tests,

both referred to as ‘empirical distribution function (EDF) statistics’, as they

compare the EDF of observed data to the cumulative distribution function

(CDF) of an assumed underlying distribution. For the KS Test, the statistic

measures the maximum vertical distance between the EDF and CDF and is

computed as

D = max(D+, D−) (2.9)

D+ = supremum| i
n
− Fn(x)|, (2.10)

D− = supremum|F (x)− (i− 1)

n
|, (2.11)

where Fn(x) = i
n

for D+, Fn(x) = (i−1)
n

for D−, x is the input data and

1 ≤ i ≤ n for n member galaxies. Systems with D values greater than some

critical value, determined by the desired level of significance (i.e. 95 or 99 %),

are then considered to be inconsistent with the assumed distribution.

The AD Test is also an EDF statistic, but it differs from the χ2 and KS Tests

in that it does not require any binning or graphical analysis. Instead, the AD

Test makes use of a computing formula with the underlying principle that if the

EDF and CDF come from the same underlying parent distribution, then the

observed data can be transformed into a Uniform distribution. Deviations from

uniformity indicate that the EDF and CDF are distinct for a given significance

level. The AD statistic is calculated from ordered data xi as

A2 = −n− 1

n

n∑
i=1

(2i− 1)(ln Φ(xi) + ln(1− Φ(xn+1−i))), (2.12)

A2∗ = A2

(
1 +

0.75

n
+

2.25

n2

)
, (2.13)

where xi ≤ x < xi+1, Φ(xi) is the CDF of the hypothetical underlying dis-

tribution, which for dynamical studies in a Gaussian distribution and the xi

values are taken to be the group member velocities. The A2∗ values are cor-

rection factors that are applied when the distribution parameters (e.g. mean
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and velocity dispersion) are not known a priori and must be estimated from

the xi values.

With Monte Carlo simulations, we showed that both the KS and AD statis-

tics were found to be reliable for systems with N ≥ 5; however, we also found

that the KS Test had a higher rate of false negatives (i.e. rate that a test fails

to detect real deviations) when compared to the AD Test, especially for small

sample sizes (Hou et al., 2009). As a result, we concluded that the AD Test

was both a reliable and robust statistic for classifying group dynamics. Indeed,

D’Agostino & Stephens (1986) also found that the AD Test was one of the most

powerful statistics for detecting departures from a Gaussian distribution.

Another probe of group dynamics that makes use of the group member

velocities is the group velocity dispersion profile (VDP), which shows the pro-

jected velocity dispersion as a function of group-centric radius. Studies of

cluster VDPs have suggested that systems with rising profiles either indicate

galaxy-galaxy interactions (Menci & Fusco-Femiano, 1996) or the presence of

substructure or neighbouring systems (Girardi et al., 1996).

In addition to having non-Gaussian velocity distributions, dynamically

young groups may also contain substructure, which is typically defined as a

kinematically distinct subhalo within a large parent halo. Thus, the presence

of substructure is thought to be an indication of the recent accretion of galax-

ies or smaller groups of galaxies and groups that contain substructure are still

in the process of assembling (Lacey & Cole, 1993). Observational probes of

substructure make use of the positions of the galaxies on the sky (i.e. RA and

DEC), as well as the members velocities and are therefore referred to as 3-D

tests (see Pinkney et al. (1996) for a good review of 3-D tests of substructure).

Arguably the most common of the 3-D tests is the Dressler-Shectman (DS)

Test for substructure (Dressler & Shectman, 1988), which was originally de-

veloped for clusters but has since been modified for application to group-size

haloes (Silverman, 1986; Pinkney et al., 1996; Zabludoff & Mulchaey, 1998b).

The main idea of this test is compare the kinematic properties (i.e. velocity

dispersion and mean velocity) of a few neighbouring group members to the

properties of the host group. The DS test identifies clumps of galaxies that

have kinematic properties that differ from their host groups. A more in-depth

discussion of the DS Test will be presented in the following chapters, as it is
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used as the main method of studying group dynamics in this work.

2.4.2 Previous Work on Group Dynamics

Although group dynamics is an important probe of the role of interactions

and mergers in the evolution of galaxies, there have been relatively few studies

regarding the dynamical state of groups. The main reasons for this are that

large statistical samples of groups have only recently become available (see

Table 2.1) and reliable statistical tools to study group dynamics had not been

developed or tested.

Much of the previous work on group dynamics has focused on identifying

substructure in richer and more massive galaxy groups. Zabludoff & Mulchaey

(1998a) examined six X-ray bright groups in the local Universe, each with more

that 30 spectroscopically confirmed members, and found that group cores (i.e.

galaxies within 0.1 h−1Mpc of the group centre) were close to virialization.

However, these authors found significant substructure on the group outskirts

(between 0.3-0.4 h−1Mpc of the group centre). Based on these results, Zablud-

off & Mulchaey (1998a) concluded that like clusters, groups also form hierarchi-

cally through the merger and accretion of smaller systems. In a more recent

study of substructure in groups, Firth et al. (2006) found that 3 of their 6

groups contained substructure. Additionally, these authors classified the dy-

namical state of the groups in their sample based on the computed relaxation

times, where τrelaxation ∝ N/ log(0.4N) (Aarseth & Saslaw, 1972) and found

that three of the groups had not yet virialized. These same groups were also

identified as having significant (> 95 % confidence level) substructure. We

present our own substructure analysis of galaxy groups in Chapters 3, 4 and

5.

Even though there have been many published group catalogues within the

last decade or so (see Table 2.1), most of the groups in these catalogues have

fewer than 10 members. Previous studies of group dynamics via substruc-

ture have required a minimum of 30 member galaxies (Zabludoff & Mulchaey,

1998a). However, in Hou et al. (2009), we showed that the AD Test could reli-

ably classify group dynamics for systems with as few as five members, reducing

the minimum group membership required for dynamical studies by a factor of
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six. With this methodology we were able to study a much larger sample of

groups and classified the dynamical state of 106 intermediate redshift (z ∼ 0.4)

GEEC groups. We found that ∼ 32% of the GEEC groups had non-Gaussian

velocity distributions and were classified as dynamically young or complex.

Additionally, we found that the shape of the velocity dispersion profiles for

the richest GEEC groups (N ≥ 20) correlated with dynamical state, where

non-Gaussian groups had increasing profiles and Gaussian groups either had

flat or decreasing profiles (shown in Figure 2.3, which is a reproduction of fig-

ure 9 of Hou et al. (2009)). Based on these results, we concluded that the AD

Test was able to distinguish between systems in different dynamical states.

The study of group dynamics is currently an active field of research and the

use of the AD Test to classify groups dynamics has since been applied to other

group catalogues (Ribeiro et al., 2010; Mart́ınez & Zandivarez, 2012). Ribeiro

et al. (2010) examined 57 groups in the 2dFGRS-2PIGG survey (Table 2.1)

and found that 16% of their groups had non-Gaussian velocity distributions.

Comparison of the (B − R) colours in Gaussian and non-Gaussian groups

showed that the dynamically relaxed Gaussian systems has significantly redder

colours, further supporting the idea that these systems are more evolved. Our

methodology has also been applied to over ∼6000 groups identified in SDSS-

DR7 by Mart́ınez & Zandivarez (2012), who found that ∼ 9% were identified

as non-Gaussian. Having classified their group sample based on dynamical

states, Mart́ınez & Zandivarez (2012) then compared the luminosity functions

of Gaussian and non-Gaussian groups. They found that the Gaussian groups

had a brighter characteristic magnitude, by about 0.3 mag, and a steeper faint-

end slope. Thus, Mart́ınez & Zandivarez (2012) concluded that the dynamical

state of a group was directly related to the luminosity of its member galaxies.

Also, since non-Gaussian groups appear to be fainter, these authors claimed

that these systems likely contain substructure that has yet to be influenced

by processes related to the more massive host halo. As a result, non-Gaussian

groups likely contain few, if any, bright ellipticals. We find a similar result for

the same SDSS sample, though with a different group catalogue, which will be

presented in Chapter 4 of this thesis.

In addition, other methods of distinguishing between Gaussian and non-

Gaussian velocity distributions have been applied to groups. For example,
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Figure 2.3: Reproduced figure 9 of Hou et al. (2009). Velocity Dispersion
Profiles (VDPs)for the GEEC groups with n > 20 after a 1Mpc radius cut and
using a constant window width of 0.35 Mpc. The open symbols indicate groups
classified as non-Gaussian and the closed symbols indicate those classified as
Gaussian.
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both Ribeiro et al. (2011) and Krause et al. (2013) used the Cramér von Mises

Test, which is sensitive to multi-modal distributions, to study group dynamics.

Ribeiro et al. (2011) studied correlations between dynamical state and virial

mass and found that non-Gaussian groups had significantly higher masses than

Gaussian groups. Krause et al. (2013) also applied the Cramér von Mises Test

to a sample of 40 galaxy groups within the Ursa Major supercluster and found

that ∼ 32% of their groups were consistent with having non-Gaussian veloc-

ity distributions. Since these groups had multi-modal distributions, Krause

et al. (2013) concluded that their non-Gaussian groups contained substruc-

ture. Comparing Gaussian and non-Gaussian groups, Krause et al. (2013)

found that Gaussian groups were preferentially found in the denser regions of

the supercluster and also had smaller group-group pairwise separations. Based

on these results, these authors concluded that dynamically relaxed (i.e. Gaus-

sian) groups likely formed earlier and evolved faster in high-density regions.

2.5 Thesis Outline and Goals

Our current understanding of galaxy evolution indicates that several factors,

related to both nature and nurture, play an important role in transforming

galaxies. With regards to environmental effects, recent theoretical and obser-

vational results suggest that significant evolution occurs in the intermediate

mass and density group environment. The main goal of this thesis is to under-

stand the importance of group-related processes in the evolution of galaxies.

In particular, this thesis aims to investigate correlations between group dy-

namical state, which probes the importance of galaxy-galaxy interactions and

mergers, and galaxy member properties for a wide variety of systems, includ-

ing previously unexplored low richness groups, with as few as five members,

to the most massive clusters with hundreds of members and Mhalo ∼ 1015M�.

The observational data used in this thesis come from three surveys and

four group catalogues. Here, I will briefly introduce each catalogue, as more

detailed discussion of these data are presented in the following Chapters. The

group catalogues analyzed in this thesis are:

• The Group Environment and Evolution Collaboration (GEEC) group
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catalogue (Wilman et al., 2005), which is based on a sample of over 200

groups initially identified in the second Canadian Network for Observa-

tional Cosmology (CNOC2) survey in the redshift range of 0.1 ≤ z ≤ 0.6

(Yee et al., 2000; Carlberg et al., 2001). The GEEC survey includes

extensive spectroscopic and multi-wavelength (UV-IR) follow-up on a

subset of the CNOC2 groups that lie within a redshift range of 0.35 ≤
z ≤ 0.55;

• The extended Group Environment and Evolution Collaboration (GEEC2)

group catalogue currently includes a sample of 11 high redshift (0.8 <

z < 1) X-ray bright groups (Balogh et al., 2011; Mok et al., 2013);

• The McGee et al. (2011) SDSS group catalogue identified using galaxies

observed in SDSS-DR6 (Adelman-McCarthy et al., 2008). The observa-

tional constraints and group-find algorithm used by McGee et al. (2011)

were made to mimic the GEEC survey and group catalogue;

• The Yang et al. (2007) SDSS group catalogue identified using a halo-

based group finder and galaxies observed in SDSS-DR7 (Abazajian et al.,

2009).

In Chapter 3, I test the reliability of the modified DS Test for low richness

groups, identify substructure in the GEEC groups and then examine corre-

lations between substructure, galaxy member properties and other probes of

dynamical state. By searching for trends between group dynamical state and

galaxy properties, we can probe the importance of group dynamics in galaxy

evolution. In Chapter 4, the analysis presented in Chapter 3 is extended to

a sample of groups in the local Universe and at high redshifts. This allows

us to study the evolution of both group dynamics and the correlations be-

tween dynamical state and group properties for galaxies in the redshift range

of 0 < z < 1. In Chapter 5, I use a combination of techniques to investi-

gate the role of pre-processing in SDSS groups and clusters. The methods

presented in Chapter 5 allow us to directly compare the contribution of rich

group- and cluster-related galaxy transformation processes to those that act

primarily in lower-mass systems (i.e. pre-processing). Finally, in Chapter 6

I will summarize our results and discuss future work. Chapters 3, 4 and 5
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represent unchanged versions of papers that were either published in (Chapter

2: Hou et al. (2012)), have been accepted for publication (Chapter 4) or have

been submitted to (Chapter 5) the Monthly Notices of the Royal Astronomical

Society (MNRAS ), a refereed astronomical journal.
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Abstract
The presence of substructure in galaxy groups and clusters is believed to be

a sign of recent galaxy accretion and can be used not only to probe the as-

sembly history of these structures, but also the evolution of their member

galaxies. Using the Dressler-Shectman (DS) Test, we study substructure in

a sample of intermediate redshift (z ∼ 0.4) galaxy groups from the Group

Environment and Evolution Collaboration (GEEC) group catalog. We find

that 4 of the 15 rich GEEC groups, with an average velocity dispersion of

∼525 km s−1, are identified as having significant substructure. The identified

regions of localized substructure lie on the group outskirts and in some cases

appear to be infalling. In a comparison of galaxy properties for the members

of groups with and without substructure, we find that the groups with sub-

structure have a significantly higher fraction of blue and star-forming galaxies

and a parent colour distribution that resembles that of the field population

rather than the overall group population. In addition, we observe correlations

between the detection of substructure and other dynamical measures, such as

velocity distributions and velocity dispersion profiles. Based on this analysis,

we conclude that some galaxy groups contain significant substructure and that

these groups have properties and galaxy populations that differ from groups

with no detected substructure. These results indicate that the substructure

galaxies, which lie preferentially on the group outskirts and could be infalling,

do not exhibit signs of environmental effects, since little or no star-formation

quenching is observed in these systems.
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3.1 Introduction

The current theory of structure formation in the Universe is based on the stan-

dard Λ cold dark matter (ΛCDM) cosmological model, in which objects grow

hierarchically from the initial matter density perturbations through mergers

and accretion (e.g., Press & Schechter, 1974; Lacey & Cole, 1993; Springel

et al., 2005). In order to test the theory of hierarchical structure formation,

one must investigate the assembly history of the large structures in the Uni-

verse, namely galaxy groups and clusters.

A natural consequence of a hierarchical Universe is the existence of sub-

structure within larger systems. Traditionally, substructure has been defined

as a kinematically distinct sub-halo within a larger parent halo. A broader,

more observationally motivated definition, and one that we will assume here,

also includes separate haloes that are either merging to form a larger halo;

gravitationally bound and infalling onto a pre-existing halo; or in the nearby

large-scale-structure, but not necessarily bound or infalling. In general, ac-

creting structure does not have the same kinematic properties as the host, but

whether or not substructure can be observed depends on how long it remains

intact after infall. Early N -body simulations suggested that the assimilation

of substructure into the host was rapid, providing no detectable long-lived

features (Katz & White, 1993; Summers et al., 1995). However, later work

has shown that the lack of observable substructure in these simulations was

due to poor resolution (Moore et al., 1996). Indeed, high resolution N -body

simulations (e.g., Diemand et al., 2008; Springel et al., 2008), demonstrate

that several hundred thousand sub-haloes can exist in a Milky Way sized dark

matter halo at a redshift of zero. Using semi-analytic models to study the

substructure within individual galaxy to cluster-sized haloes, Taylor & Babul

(2004) showed that accreting systems could survive within the host halo for

many orbits, depending on the orbital parameters of the substructure upon

infall.

These theoretical results suggest that substructure should be a detectable

quantity and numerical dark matter simulations of galaxy groups and clusters

in a ΛCDM Universe predict that approximately 30 per cent of all systems

should contain substructure (Knebe & Müller, 2000). Studies of individual
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clusters (e.g., Beers et al., 1982; Dressler & Shectman, 1988; West & Bothun,

1990; Bird, 1994a; Colless & Dunn, 1996; Burgett & et al., 2004; Böhringer

et al., 2010) indicate that a large fraction of systems show evidence of signifi-

cant sub-clustering. The predicted theoretical value of 30 per cent is in agree-

ment with some substructure studies of groups and clusters (e.g., Zabludoff &

Mulchaey, 1998a; Solanes et al., 1999), but several other results have demon-

strated a much higher fraction of substructure; Bird (1994b) observed that

44 per cent1 of their sample contained substructure, Dressler & Shectman

(1988) observed 53 per cent and Ramella et al. (2007) find an extremely high

substructure fraction of 73 per cent. Although the precise fraction of groups

and clusters with substructure may still be a source of debate, the observed

presence of any substructure strongly suggests that these systems grow in a

hierarchical manner through the accretion of galaxies and smaller groups of

galaxies.

Though galaxy clusters are amongst the largest structures in the local Uni-

verse, they do not represent the most common host environment for galaxies.

Galaxy groups, which contain a few to tens of member galaxies, are the host

environment of more than half of the present-day galaxy population (Geller

& Huchra, 1983; Eke et al., 2005). Despite the importance of groups in the

build up of large galaxy clusters, there have been few studies on the assembly

history of groups themselves.

One method of probing group assembly histories is to look at the amount of

substructure within these systems. The presence of such structure would indi-

cate that the group has recently accreted galaxies (Lacey & Cole, 1993). Stud-

ies have been carried out for galaxy groups in the local Universe by Zabludoff

& Mulchaey (1998a), who observed significant (> 99 per cent confidence level)

substructure in two of their six local groups. An interesting result of their

analysis showed that the substructure was located on the outskirts of the sys-

tems, that is ∼0.3-0.4 h−1 Mpc, where h = H0/(100 km s−1 Mpc−1), from

the core of the group. Based on these results, Zabludoff & Mulchaey (1998a)

concluded that like rich galaxy clusters, some galaxy groups assembled in a

hierarchical manner through the accretion of smaller structures from the field.

111/25 galaxies in their sample have significant (> 95 per cent) substructure based on
results of the Dressler-Shectman statistics.
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A more recent study of local galaxy groups by Firth et al. (2006) found similar

results, with roughly half of their sample showing significant substructure. Al-

though, the findings of Zabludoff & Mulchaey (1998a) and Firth et al. (2006)

provided an important first step in unveiling the assembly history of groups,

their analysis was based on a small sample of very nearby systems. In order

to gain a better understanding of the role of groups in the growth of struc-

ture, we must search for substructure in a larger sample of galaxy groups with

highly complete spectroscopy that cover a wide range in redshift. Such studies

have only become possible with recent deep spectroscopic surveys that have

produced large group catalogues, such as the Sloan Digital Sky Survey (SDSS)

(Berlind & et al., 2006; Yang et al., 2007), the Group Environment and Evolu-

tion Collaboration (GEEC) (Wilman et al., 2005; Carlberg et al., 2001), and

the higher redshift extension of GEEC (GEEC2) (Balogh et al., 2011) optical

group catalogs.

In addition to the role of the group environment in the growth of large

scale structure in the Universe, studies of substructure within groups allows

us to probe galaxy evolution. Since groups have fewer members than galaxy

clusters, any substructure present will have a stronger effect on the observed

group properties (i.e. colours, blue or active fractions). If substructure traces

accreting galaxies, one might expect a correlation between observed galaxy

properties and substructure. Possible correlations could exist between sub-

structure and the colours of galaxies in groups, or with substructure and star

formation rates. One of the main goals of this paper is to search for such

correlations.

In this paper we search for substructure in a sample of intermediate redshift

galaxy groups from the GEEC Group Catalog. In Section 3.2, we discuss

the sensitivity and reliability of the Dressler-Shectman (DS) Test for group-

sized systems using Monte Carlo simulations. In Section 3.3, we apply the

DS Test to the GEEC groups and discuss the results of our analysis. In

Section 3.4, we discuss the relationship between the presence of substructure

and other indicators of dynamical state, such as the shape of the group velocity

distribution. In Section 3.5, we look for correlations between substructure and

the properties of members galaxies, such as colour and star formation rate, and

discuss the possible implications of our findings. In Section 3.6 we present our
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conclusions. Additionally, we include an Appendix, which provides detailed

results of our Monte Carlo Simulations.

Throughout this paper we assume a ΛCDM cosmology with ΩM = 0.3,

ΩΛ = 0.7, and H0 = 75 km s−1 Mpc−1.

3.2 Detecting Substructure in Groups

Numerous tests for substructure have been developed and carried out for

cluster-sized systems (see Pinkney et al., 1996, for a thorough review). In a

comparison of five 3-dimensional (3-D) tests, which use both velocity and spa-

tial information, Pinkney et al. (1996) determined that the Dressler-Shectman

(DS) Test (Dressler & Shectman, 1988) was the most sensitive test for sub-

structure, for systems with as few as 30 members. In the following section we

look at the DS Test, and determine its reliability and robustness for smaller

group-sized systems.

3.2.1 The Dressler-Shectman (D-S) Test

Substructure manifests itself as detectable deviations in the spatial and/or

velocity structure of a system. The aim of the DS Test is to compute local

mean velocity and velocity dispersion values, for each individual galaxy and

its nearest neighbours, and then compare these to the global group values.

Following the notation of Dressler & Shectman (1988), we define (ν̄, σ) as the

mean velocity and velocity dispersion of the entire group, which is assumed to

have nmembers galaxies. Then for each galaxy i in the group, we select it plus a

number of its nearest neighbours, Nnn, and compute their mean velocity ν̄ilocal

and velocity dispersion σilocal. From these we compute the individual galaxy

deviations, δi, given as

δ2
i =

(
Nnn + 1

σ2

)[(
νilocal − ν

)2
+
(
σilocal − σ

)2
]
, (3.1)

where 1 ≤ i ≤ nmembers (i.e. δi is computed for each galaxy in the system).

Dressler & Shectman (1988) originally developed the test for cluster-sized sys-

tems and the number of nearest neighbours used to compute the δi values
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was relatively high (i.e. Nnn = 11). Since substructure in galaxy groups is

likely to have fewer than 11 constituent galaxies, we take Nnn to be
√
nmembers

following the methodology of authors who have previously applied the DS

Test to group-size systems (Silverman, 1986; Pinkney et al., 1996; Zabludoff &

Mulchaey, 1998b). This ensures that large kinematic deviations of a few neigh-

bouring galaxies do not get diluted by adding too many unassociated galaxies,

and thereby lowering the computed νilocal and σilocal values in Equation 3.1.

The statistic used in the DS Test is the ∆-value, given by

∆ =
∑
i

δi. (3.2)

A system is then considered to have substructure if ∆/nmembers > 1.0

(Dressler & Shectman, 1988). This method of using a threshold value to find

substructure is referred to as the critical values method.

An alternative method of identifying substructure with the DS Test is to

use probabilities (P -values) rather than critical values. The P -values for the

DS Test are computed by comparing the observed ∆-value to ‘shuffled’ ∆-

values, which are computed by randomly shuffling the observed velocities and

re-assigning these values to the member positions, a procedure called ‘MC

shuffling’. The P -values are given by

P =
∑

(∆shuffled > ∆observed) /nshuffle. (3.3)

where ∆shuffled and ∆observed are both computed using Equation 3.2 and

nshuffle is the number of ‘MC shuffles’, and therefore the number of ∆shuffled-

values, used to compute the probability . One can see from Equation 3.3 that

systems with significant substructure will have low P -values, since it is unlikely

to obtain the observed ∆-value randomly (Equation 3.2).

3.2.2 Monte Carlo Simulations

Although Pinkney et al. (1996) have carried out an extensive investigation

of the DS Test, their analysis was performed on systems with a minimum of

30 members, and the majority of our intermediate redshift groups have fewer

member galaxies (see Section 3.1). Therefore, we perform our own Monte Carlo
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simulations in order to check the reliability, sensitivity and robustness of the

DS Test, using both the critical value and probability (P -value) methods, for

group-sized systems. It should be noted that we specifically model our host

mock groups after the observed GEEC group sample.

3.2.2.1 Generating the Mock Groups

Mock galaxy groups, both with and without substructure, are generated us-

ing Monte Carlo methods to assign member galaxy positions. These mock

groups are then used to compute the false negative and positive rates of the

DS Test, and also determine the sensitivity of the test against a variety of

input parameters.

The radial positions for the members of the mock groups are randomly

drawn from fits to the projected group-centric radial distributions of the galax-

ies observed in the GEEC group catalog (Wilman et al., 2005). The groups are

divided into four bins based on the number of members in each group (Fig.

3.1), and fits to each bin are used to populate the mock groups. Since the

GEEC groups span such a wide range of masses and group membership, we

elect not to use a single fit to the radial distribution of all the group galaxies

in our sample. Instead, we divide our sample into bins of group membership

(5 ≤ nmembers < 10, 10 ≤ nmembers < 15, 15 ≤ nmembers < 20 and nmembers ≥ 20)

and fit each distribution separately. It should be noted that we bin our sample

by group membership, rather than mass or velocity dispersion, as we aim to

study the false positive and negative rates of the DS Test as a function of

nmembers. However, the results are similar if we bin by σ rather than nmembers.

The histograms and fits to the radial distributions of the binned groups are

shown in Fig. 3.1. The general form of the radial distribution of member

galaxies is given by

N ∝ exp (−λR) , (3.4)

where R is the radial position of the given galaxy and λ = 2.98, 1.31,

0.902 and 0.606 Mpc−1 for the 5 ≤ nmembers < 10, 10 ≤ nmembers < 15, 15 ≤
nmembers < 20 and nmembers ≥ 20 bins, respectively. From these results it is

clear that groups with fewer members have steeper radial distributions and

smaller maximum group centric radii (Fig. 3.1).
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Figure 3.1: Histograms of the radial distribution of the galaxies in the GEEC
Group Catalog stacked in bins of nmembers. The dashed line corresponds to
an exponential fit to the distribution, which we use to generate the radial
positions of galaxies in our mock groups.

The redshifts of the member galaxies in the mock groups are randomly

drawn from Gaussian distributions. The dispersions of the input Gaussians

are taken to be the average velocity dispersion of the aforementioned group

membership bins, which are: 300, 350, 400 and 550 km s−1. These dispersion

values are chosen for the mocks groups in order to best mimic the systems

in our GEEC sample. We also generate mock groups with the same input

host velocity dispersion (σhost) for all values of nmembers and find no significant

difference in our results (see Appendix for further detail).

As will be shown in Section 3.2.2.2, in order to determine the false negative

rates for the DS Test, we must include substructure within the host group. The

positions and redshifts of the substructure galaxies are drawn from a Gaussian

distribution2. The free parameters in our mock groups with substructure are:

the velocity dispersion of the substructure (σredshift), spatial dispersion of the

substructure (σposition), location of the substructure, in both position (εposition)

2Tests with non-Gaussian input substructure have also been carried out and for all rea-
sonable distributions the results do not differ significantly from the results presented here.

111



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

and velocity (εredshift) space, the number of galaxies in the substructure (nsub),

the number of galaxies in the host group (nmembers), and velocity dispersion of

the host group (σhost). We briefly analyze the effects of each of these parameters

on the robustness of the DS Test in the following sections, and give a more

detailed discussion in the Appendix.

3.2.2.2 Testing for False Positives

Using the mock groups with no input substructure described in Section 3.2.2.1,

we determine the false positive rates, or type I errors, which for the DS Test

occur when substructure is identified when none exists. The only parameter

we vary for these systems is the number of member galaxies (nmembers).

We first compute the false positive rates using the critical values method.

For each value of nmembers we compute the ∆-statistic, (Equations 3.1 and 3.2)

and then classify a group as having substructure if ∆/nmembers > 1.0. With

this criterion, we find that for all relevant values of nmembers the false positive

rates are extremely high. For example for nmembers = 20, the false positive rate

is ∼81 per cent and even for larger systems, nmembers = 100, we find that the

rate is equally high. A similar result was observed by Knebe & Müller (2000)

in a study of substructure in numerically simulated galaxy clusters. They

found that for haloes with no substructure the ∆/nmembers- values were often

greater than 1.0, with values peaking closer to 1.4 for larger (i.e. nmembers ∼80

-100) clusters. Although it is possible to better identify substructure in richer

systems, such as clusters, with a higher value of ∆/nmembers ∼1.4 - 1.6 (e.g.,

Girardi et al., 2005; Knebe & Müller, 2000), we find that for group-sized sys-

tems this methodology could not simultaneously produce low false positive and

false negative rates.

Alternatively, when P -values are used to identify substructure, we find that

the false positive rates are much lower than with the critical values method and

also remarkably stable for a wide range of group members (i.e. 5 ≤ nmembers ≤
50). From our mock groups we find that for significance levels of 0.01, 0.05

and 0.10, the false positive rates are 5, 10 and 15 per cent for all values of

nmembers tested. In other words, the DS Test will falsely identify roughly 5

per cent more substructure than the desired significance level. Although these

rates are higher than the expected values for a given significance level, they
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Table 3.1: Input parameter values for the ‘base’ mock groups described in
Section 3.2.2.3; i.e. Monte Carlo groups with a zero false negative rate.

nmembers nsub σhost σposition εposition σredshift εredshift

km s−1 Mpc Mpc km s−1 km s−1

10 4 350 0.01 0.5 100 1300
15 5 400 0.01 0.5 100 1300
20 5 550 0.01 0.5 100 1300
50 10 550 0.01 0.5 100 1300

are still substantially lower than the rates obtained using the critical values

method. Also, as long as one chooses significance levels of 0.01 or 0.05, the

rate of false identifications is acceptably low. Based on these results, we rule

out the critical values method and only perform the following analysis using

the probabilities, P -values, method.

3.2.2.3 Testing for False Negatives

Having determined the rate of false identifications obtained with the DS Test,

we now test for the rate of false negatives, or type II errors. For this statistic the

false negative rate measures how often the DS Test fails to detect substructure

when indeed it exists. The purpose of conducting these false negative tests is

twofold: first, they help determine the reliability of the statistic and second,

by varying only one of the free input parameters (listed in Section 3.2.2.1) at

a time, you can determine how sensitive the test is to each parameter. The

latter places quantitative constraints on the maximum size and location of

substructure that can be identified.

Before we begin looking at the input parameters, we first determine how

reliable the test is at identifying ‘obvious’ substructure, that is to say galax-

ies that are tightly correlated and located far from the group centre, both in

projection on the sky and along the line-of-sight (see Table 3.1 for input pa-

rameter values). For these mock groups, we find that substructure is correctly

identified in almost all cases, using the P -value method and a significance level

of 0.01, producing false negative rates of 0 or 1 per cent.

We then investigate the individual free parameters in more detail to de-

termine how each alters the false negative rate. We briefly discuss the main
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results here and leave the detailed quantitative analysis, as well as full tables

of false negative rates, for the Appendix.

Of the five free parameters, we find that the DS Test is most sensitive

to the number of galaxies in the substructure (nsub) and the location of the

peak of the substructure’s velocity distribution with respect to the peak of the

host’s (εredshift). Previous studies of substructure in galaxy clusters by Dressler

& Shectman (1988) and Pinkney et al. (1996) showed that the DS Test was

unable to find substructure that was ‘superimposed’ with the highest density

regions of the hosts, since the galaxies were spatially mixed. Pinkney et al.

(1996) even stated that in these cases, any type of 3-D test would not be

able to accurately detect substructure. An important distinction, not made

by these authors, is that two forms of ‘superposition’ can occur. Substructure

can be superimposed with the host group either in projected angular position

or in redshift space. Our analysis shows that the DS Test is significantly more

sensitive to εredshift than to εposition. The test can usually identify substructure

with superpositions as projected on the sky, but has a very difficult time

with those along the line-of-sight. From Equation 3.1, it is clear that only

collections of neighbouring galaxies with a different local mean velocity and

velocity dispersion will produce high δi values, no matter their angular position.

In addition we also find that the level of sensitivity of the DS Test to εredshift,

the distance between the substructure’s and host’s peak velocity distribution,

is dependent on the number of members in the host group. We find that for

small groups (i.e. nmembers < 20), the input substructure needs to be further

than 2σhost from the group centre in order to be detected. On the other hand,

the DS Test can identify substructure that is roughly 2σhost away from the

peak of the host’s Gaussian velocity distribution in groups with more than 20

members. For even larger systems, that is clusters with nmembers ≥ 50, the

input substructure can be located within 1σhost and still be identified.

Another result from this analysis is that the DS Test is sensitive to the

number of galaxies that are part of the substructure (nsub). Our simulations

show that no matter the membership of the host group, the test cannot iden-

tify substructure with fewer then four members. Also, the minimum required

number of members within the substructure increases with nmembers. This is

due to the fact that we set Nnn in Equation 3.1 to
√
nmembers. Therefore,
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more members in the host group means that the velocity information of more

‘neighbours’ will be used to calculate νilocal and σilocal. Thus, if there are too

few galaxies in the substructure, their kinematic deviations can be washed out

by other neighbouring host galaxies.

We find that for rich galaxy groups, with nmembers ≥ 20, the DS Test can

reliably identify true substructure, as has been shown by several other au-

thors (e.g., Dressler & Shectman, 1988; Pinkney et al., 1996; Knebe & Müller,

2000). For systems with fewer member galaxies, such as poor groups with

nmembers < 20, the false negative rates are very low (< 5 per cent) only for

tightly correlated substructure galaxies with large kinematic deviations. In

these poor groups, substructure that is more loosely associated with a velocity

peak close to that of its host group is not as easily detected by the test.

Taking into account the results of both the false negative and positive

tests, we conclude that for systems with nmembers ≥ 20, the DS Test can

reliably identify real substructure if the P -values method is employed using

a confidence level of either 0.01 or 0.05. For groups with nmembers < 20, we

find that the percentage of groups with substructure identified by the DS Test

should be taken as a lower limit.

3.3 Substructure in the GEEC Groups

3.3.1 The GEEC Group Catalog

The Group Environment and Evolution Collaboration (GEEC) group catalog

is based on a set of ∼200 intermediate redshift, 0.1 < z < 0.6, galaxy groups

initially identified in the second Canadian Network for Observational Cosmol-

ogy (CNOC2) redshift survey (Yee et al., 2000; Carlberg et al., 2001). The

CNOC2 survey observed ∼4 ×104 galaxies covering four patches, totalling

1.5 deg2 in area, in the UBV RCIC bands down to a limiting magnitude of

RC = 23.0. Spectra of more than 6000 galaxies were obtained with the MOS

spectrograph on the Canada-France-Hawaii Telescope (CFHT), with 48 per

cent completeness at RC = 21.5 (Yee et al., 2000). The GEEC group cata-

log includes extensive follow-up spectroscopy with the Inamori Magellan Areal

Camera and Spectrograph (IMACS) (Connelly, J. et al., submitted) and Low
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Dispersion Survey Spectrograph (LDSS2) on Magellan (Wilman et al., 2005),

as well the Focal Reducer and low dispersion Spectrograph (FORS2) on the

Very Large Telescope (VLT) (Connelly, J. et al., submitted). We have also

obtained multi-wavelength imaging data, which includes: X-ray observations

with the X-ray Multi-Mirror Mission-Newton (XMM-Newton) and Chandra

X-ray Observatories (Finoguenov et al., 2009), ultraviolet observations with

Galaxy Evolution Explorer (GALEX) (McGee et al., 2011), optical observa-

tions with the Advanced Camera for Surveys (ACS) on the Hubble Space

Telescope (HST) (Wilman et al., 2009), infrared observations with the Multi-

band Imaging Photometer for Spitzer (MIPS) on the Spitzer Space Telescope

(Tyler et al., 2011), and near-infrared observations with Isaac Newton Group

Red Imaging Device (INGRID) on the William Herschel Telescope (Balogh

et al., 2009), Infrared Array Camera (IRAC) on Spitzer (Wilman et al., 2008),

and the Son of ISAAC (SOFI) on the New Technology Telescope (NTT)

(Balogh et al., 2009). In addition, improved optical imaging was obtained

in the ugrizBV RI filters from the CFHT Megacam and CFH12K imagers

(Balogh et al., 2009).

In addition to the follow-up observations of the CNOC2 fields, group mem-

bership has also been redefined by Wilman et al. (2005) using more relaxed

algorithm parameters than those used by Carlberg et al. (2001). The origi-

nal search parameters were optimized such that the group-finding algorithm

would identify dense, virialized groups, while the Wilman et al. (2005) cata-

log includes looser group populations that cover a wider range of dynamical

states. For this reason, the GEEC group catalog is ideal for the investigation

of substructure within groups, since we are not restricted to dense group cores

and are able to probe the surrounding large scale structure.

3.3.2 Analysis of the GEEC Groups

We apply the DS Test, as described in Section 3.2, to a subset of the GEEC

groups. Although there are roughly 200 groups in the GEEC catalog, the

majority of systems have fewer than 10 members. In Section 3.2.2.3, we deter-

mined that in order to obtain a reliable measure of substructure, the minimum

number of member galaxies for the DS Test is nmembers = 20, which leaves us
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with a subset of 15 groups. These groups are amongst the most massive GEEC

groups with an average velocity dispersion of ∼525 km s−1.

As previously mentioned, due to the relaxed membership allocation al-

gorithm parameters, some of the GEEC groups have relatively large radial

extents, and can be larger than the suggested maximum group virial radius

(r200) of 1.0 Mpc (Mamon, 2007), but for the purposes of detecting substruc-

ture we elect not to apply any radial cuts to our groups for our main analysis.

Our definition of substructure is liberal, in that we include structure that may

be infalling or structure that is in nearby large scale structure but not neces-

sarily bound to the host group. Thus, to ensure that we do not eliminate any

possible detection of substructure, we analyze all galaxies identified as group

members by the FOF-algorithm applied in Wilman et al. (2005). Our decision

not to apply radial cuts is further justified given that substructure is often

in group and cluster outskirts (West & Bothun, 1990; Zabludoff & Mulchaey,

1998a).

For the distribution parameters we estimate νilocal and ν, from Equation

3.1, as the group and local (i.e. ith galaxy and its
√
nmembers nearest neigh-

bours) canonical mean velocity, and σilocal and σ, also from Equation 3.1, as the

local and group intrinsic velocity dispersion, computed following the method

outlined in Wilman et al. (2005). The dispersion uncertainties are computed

using the jackknife method (Efron, 1982) and are given in Tables 3.2 and 3.3.
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Of the 15 GEEC groups with nmembers ≥ 20 we find that 4 groups, (∼27 per

cent) are identified as having substructure at the 99 per cent confidence level

(c.l.). In Table 3.2, we list group properties, ∆/nmembers-values, and P -values

for the groups with substructure, identified as the systems that have P -values

of less than 1 per cent. In Table 3.3 we list the same values, but for groups

without substructure, that is systems that have P -values greater than 1 per

cent. Also, it should be noted that although we list the ∆/nmembers critical

values in Tables 3.2 and 3.3, we rely on the P-values to identify substructure

in our groups. In addition, Tables 3.2 and 3.3 lists the dynamical properties

of the groups to be discussed in Sections 3.4.1 and 3.4.2. In Fig. 3.2, we plot

both the intrinsic velocity dispersion of the group (top) and the total number

of group members (bottom) versus the mean group redshift. Groups with and

without substructure both span a wide range of velocity dispersions and group

membership indicating that there is no apparent redshift bias with regards to

group velocity dispersions or nmembers for the DS Test.

Although the minimum membership cut needed to determine a reliable

percentage of groups that contain substructure is nmembers = 20, we can still

apply the DS Test to systems with fewer members and establish a lower limit

on this fraction. Including groups with as few as ten members increases our

sample size to 63 systems. Applying the same methodology described above we

find that 11 of our 63 groups (∼17 per cent) are identified as having significant

(> 99 per cent c.l.) substructure.

3.3.3 GEEC Groups with Substructure

We examine the GEEC groups classified as having substructure by the DS Test

in detail to determine if we can identify the regions of localized substructure.

By examining the available position and velocity information, we can find

collections of galaxies that are kinematically distinct from the host group.

In the following analysis, we focus on small subgroups of galaxies that

may be part of some localized substructure. This is done by looking at the

δi histogram (Figs. 3.3(a) - 3.6(a)), velocity histograms (Figs. 3.3(b) - 3.6(b)),

‘bubble-plots’ (i.e. position plots of the group members weighted by exp δi

(Dressler & Shectman, 1988) (Figs. 3.3(c) - 3.6(c)) and group-centric radial
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- groups with no substructure
- groups with substructure
- all groups in GEEC sample

- groups with no substructure
- groups with substructure

- all groups in GEEC sample

Figure 3.2: Top: Intrinsic velocity dispersion σint versus the group redshift
for the galaxy groups in our sample. Solid circles indicate groups with no
substructure and open triangles indicate groups with identified substructure
according to the DS Test, at a 99 per cent confidence level. The smaller open
circles represent the dispersions of all the groups in the GEEC catalogue, the
majority of which are not used in this analysis. Our nmembers ≥ 20 GEEC
sample tend to have higher velocity dispersions. Bottom: nmembers versus the
group redshift for the galaxy groups in our sample. Symbols are the same as
the plot above.
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velocity (i.e. czmember − czgroup) weighted position plots (Figs. 3.3(d) - 3.6(d)).

The δi and velocity histograms provide an estimate on the amount of sub-

structure and the dynamical state of the groups. The δi histogram gives an

overall view of the kinematic deviations and the velocity histogram can be used

to identify non-Gaussian features, such as multiple peaks. In order to look for

local regions of substructure, one must look at both the ‘bubble-plot’ and ve-

locity weighted position plots in Figs. 3.3 - 3.6. The ‘bubble-plots’ allow for the

visual identification of candidate regions of local substructure. Since the size of

the symbols in the ‘bubble-plot’ scales with a galaxy’s δi value, large symbols

correspond to strong local kinematic deviations from the global values. Thus, a

collection of neighbouring galaxies with similarly large symbols, such as region

A in Fig. 3.5(c), could indicate a kinematically distinct system. In order to

confirm that these candidate regions are truly distinct, one must check that the

candidate substructure galaxies also have similar velocities, since the sign or

direction of the galaxy velocity is not taken into account in the DS Test (Equa-

tion 3.1). To determine this, we look at the group-centric velocity weighted

position plot to see if the candidate local substructure galaxies have similar

velocities. In Figs. 3.3(d) to 3.6(d) the red symbols correspond to positive

group-centric velocities (i.e. czmember − czgroup > 0), blue symbols correspond

to negative group-centric velocities (i.e. czmember− czgroup < 0) and the symbol

size scales with the magnitude of the velocity offset. We only identify galaxies

as part of local substructure if neighbouring galaxies have similar large kine-

matic deviations, shown in the ‘bubble-plots’ and similar group-centric radial

velocities, shown in the weighted position plots.

We will now discuss each of the four GEEC Groups with substructure

in detail. Using the methodology described above, we search for candidate

local regions of substructure in our sample. GEEC Group 25 (Fig. 3.3) has

a collection of five galaxies, just south-east of the group centre, that all have

high δi values and comparable velocities. Similarly in GEEC Group 208 there

are seven galaxies that lie south-west of the group centre, with equally high

δi values (Fig. 3.4(c)). Though, when we look at these same galaxies in the

velocity weighted position plot (Fig. 3.4(d)), only five of these seven galaxies

have comparable radial velocities. This result highlights the importance of

looking at both the ‘bubble-plot’ and velocity weighted positions plots, as
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Figure 3.3: GEEC Group 25. (a): δi histogram. (b): Histogram of the
velocity distribution, where the dashed-line indicates the best fitting Gaus-
sian velocity dispersion. (c): Dressler & Shectman (1988) ‘bubble-plot’ where
the galaxy symbols scale with exp(δi). (d): Position plot where the galaxy
symbols scale with group-centric velocity (i.e. exp (czmember − czgroup) /350),
blue symbols correspond to galaxies with negative group-centric velocities (i.e.
czmember − czgroup < 0) and red symbols correspond to galaxies with positive
group-centric velocities (i.e. czmember − czgroup > 0).
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Figure 3.4: Same as Fig. 3.3 but for GEEC Group 208 and the velocity
weighted plot now scales as exp (czmember − czgroup) /400.
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Figure 3.5: Same as Fig. 3.3 but for GEEC Group 226 and the velocity
weighted plot now scales as exp (czmember − czgroup) /600. The dotted box en-
compasses the first identified region of local substructure (region A) and the
long dashed box encompasses the second region of local substructure (region
B).
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Figure 3.6: Same as Fig. 3.3 but for GEEC Group 320.
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galaxies with large kinematic deviations may be correlated in position-space,

but not in velocity-space.

In Fig. 3.5, we show the substructure analysis plots for GEEC Group 226

and from the ‘bubble-plot’ we see that there are two possibly distinct regions

of localized substructure. The first region lies directly north-east of the group

centre (region A in Fig. 3.5(c)) and includes the galaxy with the highest δi

value. All of the members within this given substructure have similar radial

velocities (Fig. 3.5(d)). The second region of interest contains eleven galaxies

that lie in the very north-east corner of the ‘bubble-plot’ (region B in Fig.

3.5(c)). Again, all of the galaxies within this particular substructure have sim-

ilar group-centric velocities, though in the opposite direction of the members

in region A.

From the ‘bubble-plot’ of GEEC Group 320 (Fig. 3.6(c)), we see two possi-

ble regions of substructure; one just north-west of centre and another further

south-west of centre. The structure near the group centre does not appear to

be very localized, as the velocities, though in the same direction, have signifi-

cantly different magnitudes (Fig. 3.6(d)). The second region of high δi values

may actually be two separate structures. The velocity weighted position plot

in Fig. 3.6(d) reveals that three of the galaxies in the structure have similar

negative group-centric velocities (i.e. czmember−czgroup < 0) and two have sim-

ilar positive velocities (i.e. czmember − czgroup > 0). Therefore, we identify the

collection of three galaxies, with the negative group-centric radial velocities,

as the best candidate of substructure within this system.

In each of the GEEC groups with substructure, it appears that our iden-

tified regions of localized substructure lie on the outskirts or edges of the

group, and may either be infalling onto a pre-existing system or in the nearby

large scale structure, but not necessarily bound or infalling. This result is in

agreement with similar studies of substructure in local groups (Zabludoff &

Mulchaey, 1998a) and clusters (West & Bothun, 1990).

It should also be noted that although the DS Test has been shown to be re-

liable for group-sized systems, the number of members within the substructure

can affect the results of the statistic. As discussed in Section 3.2.2, and shown

in more detail in the Appendix, fewer(more) true members of substructure can

increase(decrease) the rate of false negatives. However, we also show that the
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rate of false positives is consistently low for all of our mock groups (see Section

3.2.2). Thus, any detection of substructure in these systems is likely to be real.

3.3.4 Is the localized substructure gravitationally bound

to the group?

The local regions of substructure we detect lie on the group outskirts and are

possibly bound and infalling, or not bound, but close in large scale structure.

In order to help distinguish between these two possibilities, we apply a simple

bound test to estimate whether or not the regions of localized substructure

are gravitationally bound to the host group. This is done by computing the

limits for bound systems, using a variation of the virial theorem as discussed

in Beers et al. (1982), and determining if the substructure falls within these

limits. Beers et al. (1982) state that for a two-body system on a linear orbit,

the Newtonian limit for gravitational binding, projected onto the sky is given

by

V 2
r Rp ≤ 2GM sin2 α cosα, (3.5)

where,

Vr = V sinα, Rp = R cosα, (3.6)

and where α is the angle between the line joining the two-body system and

the plane of the sky (see Fig. 7 of Beers et al., 1982), M is the total mass of

the entire system (substructure plus host group), and R and V are the true

(3-dimensional) positional and velocity separations between the two objects.

Vr is the line-of-sight relative velocity between the two bodies and Rp is the

projected separation, both of which are measurable quantities.

The unknown quantity in Equation 3.5 is the projection angle α. Thus,

to compute the limit between bound and unbound systems, one must work in

α − Vr space to determine the probability that the system is gravitationally

bound for any given projection angle. This is achieved by setting 0◦ ≤ α ≤ 90◦

and solving for Vr in Equation 3.5, producing a distinct line in α − Vr space

that clearly separates bound and unbound solutions (Fig. 3.7). One can then

compute the probability of a bound solution, for a given projection angle, using

the α− Vr plot.
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Figure 3.7: α − Vr plot for GEEC Groups (a) 25, (b) 208, (c) region A and
the host group of 226, (d) region B and the host group of 226 (d) and (e)
320 . The unshaded regions correspond to bound solutions and shaded regions
correspond to unbound solutions of the virial theorem given by Equation 3.5.
The solid line corresponds to the measured value of Vr (i.e. the line-of-sight
velocity difference between the substructure and host group centres). The
dashed lines correspond to one-sigma deviations, taken to be the errors on the
intrinsic velocity dispersion.
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To apply this methodology to our group sample, we treat our identified

regions of local substructure as one-body and the remaining galaxies as the

second-body, which we refer to as the ‘host’ group. The total mass of the

system is taken to be the virial mass, M200 (i.e. the total mass within a radius

that encloses a mean density of 200 times the critical density of the Universe

at the redshift of the galaxy), of the GEEC Groups as computed in Balogh

et al. (2009) and given by

M200 =
33/2σ3

G

1

10H0 (1 + z)1.5 , (3.7)

where σ is the measured intrinsic velocity dispersion. The measured Vr

and Rp values are taken to be the distance between the R-band luminosity-

weighted centres of the local substructure and the ‘host’ group centre, along

the line-of-sight (Vr) and projected on the sky (Rp).

In Fig. 3.7, we plot the α− Vr plots for the five candidate regions of local

substructure, as discussed in Section 3.3.3. The shaded regions indicate the

areas spanned by unbound solutions, as given by Equation 3.5, the solid black

vertical line is the measured value of Vr, and the long-short dashed vertical

lines indicate one sigma deviations, taken to be the intrinsic velocity dispersion

error.

Using the methodology described above and Fig. 3.7, we conclude that the

identified local substructures in GEEC Groups 25 and 226 are not bound to

the host group, while for GEEC Groups 208 and 320 the detected substructure

is likely bound to the host group.

3.3.5 Substructure within 1 Mpc of the Group Centroid

In the previous section we analyzed a subset of 15 GEEC groups, with nmembers ≥
20, without applying any radial cuts. Here we apply a 1.0 Mpc cut, which is

the suggested maximum virial radius for groups (Mamon, 2007), on the same

subset of groups and re-apply the DS Test. Applying this radial cut, while

still requiring a minimum number of 20 member galaxies, reduces our sample

from 15 to 5 groups (GEEC Groups 110, 138, 226, 308 and 346). With this

radial cut, we find that all 5 groups are identified as not having substructure
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Table 3.4: Groups properties and DS statistics values for the GEEC Groups
with a 1.0 Mpc radius cut

GEEC Group ID namembers ν σint P -value
km s−1 km s−1

110 26 -15.3 350 0.403
138 23 -226 730 0.792
226 25 -174 847 0.110
308 25 2.52 512 0.507
346 26 -80.4 434 0.128
aGroup membership after the 1.0 Mpc radius cut

(see Table 3.4) according to the DS Test. The only group that was previously

identified as having substructure, prior to the 1.0 Mpc cut, is GEEC Group

226. In Fig. 3.5, it is evident that although there are galaxies with relatively

high δi values close to the group centre, the members with the highest δi val-

ues lie near the edge of the group. In fact the most significant feature in the

‘bubble-plot’ (Fig. 3.5) is on the top-right corner of the plot, far from the group

centre.

If we include all of the groups with nmembers ≥ 10 after a 1.0 Mpc radial cut,

we find that 2 out 33 groups (∼6 per cent) of our sample contains significant

substructure. Again, we note that for systems with fewer than 20 members,

the DS Test can only provide a lower limit on the amount of substructure

present.

3.4 Correlations between Substructure and

Other Indicators of Dynamical State

Having identified the GEEC groups that contain substructure, we can also

look at other dynamical properties, i.e. the velocity distributions and velocity

dispersion profiles (VDPs), to determine if there are any correlations with

substructure.
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3.4.1 Comparison with the Dynamical Classification of

Velocity Distribution

If a correlation does exist between substructure and recent galaxy accretion,

one would expect that the groups with substructure should also be dynam-

ically complex, with perhaps non-Gaussian velocity distributions. In Hou

et al. (2009), we established a classification scheme to distinguish between

dynamically relaxed and complex groups. Using the Anderson-Darling (AD)

goodness-of-fit test, we are able to determine how much a system’s velocity

distribution deviates from Gaussian. This is done by comparing the cumula-

tive distribution function (CDF) of the ordered data, which in our case is the

observed velocity distribution, to the model Gaussian empirical distribution

function (EDF) using computing formulas given in D’Agostino & Stephens

(1986). The AD statistic is then converted into a probability, or P -value, us-

ing results determined via Monte Carlo methods in Nelson (1998). A system

is then considered to have a non-Gaussian velocity distribution if its computed

P -value is less then 0.01 corresponding to a 99 per cent c.l.

We now apply this scheme to our sample of 15 GEEC groups, with nmembers ≥
20 and no radial cut, to compare the dynamical state with the detection of

substructure3. The results of our dynamical classification scheme indicate that

8 of the 15 groups are classified as having non-Gaussian velocity distributions,

at the 99 per cent c.l., and are thus dynamically complex (see Tables 3.2 and

3.3). Of the four GEEC groups with substructure only GEEC Group 320

shows a velocity distribution consistent with being Gaussian. Five groups,

GEEC Groups 4, 38, 138, 238, and 346, are identified as being dynamically

complex, but do not contain any substructure according to the DS Test.

Pinkney et al. (1996) found that different statistical tools (i.e. 1-D, 2-D and

3-D tests) probe the dynamical state of a system at varying epochs. Using N -

body simulations, these authors determined that 1-D tests, such as the AD Test

are most sensitive to scenarios when substructure passes through the core of

the host group (i.e. core-crossing). During this time substructure can become

spatially mixed within the host group, and if the substructure is loosely bound

3The dynamical classifications in this paper differ from those in Hou et al. (2009). The
reason for this difference is that in Hou et al. (2009) we applied a 1.0 Mpc radius cut to the
GEEC groups, whereas no radial cut is applied in this analysis.
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then it may be difficult to detect with 3-D tests, such as the DS Test. Thus,

groups with non-Gaussian velocity distributions may contain substructure that

is missed by the DS Test.

3.4.2 Comparison with the Velocity Dispersion Profiles

In a study of the VDPs of galaxy clusters, Menci & Fusco-Femiano (1996)

found a correlation between the efficiency of merger activity in the cluster core

and the shape of the VDP, where actively interacting systems had strongly

rising profiles. We presented a similar correlation for galaxy groups in Hou

et al. (2009), where we found that groups classified as dynamically complex

(i.e. non-Gaussian velocity distributions) also had rising VDPs. We now look

at the VDPs of the current GEEC group sample to see if there is a similar

relationship between the shape of the profile and the detection of substructure.

The VDPs are computed following the method outlined in Bergond et al.

(2006). Unlike traditional methods of computing binned projected velocity

dispersions this technique generates a smoothed VDP. This is done by using

a ‘moving window’ prescription, which takes into account the contribution of

every radial velocity measurement at each computed radius. The values are

binned with an exponentially weighted moving window given by

wi(R) =
1

σR
exp

[
(R−Ri)

2

2σ2
R

]
(3.8)

where σR is the width of the window, which can be constant or a function of

radius R, and the Ri’s are the radial positions of the members of the system.

The projected velocity dispersions are then defined as:

σp(R) =

√∑
iwi(R)(xi − x̄)2∑

iwi(R)
(3.9)

where the xi’s are the radial velocities and x̄ is the mean velocity of the system.

We compute VDPs for our GEEC group sample and the profiles are shown

in Fig. 3.8 using a widow width, σR, equal to one-third the maximum group

radius. It should be noted that the projected velocity dispersions do not in-

clude any redshift or instrumental error corrections, so the intrinsic dispersion
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values (Tables 3.2 and 3.3) are generally lower than the projected velocity

dispersions.

Comparing the profiles of the groups with and without substructure, we

find that all four GEEC groups identified as having substructure (Groups 25,

208, 226 and 320) also have strongly rising profiles. In contrast, almost all of

the groups with no detected substructure, with the exception of GEEC Group

362, either have flat or generally decreasing VDPs, within the intrinsic velocity

dispersion error. See Tables 3.2 and 3.3 for a description of the shape of the

VDP for each GEEC group. Thus, we do indeed observe a correlation between

detectable substructure and rising VDPs. As previously mentioned, studies of

rich galaxy clusters suggest that a strongly increasing profile may be a signa-

ture of merger activity or galaxy interactions (Menci & Fusco-Femiano, 1996),

but an alternative explanation of rising VDPs is the presence of subclumps

with different mean velocities (Girardi et al., 1996; Barrena et al., 2007). In

our case, it is likely that the increasing profile is being caused by the kinemat-

ically distinct substructure, which has a different mean velocity from the host

group.
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(a) (c) (d)

(e) (f) (g)

(j) (k)

(m) (n) (o)

Figure 3.8: Velocity dispersion profiles (VDPs) for the GEEC Groups with
n ≥ 20: panel (a) Group 4, (b) Group 25, (c) Group 38, (d) Group 104, (e)
Group 110, (f) Group 117, (g) Group 138, (h) Group 208, (i) Group 226, (j)
Group 238, (k) Group 308, (l) Group 320, (m) Group 334, (n) Group 346 and
(o) Group 362. The plots with asterisks in the top-left corner indicate groups
that have been identified as having significant substructure. The intrinsic
velocity dispersions, with errors, for each group can be found in Tables 3.2
and 3.3.
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3.5 Correlations between Substructure and

Galaxy Properties

Thus far, we have looked at possible correlations between substructure and

other indicators of the dynamical state of a system. We now compare prop-

erties of the member galaxies to see if there are any differences between the

galaxies in groups with and without substructure.

3.5.1 Substructure and Colour

In the following analysis we compare the 0.4(g−r) colours, which have been cor-

rected for galactic extinction and k-corrected to a redshift of z = 0.4 (Balogh

et al., 2009), and blue fractions, fb, for the groups with and without substruc-

ture.

In addition to extinction and k-corrections, we also apply a completeness

correction to address the differing spectroscopic coverage. We apply magnitude

weights that depend on whether the group had follow-up spectroscopy. The

weights we apply are similar to those derived in Wilman et al. (2005), except we

do not include any radial weights. We compute weights in r-band magnitude

bins of 0.25, and up to a limit of r = 22.0, which is the limit of the unbiased

Magellan spectroscopy. These weights are then applied to all of the member

galaxies in our sample.

In Fig. 3.9 we show the completeness weighted 0.4(g − r)-histograms for

the galaxies, with r < 22.0, in groups with substructure (solid line) and for

those in groups with no detected substructure (dashed line). From this figure,

it is clear that both histograms are bimodal with a distinct red sequence and

blue cloud. Although both colour distributions have the expected bimodal

shape, it is obvious that galaxies in the groups with and without substructure

come from very different parent colour distributions. The groups with no

identified substructure have a well populated red sequence, while the groups

with substructure appear to have a much more dominant blue cloud. Results

from a two-sample Kolmogorov-Smirnov (KS) Test on the unbinned 0.4(g− r)
distributions show that these two samples are distinct at the 99 per cent c.l.

We also plot colour distributions of the groups with and without substruc-
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Figure 3.9: Left: 0.4(g − r) colour histograms for the GEEC groups with sub-
structure (solid line), which has be normalized to match the number count
of the groups with no substructure and for the GEEC groups with no de-
tectable substructure (dashed line). Both histograms have r-band magnitude
based weights which have been computed to take into account the differing
spectroscopic coverage between the original CNOC2 survey and the follow-up
Magellan survey. Right: Same as figure on the left, expect a 1.0 Mpc radial
cut has been applied to all groups in the sample.

ture with a 1.0 Mpc radial cut applied to all groups in our sample (Fig. 3.9:

right). Although, the blue cloud for the groups with substructure in less pop-

ulated when a radial cut is applied, it is still more populated than the groups

without substructure and the two distributions are still statistically distinct.

This result indicates that the increase in blue galaxies in the groups with sub-

structure is not only coming from galaxies at radii greater than 1.0 Mpc. Our

findings are similar to those of Ribeiro et al. (2010) who showed that there are

many more red galaxies in dynamically evolved group systems, even out to 4

virial radii.

To obtain a more quantitative comparison we compute the fraction of blue

galaxies within each sample. We take a multi-stage approach to determine the

appropriate colour cut needed to distinguish between the red sequence and

blue cloud. First, we apply an initial colour cut of 0.4(g − r) = 1.2, based on

the minimum value in the colour distribution of all the member galaxies in our

sample, shown in Fig. 3.10. We then determine a linear fit to all of the galaxies

with 0.4(g−r) > 1.2 and set the colour cut to be one standard deviation below
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Figure 3.10: Left: Weighted 0.4(g − r) histogram of all the member galaxies
in our group sample. Right: 0.4(g − r) versus r colour-magnitude diagram of
all the galaxies in our sample, with no completeness correction. The solid line
indicates the colour cut used to distinguish between the red sequence and the
blue cloud.

the fit to the red sequence. The final colour cut is determined to be

0.4(g − r) = −0.0236(0.4r) + 1.810, (3.10)

and is represented by the solid line in the colour-magnitude diagram shown in

Fig. 3.10.

The blue fraction, fb, is then computed as the ratio of galaxies with 0.4(g−r)
values that fall below Equation 3.10 to the total number of galaxies in the

sample. The error in the blue fraction is computed using confidence intervals

(CIs) derived from the beta distribution (Cameron, 2010). This method has

been shown to more accurately determine CIs, especially for small samples,

over traditional methods such as Poisson errors, which systematically under-

estimates the width of the CIs. We find that fb = 41±3
4 per cent for the groups

without substructure and fb = 69±4
6 per cent for the groups with substructure.

Thus, the groups with substructure have a significantly higher blue fraction,

which is clear in the 0.4(g − r)-histograms of Fig. 3.9. We note that although

these blue fractions are derived from weighted colour distributions, they are in

agreement with the unweighted values,4 suggesting that the applied magnitude

4fb = 44 ± 4 per cent for the groups without substructure and fb = 68±5
6 per cent for
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weights do not affect the observed differences in colour.

In addition, we also compare the blue fractions of the individual galaxies

identified as being part of the local substructure (see Section 3.3.3) to the other

members of the group. We find that for the galaxies in the identified regions

of localized substructure, fb ' 74±8
10 per cent, and for the galaxies not in the

substructure, fb ' 50±3
4 per cent. This suggests that the observed increase in

the blue fraction of groups with substructure is being enhanced by the galaxies

in the identified regions of local substructure.

We now compare our groups with substructure sample to a sample of in-

termediate redshift field galaxies. In Fig. 3.11 we reproduce the 0.4(g − r)-

histogram for the field galaxies in Fig. 6 of Balogh et al. (2009) (dashed line),

summing up all of the counts in each of the quoted MKs bins in order to get

the total colour distribution5. We also over-plot the colour histogram for the

galaxies in groups with substructure, except we now apply an Mi magnitude

cut in order to match the MKs range used in Balogh et al. (2009). Both the

field galaxies in the Balogh et al. (2009) sample and the galaxies in our groups

with substructure lack a prominent red sequence, and have well populated blue

clouds. Despite subtle differences in the two colour histograms, a two-sample

KS Test shows that the 0.4(g − r) colours of the field galaxies and groups

with substructure galaxies very likely come from the same parent distribution

(P -value = 0.67).

Our blue fractions can be compared to those computed in the zCOSMOS

survey, where Iovino & et al. (2010) determined the blue fractions of isolated

and group galaxies at various redshifts in their sample. At a redshift of z = 0.4,

Iovino & et al. (2010) found fb ∼ 70 per cent for isolated galaxies and fb ∼ 45

per cent for group galaxies6. From these results it is clear that our observed

blue fraction of 69 per cent for the galaxies in groups with substructure is signif-

icantly higher than the observed zCOSMOS group sample, but is in agreement

with their field sample. On other hand, the fb values for our GEEC groups

the groups with substructure
5It should be noted that although only a fraction of our sample actually have measured

MKs values, those that do span the entire range of magnitudes quoted in Fig. 6 of Balogh
et al. (2009)

6We look at the Sample II of Iovino & et al. (2010), as this is the data-set that corresponds
best to our GEEC sample.
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Figure 3.11: 0.4(g − r) colour histograms for the GEEC groups with substruc-
ture (solid line) and for all of field galaxies in the GEEC groups found in Fig.
6 of Balogh et al. (2009) (dashed line). It should be noted that the colour
distribution for the field galaxies is a sum of all the counts in each magnitude
bin of Fig. 6 of Balogh et al. (2009), since our group galaxy sample covers the
entire magnitude range. In addition, the group sample has been normalized
to match the number count of the field sample.

140



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

with no substructure roughly agree with the zCOSMOS group sample.

3.5.2 Substructure as a Function of Colour, Stellar Mass

and Star Formation Rates

In the previous sections we compared the 0.4(g − r) colours of the galaxies in

groups with substructure to those in groups with no detected substructure.

Here we again compare the colours of the member galaxies but now as a

function of stellar mass and specific star formation rate (defined as the ratio of

the star formation rate to the stellar mass - SSFR). Additionally, we compare

the SSFR distributions of the galaxies in groups with and without substructure.

It should be noted that since only 3 of the 4 original CNOC2 fields were

targeted with GALEX, the sample used in the following analysis contains

fewer galaxies than used in the colour analysis of Section 3.4.3. In our sample

of 15 (nmembers ≥ 20) GEEC groups, 275 group galaxies have measured SFRs,

stellar masses and colours, while 401 group members have well determined

colours.

The stellar masses and star formation rates (SFRs) for the GEEC sam-

ple were obtained from spectral energy distribution (SED) template-fitting to

all of the available photometry. Detailed discussion of the methodology is

presented in McGee et al. (2011), but we give a brief summary here. The pho-

tometry used in the SED-fitting process typically included photometry in the

K, i, r, g, u, NUV and FUV bands (see Balogh et al., 2009, for details of the

GEEC photometry). The observed photometry was then compared to a large

grid of model SEDs constructed using the Bruzual & Charlot (2003) stellar

population synthesis code and assuming a Chabrier initial mass function. Fol-

lowing the methodology of Salim & et al. (2007), McGee et al. (2011) created

a grid of models that uniformly sampled the allowed parameters of formation

time, galaxy metallicity, and the two-component dust model of Charlot & Fall

(2000). The star formation history was modelled as an exponentially declin-

ing base rate with random bursts of star formation of varying duration and

relative strength. The model magnitudes were obtained by convolving these

model SEDs with the observed photometric bandpasses at nine redshifts be-

tween 0.25 and 0.60. χ2-minimization was then performed by summing over
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all of the models and taking into account the observed uncertainty on each

point. The one sigma uncertainties in stellar mass, when compared to both

mock groups and other independent estimates, are on the order of 0.15 dex

and the SFRs have been averaged over the last 100 Myr (McGee et al., 2011).

It should be noted that there may be additional systematic uncertainties due

to, for example, the Initial Mass Function assumed in the fitting procedure.

In Fig. 3.12 we show 0.4(g−r) versus stellar mass for the field galaxies (black

dots), galaxies in groups with substructure (closed blue circles), galaxies in

groups with no identified substructure (closed magenta circles) and the galaxies

identified as being part of local substructure (open green squares). The dotted

red vertical line in Fig. 3.12 represents the stellar mass limit of 1.4 ×1010M� at

the median redshift (z ∼ 0.3) in the GEEC group sample (McGee et al., 2011).

It should be noted that this stellar mass limit shifts to lower(higher) masses for

groups at lower(higher) redshifts. From Fig. 3.12, it is clear that the galaxies in

groups with substructure lie preferentially along the blue cloud, as discussed in

Section 3.4.3, but we also see that these galaxies span a similar mass range as

the galaxies in groups with no identified substructure. A two-sample KS Test

of the stellar mass distributions of the galaxies with and without substructure

shows that the two distributions likely come from the same parent distribution

(P -value = 0.55). The similar stellar mass distribution of the two populations

tells us that the DS Test does not simply detect substructure in groups which

are probed further down the stellar mass function.

Now we examine the SSFRs for groups with and without substructure.

Following McGee et al. (2011), we define actively star-forming galaxies to

have log10(SFFR) > −11 and the fraction of actively star-forming galaxies to

be factive = nactively star-forming galaxies/ntotal. We find that for galaxies in groups

with substructure factive = 63 ± 8 per cent and for groups with no detected

substructure factive = 49±6
5 per cent. These active fractions agree with the

blue fractions found in Section 3.5.1.

Both blue and active fractions are used as independent indicators of qui-

escent versus actively star-forming galaxies. However, colour and SSFR probe

significantly different timescales, and might be telling us something different

about the star formation history of galaxies. For instance, a dust enshrouded

star-forming galaxy would be classified as ‘red’, and therefore quiescent, based
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Figure 3.12: 0.4(g− r) versus stellar mass for field galaxies (black dots), galax-
ies in groups with substructure (blue circles), galaxies in groups with no sub-
structure (magenta circles) and galaxies identified as part of localized sub-
structure (green squares). The red dotted line indicates the stellar mass limit
(Mstellar = 1.4× 1010M�) at median redshift (z ∼ 0.3) of the GEEC sample.
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on colour but would be classified as actively star-forming based on SSFR.

A better approach is to look at colour and SSFR simultaneously (Weinmann

et al., 2006). We follow this approach in Fig. 3.13 where we plot 0.4(g−r) versus

SSFR for all the galaxies in our sample (top) and with a Mstellar > 1.4×1010M�

cut applied to the sample (bottom). The colour scheme is the same as in Fig.

3.12, except the red dotted line now corresponds to the division between ac-

tively star-forming and quiescent/passive galaxies. From Fig. 3.13, we can

see that there is a correlation between colour and SSFR with two well pop-

ulated regions of the plot that correspond to ‘red and passive’ and ‘blue and

active’ galaxies, where active refers strictly to actively star-forming galaxies.

In Table 3.5, we list the percentage of all galaxies in our sample that populate

each region of the colour-SSFR space in Fig. 3.13 with errors computed using

the methodology described in Cameron (2010). Similarly, Table 3.6 lists the

same information but for galaxies above the stellar mass completeness limit of

1.4× 1010M�. From these tables we see that the galaxies in groups with sub-

structure have significantly more blue and actively star-forming galaxies than

groups with no substructure, though slightly less than the fraction observed

in the field. This result indicates that environmentally driven mechanisms of

star-formation quenching are not as efficient in groups with observed substruc-

ture. We note that although the percentages within each region of colour-SSFR

space differ between the whole versus stellar mass limited sample, the general

trends remain the same. Since the mass-selected sample only includes galaxies

with the highest stellar masses, we expect a decrease in the ‘blue and active’

region due to stellar mass trends (i.e. higher mass galaxies are preferentially

more red and passive: Iovino & et al., 2010; Peng & et al., 2010).

While the majority of galaxies are either ‘red and passive’ or ‘blue and

active’, a non-negligible fraction appear to lie in the other two regions of Fig.

3.13. Even if we take into account the small uncertainties in colour (typically

0.02 mags) and the uncertainties in SSFR (McGee et al., 2011, quote one

sigma errors on the order of 0.25 dex), a measurable fraction of galaxies still

remain in these two regions. From Table 3.5, we see that ∼9 per cent of

all galaxies in the field and group samples reside in the ‘blue and passive’

region. This value is higher than the ∼1.1 per cent observed by Weinmann

et al. (2006), though appears similar to the results of Lara-López et al. (2010).
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Figure 3.13: Top: 0.4(g − r) versus specific star formation rate (SSFR) for
field galaxies (black dots), galaxies in groups with substructure (blue circles),
galaxies in groups with no substructure (magenta circles) and galaxies identi-
fied as part of localized substructure (green squares). The red dotted line at
log10(SFFR) yr−1 indicates the division between active (log10(SFFR) > −11
yr−1) and passive (log10(SFFR) < −11 yr−1) galaxies determined in McGee
et al. (2011). Bottom: Same as figure on the left except with a Mstellar >
1.4× 1010M� stellar mass cut applied.
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Note that both these results are based on SDSS galaxies. Although we do

observe a substantial population of ‘blue and passive’ galaxies in Fig. 3.13, we

acknowledge that obtaining accurate measures of SSFR for galaxies with low

SFRs is notoriously difficult. As discussed in McGee et al. (2011) the errors in

the measured SSFRs increase for galaxies with lower values and some of these

galaxies may have underestimated SSFRs.

The final region of the 0.4(g− r)-SSFR plot in Fig. 3.13 corresponds to ‘red

and active’ galaxies. While this population is negligible for the groups with

substructure sample and small for the field sample (see Table 3.5), it contains

∼11±4
3 per cent of the galaxies in the groups with no detected substructure and

∼14±6
4 for the stellar mass limited sample. Although this population may be

a result of dusty star-forming galaxies or edge-on discs with strong extinction,

it seems unlikely that these galaxies would preferentially be found in groups

with no substructure. An alternative explanation is that this population could

be the ‘transition’ galaxies observed by Wolf (2009). These galaxies are still

star-forming but at a lower rate (∼4 times) than the field and have more

obscured star formation resulting in weak optical signatures (i.e. not blue).

A population of ‘transition’ galaxies could explain why there are more ‘red

and active’ galaxies in groups with no substructure, as a relaxed system could

contain galaxies that are being quenched but have not had their star formation

completely cut off.

3.5.3 Implications of the Observed Properties of Groups

with Substructure

The field-like colour distribution of the groups with substructure and the fact

that the substructure galaxies are found in the group outskirts may have im-

plications for the nature of environmental effects in galaxy evolution. It is well

known that the properties of galaxies depend, at least in some part, on their

local environment (Postman & Geller, 1984; Dressler et al., 1997). Galaxies

that reside in dense environments, such as groups or clusters, generally expe-

rience some form of star-formation attenuation due to processes such as ram

pressure stripping (Gunn & Gott, 1972; Abadi et al., 1999; Quilis et al., 2000),

strangulation (Larson et al., 1980; Balogh et al., 2000; Kawata & Mulchaey,

146



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

Table 3.5: Percentage of all galaxies in our sample within a given region of
0.4(g − r) versus SSFR space

0.4(g − r)-SSFR Galaxies in groups Galaxies in groups with Field galaxies
region with substructure no substructure

red and passivea 28± 6 42±5
6 17± 1

red and activeb 3±3
2 11±4

3 4± 1
blue and passive 9±4

3 9±4
3 9±2

1

blue and active 60±7
6 38±6

5 70±2
1

aPassive denotes quiescent galaxies with log10(SFFR) < −11 yr−1

bActive refers to actively star-forming galaxies with log10(SFFR) > −11 yr−1

Table 3.6: Same as Table 3.5 except for galaxies above the stellar mass com-
pleteness limit of Mstellar > 1.4× 1010M�

0.4(g − r)-SSFR Galaxies in groups Galaxies in groups with Field galaxies
region with substructure no substructure

red and passive 42± 8 57± 7 33± 2
red and active 4±5

2 14±6
4 8± 1

blue and passive 13±7
4 8±5

3 11± 1
blue and active 41±8

7 21±6
5 48± 2

2008) or mergers and interactions (Toomre & Toomre, 1972; Brough et al.,

2006). However, the precise details of the galaxy transformation process (i.e.

exactly when and where quenching occurs, which mechanisms dominate in the

different environment, etc.) are still unclear.

Our substructure analysis in the GEEC groups suggests that the identified

local substructure in our sample, which in some cases appears to be infalling, do

not feel any strong environmental effects from the host group. The observed

colours and SSFR’s of the galaxies in groups with substructure are signifi-

cantly more blue, active and remarkably field-like when compared to galaxies

in groups with no substructure. This suggests that an enhanced fraction of

red galaxies - either/both via the suppression of star formation or/and dust

obscuration - only happens in relaxed groups with no detected substructure.

Thus, any environmental effects felt by infalling substructure galaxies do not

likely occur until well inside the group potential.

Recent studies of star-formation as a function of group- or cluster-centric

radius have produced conflicting results with regards to the radius at which
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environmental effects become observable. Similar to our results, Wetzel et al.

(2011) conclude that galaxies do not show suppressed star formation outside

the virial radius. In contrast, von der Linden et al. (2010) state that suppressed

star formation could be detected in SDSS clusters out to ∼ several virial radii.

Such differences are likely sensitive to group or cluster finding algorithms as

well as membership assignment.

In a study of the effects of environment on the colours of galaxies in the

SDSS survey, Wilman et al. (2010) take a different approach to classifying

environment. Rather than using a catalog derived from a group-finding al-

gorithm, these authors parametrize the environment using non-overlapping

annular measurements of density on independent scales, allowing for compari-

son of environmental effects at various radii. Based on their analysis, Wilman

et al. (2010) concluded that the fraction of red galaxies correlated with local

density only up to scales of ∼1 Mpc, which is similar to our results, as well as

those of Wetzel et al. (2011). Though numerous and independent analyses of

environmental effects on galaxy evolution seem to indicate that star-formation

truncation does not occur until galaxies are well-inside the group/cluster po-

tential, there are studies that suggest the contrary. Clearly more work, both

observational and theoretical, is needed to better understand when and where

environmental effects become observable.

3.6 Conclusions

We have studied the Dressler-Shectman Test for substructure to determine

the sensitivity and reliability of this test for group-sized systems. Using mock

groups with and without substructure, generated using Monte Carlo methods,

we find that the DS Test can reliably be applied to groups with more than

20 members, if the probabilities, or P -value, method is used with a high

confidence level of 99 or 95 per cent. We also find that for groups with 10 ≤
nmembers < 20, the DS Test cannot detect all of the substructure within a

system, but it can be used to determine a reliable lower limit on the amount

of substructure.

Of the 15 rich GEEC groups, with a velocity dispersion range of ∼260-

950 km s−1 and 20 < nmembers < 90, we find that 4 groups are identified
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as having significant substructure. Further analysis indicates that 2 of these

systems, GEEC Groups 208 and 320, likely have gravitationally bound local

substructure that lies on the group outskirts and could be accreting onto the

system.

We then looked at various dynamical and galaxy properties to search for

correlations with the presence of substructure. The main results of this analysis

are;

1. The majority of groups with detected substructure also have non-Gaussian

velocity distributions;

2. The shape of a group’s velocity dispersion profile (VDP) correlates with

the detection of substructure, where GEEC groups with substructure

have rising profiles;

3. The 0.4(g − r) colour distributions of the groups with and without sub-

structure are found to be significantly different, and the colour distribu-

tion for the galaxies in groups with substructure is similar to the field

distribution;

4. Groups with substructure have a significantly higher fraction of blue

galaxies, as do the galaxies within identified regions of localized sub-

structure;

5. Groups with substructure have a larger fraction of actively star-forming

galaxies (log10(SFFR) > −11 yr−1), when compared to groups with no

identified substructure;

6. There is a measurable fraction of galaxies that populate the ‘red and

active’ region of 0.4(g − r)-SSFR space and we find that this fraction is

significantly higher in groups with no substructure for both the whole

and stellar mass limited samples.

In conclusion, we find that a considerable fraction of intermediate redshift

galaxy groups contain significant substructure, which suggests that like mas-

sive clusters, groups grow hierarchically through the accretion of smaller struc-

tures. The field-like colour distribution and measured SSFRs of the galaxies
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in groups with substructure, combined with the location of the substructure,

suggests that these galaxies are not experiencing any form of environment-

related star-formation quenching. To fully understand the results presented

here within the context of galaxy evolution will require the use of sophisti-

cated modelling. To this end we plan to duplicate this analysis on a sample

of semi-analytic groups obtained from GALFORM simulations (Bower et al.,

2006) and compare these with our observational results. With this we hope to

be able to better understand the nature of substructure identified by the DS

Test.
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3.8 Appendices

3.8.1 False Negative Rates in More Detail

In Section 3.2.2.3, we presented the main results of the effects of changing

various input parameters in our mock groups. Here we present tables detailing

the specific false negative rates obtained and also discuss each free parameter

in detail. As discussed in Section 3.2.2.3, we determine the sensitivity of the

DS Test to each of the free parameters in our mock groups (σposition, εposition,

σredshift, εredshift, nsub and σhost) by beginning with a ‘base’ mock group (Table
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Table 3.7: False Negative Rates: Dependency on the Angular Size of the Input
Substructure (σposition)

σposition nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
Mpc
0.01a 1b 0 0 0
0.05 3 1 0 0
0.09 4 1 3 0
0.1 11 3 2 0
0.2 48 26 20 1
0.5 83 74 73 27

aThese mock groups have the following input parameters; εposition = 0.5 Mpc,
σredshift = 100 km s−1, εredshift = 1300 km s−1 and σhost values listed in Table

3.1. Only the σposition parameter is varied for these trials.
bValues quoted are the false negative rates, given as a percentage, obtained

for 100 trials with each set of inputs, using 100 000 mc shuffles.

3.1), which has a false negative rate of zero per cent. We then change only one

parameter at a time to ensure that any change in the false negative rate can

be directly attributed to the altered free parameter.

3.8.1.1 Angular Size of the Substructure (σposition)

In Table 3.7 we present the false negative rates (listed as a percentage) for

mock groups with nmember values of 10, 15, 20 and 50 as a function of projected

angular size on the sky (σposition). The first line in the table indicate the results

for our ‘base’ groups, which have P -values of either 0 or 1 per cent. We then

increase the value of σposition and from Table 3.7, we can see that the DS Test

reliably identifies substructure with a projected dispersion of up to 0.1 Mpc for

groups with 10 members, and as large as 0.1 Mpc for groups with more then

15 members. If we increase σposition to 0.2 Mpc, we find that for groups with

roughly 20 members or less, the false negative rates increases dramatically,

but still remain very low (1 per cent) for richer groups with 50 members. The

general conclusion from Table 3.7 is that the DS Test is not very sensitive to

the size of the substructure and that even for small groups it can identify real

substructure that is relatively large (∼ 0.1 Mpc).
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Table 3.8: False Negative Rates: Dependency on the Location of the Input
Substructure in Position Space (εposition)

εposition nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
Mpc

0.001a 7b 2 0 0
0.01 11 2 3 0
0.1 6 0 0 0
0.2 0 1 0 0
0.3 2 0 0 0
0.4 1 0 0 0
0.5 3 0 0 0
1.0 0 1 0 0

aThese mock groups have the following input parameters; σposition = 0.01
Mpc, σredshift = 100 km s−1, εredshift = 1300 km s−1 and σhost values listed in

Table 3.1. Only the εposition parameter is varied for these trials.
bValues quoted are the false negative rates, given as a percentage, obtained

for 100 trials with each set of inputs, using 100 000 mc shuffles.

3.8.1.2 Location of Substructure in Position Space (εposition)

In Table 3.8 we list the false negative rates for mock groups with nmember

values of 10, 15, 20 and 50 as a function of the projected radial distance of the

substructure with respect to the group centroid (εposition). It is clear from this

Table that the DS Test is quite insensitive to εposition. In other words, the test

can reliably identify substructure that is ‘close’ to the projected group centre,

and easily detects structure that lies on the group outskirts.

3.8.1.3 Velocity Dispersion of the Input Substructure (σredshift)

In Table 3.9 we list the false negative rates for mock groups with nmember

values of 10, 15, 20 and 50 as a function of the velocity dispersion of the input

substructure (σredshift). From Table 3.9 it is evident that the DS Test is also

insensitive to this parameter and can reliably detect substructure with a wide

range of velocity dispersions for all values of nmembers. Only for groups with a

fewer than 20 members and a very large dispersion value of 450 km s−1 do the

false negative rates go above 5 per cent.
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Table 3.9: False Negative Rates: Dependency on the Velocity Dispersion of
the Input Substructure (σredshift)

σredshift nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
km s−1

50a 0b 0 0 0
100 0 0 1 0
150 1 1 0 0
200 0 0 0 0
250 4 2 0 0
300 3 4 0 0
350 3 2 0 0
400 3 4 1 0
450 13 13 3 0

aThese mock groups have the following input parameters; σposition = 0.01
Mpc, εposition = 0.5 Mpc, εredshift = 1300 km s−1 and σhost values listed in

Table 3.1. Only the σredshift parameter is varied for these trials.
bValues quoted are the false negative rates, given as a percentage, obtained

for 100 trials with each set of inputs, using 100 000 mc shuffles.

3.8.1.4 Location of Substructure Along the Line-of-Sight (εredshift)

In Table 3.9 we list the false negative rates for mock groups with nmember

values of 10, 15, 20 and 50 as a function of the location of the substructure

along the line-of-sight (εredshift). This parameter is taken to be a displacement

(in km s−1) of the peak in the velocity distribution of the substructure with

respect to the peak of the host’s distribution. Unlike the previously discussed

parameters, the DS Test appears to be extremely sensitive to the location of

the substructure along the line-of-sight, or more specifically the separation

between the main groups velocity distribution and the substructure velocity

distributionty.

The first set of entries in Table 3.9 are the false negative rates from mock

groups with σhost values set to the average dispersion of observed GEEC groups

with similar group membership (Table 3.1). It is clear that if the peaks of the

host and substructure velocity distributions are close (< 300 km s−1), then the

DS Test cannot always identify real substructure. For groups with fewer than

∼ 20 members, the peaks must be at least 900 km s−1 apart in order for the

false negative rates to fall below 5 per cent.
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We also find that not only is the DS Test sensitive to the εredshift parameter,

but that the level of sensitivity is dependent on the number of members in the

host group. This is best seen by looking at the false negative rates listed in

the second set of values listed in Table 3.10, where we use a constant value of

σhost = 500 km s−1 for all values of nmembers. From this section of the table

we see that when the velocity distribution of the substructure is located at

1σhost, the false negative rates are 43, 49, 34 and 4 per cent for mock groups

with 10, 15, 20 and 50 members. At 2σhost the rates are 10 per cent for groups

with 10 and 15 members and 0 per cent for groups with 20 and 50 members.

This results indicates that for groups with fewer member galaxies, the velocity

distributions of the host and substructure must be very distinct in order for

the DS Test to detect substructure. Alternatively, groups with more than 20

members can have substructure galaxies with a velocity distribution embedded

within the host distribution and still be identified by the test.

3.8.1.5 Number of Members in the Input Substructure (nsub)

In Table 3.9 we list the false negative rates for mock groups with nmember

values of 10, 15, 20 and 50 as a function of the number of members in the

input substructure (nsub) (see Section 3.2.2.3 for discussion).

3.8.1.6 Velocity Dispersion of the Host Group (σhost)

In addition to the above tests, we also check to see if changing the velocity

dispersion, and therefore mass, of the host group (σhost) affects the observed

false negative rates. We present the results in Table 3.12, where we see that

for groups with more that 20 members the dispersion of the host group does

not significantly increase the rate of false negatives. However, for systems with

fewer members and larger values of σhost (> 700 km s−1), the DS Test is more

likely to miss true substructure. Fortunately, observed groups with 10 or so

members do not generally have such high dispersion values.
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Table 3.10: False Negative Rates: Dependency on the Location of the Input
Substructure Along the Line-of-Sight (i.e. redshift space) (εredshift) .

εredshift nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
km s−1

100a 91b 94 80 43
200 85 81 74 39
300 62 71 72 21
400 53 49 54 7
500 32 42 39 0
600 25 25 18 0
700 10 19 7 0
800 7 9 9 0
900 3 5 4 0
1000 3 2 4 0
1100 2 0 0 0
1200 1 1 0 0
1300 1 0 0 0
100c 84 94 87 51
200 83 87 67 43
300 80 81 69 21
400 63 66 48 4
500 43 49 34 4
600 37 43 21 0
700 35 26 13 0
800 21 22 3 0
900 17 8 1 0
1000 10 10 0 0
1100 5 15 0 0
1200 5 2 0 0
1300 2 5 0 0

aThese mock groups have the following input parameters; σposition = 0.01
Mpc, εposition = 0.5 Mpc, εredshift = 1300 km s−1 and σhost values listed in

Table 3.1. Only the σredshift parameter is varied for these trials.
bValues quoted are the false negative rates, given as a percentage, obtained

for 100 trials with each set of inputs, using 100 000 mc shuffles.
cThese mock groups have the following input parameters; σposition = 0.01

Mpc, εposition = 0.5 Mpc, εredshift = 1300 km s−1 and a constant σhost value of
500 km s−1 for all values of nmembers. Again, only the σredshift parameter is

varied for these trials.
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Table 3.11: False Negative Rates: Dependency on the Number of Members in
the Input Substructure (nsub)

nsub nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
3a 43b 39 54 51
4 1 2 9 16
5 0 0 3
6 0
7 0
8 0
9 0

aThese mock groups have the following input parameters; σposition = 0.01
Mpc, εposition = 0.5 Mpc, σredshift = 100 km s−1, εredshift = 1300 km s−1 and
σhost values given in Table 3.1. For these simulations we only change the

number of members in the substructure (nsub).
bValues quoted are the false negative rates, given as a percentage, obtained

for 100 trials with each set of inputs, using 100 000 mc shuffles. A null entry
indicates that no trials were run with the associated nsub value.

Table 3.12: False Negative Rates: Dependency on the Velocity Dispersion of
the Host Group (σhost) .

σhost nmembers = 10 nmembers = 15 nmembers = 20 nmembers = 50
km s−1

100a 0b 0 0 0
200 1 0 0 0
300 0 0 0 0
400 1 0 0 0
500 2 2 0 0
600 10 3 1 0
700 9 10 3 0
800 21 20 3 0
900 22 28 3 0

aThese mock groups have the following input parameters; σposition = 0.01
Mpc, εposition = 0.5 Mpc, σredshift = 100 km s−1 and εredshift = 1300 km s−1.

For these simulations we keep the values of the input substructure constant,
but change the velocity dispersion of the host group (σhost).

bValues quoted are the false negative rates, given as a percentage, obtained
for 100 trials with each set of inputs, using 100 000 mc shuffles.
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Chapter 4
Do group dynamics play a role in the

evolution of member galaxies?

This chapter incorporates the article “Do group dynamics play a role in the

evolution of member galaxies?”, which has been accepted to the Monthly No-

tices of the Royal Astronomical Society and is currently in press.
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Abstract
We examine galaxy groups from the present epoch to z ∼ 1 to explore the

impact of group dynamics on galaxy evolution. We use group catalogues from

the Sloan Digital Sky Survey (SDSS), the Group Environment and Evolution

Collaboration (GEEC) and the high redshift GEEC2 sample to study how the

observed member properties depend on galaxy stellar mass, group dynamical

mass and dynamical state of the host group. We find a strong correlation be-

tween the fraction of non-star-forming (quiescent) galaxies and galaxy stellar

mass, but do not detect a significant difference in the quiescent fraction with

group dynamical mass, within our sample halo mass range of∼ 1013−1014.5M�,

or with dynamical state. However, at z ∼ 0.4 we do see some evidence that

the quiescent fraction in low mass galaxies (log10(Mstar/M�) . 10.5) is lower

in groups with substructure. Additionally, our results show that the frac-

tion of groups with non-Gaussian velocity distributions increases with red-

shift to z ∼ 0.4, while the amount of detected substructure remains con-

stant to z ∼ 1. Based on these results, we conclude that for massive galaxies

(log10(Mstar/M�) & 10.5), evolution is most strongly correlated to the stel-

lar mass of a galaxy with little or no additional effect related to either the

group dynamical mass or dynamical state. For low mass galaxies, we do see

some evidence of a correlation between quiescent fraction and the amount of

detected substructure, highlighting the need to probe further down the stellar

mass function to elucidate the role of environment in galaxy evolution.
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4.1 Introduction

A long-standing debate is whether the evolution of galaxies is governed pri-

marily by internal processes (e.g. feedback) or those related to the external en-

vironment (e.g. stripping). The morphology-density relation seen in the cores

of clusters (Oemler, 1974; Dressler, 1980) was one of the first observations to

show that the environment may influence the properties of galaxies, where el-

liptical and S0 (early-type) galaxies were found preferentially in high-density

regions and spiral and irregular (late-type) galaxies in low-density regions.

Since then, numerous correlations between galaxy properties and environment

have been observed. For example, differences in the distributions of colours

(Blanton et al., 2003; Baldry et al., 2006; Hou et al., 2009), the fraction of ei-

ther star-forming or quiescent galaxies (Kauffmann et al., 2004; Balogh et al.,

2004; Wilman et al., 2005a; Peng et al., 2010; McGee et al., 2011; Patel et al.,

2011; Sobral et al., 2011; Muzzin et al., 2012), and the amount of observed

dust (Kauffmann et al., 2004). Correlations between environment and galaxy

properties appear to have been in place since at least z ∼ 1, as the observed

star formation rate (SFR)-density and specific star formation rate (SSFR =

SFR/stellar mass)-density relations show variations with environment at this

redshift (Cooper et al., 2008; Patel et al., 2011).

Although there have been numerous observations of correlations between

environment and galaxy properties, where red and quiescent galaxies are pref-

erentially found in higher density regions, recent studies have suggested that

internal or secular processes, traced by the mass of the galaxy, may actually

be the dominant factor in galaxy evolution. In particular, several studies have

found that the properties of actively star-forming galaxies only weakly de-

pend on the environment (Balogh et al., 2004; Wilman et al., 2005a; Poggianti

et al., 2008; Peng et al., 2010; Tyler et al., 2011). Similarly, Muzzin et al.

(2012) found that although the environment does determine the fraction of

galaxies that remain actively star-forming, the stellar populations of both ac-

tively star-forming and quiescent galaxies are most strongly correlated to the

stellar mass of a galaxy.

The emerging picture appears to suggest that both internal and external

processes contribute to the evolution of galaxies. Although observations have
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shown that stellar mass correlates well with environment, both in the local

Universe (Hogg et al., 2003; Kauffmann et al., 2004; Blanton et al., 2005;

Baldry et al., 2006) and at z ∼ 1 (Bolzonella et al., 2010; Sobral et al., 2011),

recent studies have claimed that the effects due to the environment can still

be disentangled from transformation processes traced by galaxy stellar mass

(Peng et al., 2010; Sobral et al., 2011; Muzzin et al., 2012). In an empirically

driven picture of galaxy evolution, Peng et al. (2010) claimed that the evolu-

tion of low mass galaxies (log10(Mstar/M�) . 10.5) is dominated by environ-

mentally driven star-formation quenching whereas high mass galaxy evolution

(log10(Mstar/M�) & 10.5) is governed by processes which are traced by galaxy

stellar mass.

Galaxy groups are ideal for studies of the role of the environment in the

evolution of galaxies. Not only are groups the most common environment in

the local Universe (Geller & Huchra, 1983; Eke et al., 2005), but it is also

believed that as many as 40 per cent of galaxies, especially low mass galax-

ies, that live in rich groups or clusters were pre-processed (i.e. had their star

formation quenched) in haloes with Mhalo & 1013h−1M� before infall (McGee

et al., 2009; De Lucia et al., 2012).

The pre-processing of galaxies in low mass groups may be driven by galaxy-

galaxy interactions and mergers. As a result of the relatively low velocity

dispersion observed in groups, it has been shown that the rate of mergers

is higher in the group environment with respect to both the field and richer

galaxy clusters (Barnes, 1985; Zabludoff & Mulchaey, 1998b; Brough et al.,

2006; De Lucia et al., 2011). Interactions are thought to initially trigger an

intense burst of star formation (Sanders et al., 1988; Elbaz & Cesarsky, 2003;

Cox et al., 2006; Teyssier et al., 2010), which can use up the supply of cold

gas and lead to the quenching of star formation, if no further gas accretes

onto galaxy. Thus, mergers and interactions can either enhance or quench star

formation depending on the evolutionary stage at which the galaxy is observed.

In addition, star formation quenching in galaxies may occur as a satellite falls

into a larger dark matter halo due to processes such as strangulation (Larson

et al., 1980; Balogh et al., 2000; Kawata & Mulchaey, 2008) and ram-pressure

stripping (Gunn & Gott, 1972; Abadi et al., 1999). Thus, galaxy evolution

appears to be related to the accretion history of the galaxy and with the
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number of interactions a galaxy has experienced. By looking for correlations

between group dynamics and member properties, it is possible to probe the

importance of accretion history and dynamical interactions on the evolution

of galaxies.

In this paper we study the dependance of galaxy evolution on galaxy stellar

mass, group dynamical mass and group dynamics. The paper is structured as

follows: in Section 4.2 we describe the data and group catalogues, as well as

discuss the methods for determining stellar mass and SFR. In Section 4.3, we

look for correlations of galaxy properties with galaxy stellar mass and group

dynamical mass. In Section 4.4, we classify the dynamical state of our groups

and compare the properties of galaxies in dynamically young and dynamically

evolved systems. We discuss our results in Section 4.5 and finally present our

conclusions in Section 4.6.

Throughout this paper we assume a ΛCDM cosmology with Ωm,0 = 0.27,

ΩΛ,0 = 0.73 and H0 = 71 km s−1 Mpc−1.

4.2 Data

In order to investigate the role of group dynamics in galaxy evolution, we

look at three highly complete group catalogues that span a redshift range

of 0 . z . 1. This allows us to probe not only how the properties of the

member galaxies depend on the properties of the host group, but also how

these correlations evolve with redshift. The low redshift (0 < z < 0.12) group

sample is from the Sloan Digital Sky Survey (SDSS), the intermediate redshift

(0.15 < z < 0.55) sample is from the Group Environment and Evolution

Collaboration (GEEC) survey, and the high redshift (0.8 < z < 1) groups are

from the GEEC2 survey (to be discussed in detail in Sections 4.2.1-4.2.3).

4.2.1 The SDSS group catalogue

Although there are many publicly available SDSS group catalogues (e.g., Berlind

et al., 2006; Yang et al., 2007), we elect to use the groups defined in McGee et al.

(2011), who applied a multi-stage approach to mimic both the observing con-

ditions and group-finding algorithm used to identify our intermediate redshift
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GEEC groups (see Section 4.2.2). This selection allows for a better compari-

son of the group and galaxy properties by reducing possible effects introduced

by differences in the spectroscopic completeness, limiting magnitude or in the

group-finding algorithm. A full description of our SDSS group catalogue is

given in McGee et al. (2011), but we give a brief summary here. Groups were

identified using galaxies observed in the SDSS Data Release 6 (DR6), which

contains over 790 000 spectra in an area of ∼7425 deg2 (Adelman-McCarthy

et al., 2008). In addition to the SDSS ugriz photometry, McGee et al. (2011)

made use of the overlapping GALEX Medium Imaging Survey (MIS), which

covered an area of ∼1000 deg2 of the SDSS (Martin et al., 2005; Morrissey

et al., 2007). The inclusion of the NUV and FUV bands is important for

better estimates of the SFR.

To reproduce the observing conditions and group-finding algorithm of the

second Canadian Network for Observational Cosmology (CNOC2) Galaxy

Redshift Survey (Yee et al., 2000), on which the GEEC group catalogue is

based, McGee et al. (2011) applied the same absolute magnitude cut and then

randomly removed half the remaining galaxies to match the spectroscopic com-

pleteness of the CNOC2 redshift survey (see Section 2.2). With this sample,

McGee et al. (2011) calculated the local density around each galaxy by count-

ing the number of galaxies within a cylinder of 0.33h−1
75 Mpc and a line-of-sight

depth of±6.67h−1
75 Mpc. Proto-groups were then identified starting from galax-

ies with the highest local densities and taking all of the galaxies within the

cylinder centred around the high-density galaxies as proto-group members.

Next, all of the galaxies in each of the cylinders centred on the initial members

were added and the process continued until no further galaxies could be added.

Using these proto-groups, a preliminary geometric centre, redshift, velocity dis-

persion (σ) and virial radius (r200: Equation 4.2) were computed. Proto-group

members were then added or removed iteratively if they fell within 1.5r200 and

3σ of the group centre. Once all of the proto-groups were identified, McGee

et al. (2011) then added all of the SDSS galaxies back into the sample and

group membership was finalized with a methodology similar to that used to

identify the GEEC groups (Carlberg et al., 2001; Wilman et al., 2005b).
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4.2.2 The GEEC group catalogue

Our intermediate redshift sample is the GEEC group catalogue, which contains

∼200 groups in the range of 0.1 < z < 0.55. The GEEC survey is based

on a set of groups first identified in the CNOC2 redshift survey (Yee et al.,

2000; Carlberg et al., 2001), which contained ∼4×104 galaxies in four patches

totalling∼1.5 deg2. The original photometry was taken in the UBV RcIc bands

down to a limiting magnitude of Rc = 23.0 and spectra were obtained for more

than 6000 galaxies with a completeness of 48 per cent at Rc = 21.5 (Yee et al.,

2000).

The GEEC survey built on the CNOC2 survey by obtaining higher spectro-

scopic completeness to a fainter limiting magnitude with 78 per cent complete-

ness at Rc = 22 for a subset of the groups (Wilman et al., 2005b; Connelly

et al., 2012). The extensive follow-up spectroscopy was taken with LDSS2

(Wilman et al., 2005b) and IMACS (Connelly et al., 2012) on Magellan, as

well as data from FORS2 on the Very Large Telescope (Connelly et al., 2012).

Additionally, we have obtained multi-wavelength data from the X-ray to the in-

frared (IR) observed with the following telescopes: XMM-Newton (Finoguenov

et al., 2009), Chandra X-ray Observatory (Finoguenov et al., 2009), GALEX

(McGee et al., 2011), HST-ACS (Wilman et al., 2009), Spitzer-MIPS (Tyler

et al., 2011), Spitzer-IRAC (Wilman et al., 2008), INGRID on the William

Herschel Telescope (Balogh et al., 2009), and SOFI on the New Technology

Telescope (Balogh et al., 2007). In addition, improved optical imaging was ob-

tained in the ugrizBV RI filters from the Canada-France-Hawaii Telescope’s

Megacam and CFH12K imagers (Balogh et al., 2009).

Group membership was defined with the friends-of-friend (FoF) algorithm

outlined in Wilman et al. (2005b). Analysis of mock catalogues has shown

that the contamination rate is 2.5 per cent for galaxies within 0.5h−1
75 Mpc of

the group centroid (McGee et al., 2008).

4.2.3 The GEEC2 group catalogue

The high redshift sample contains a subset of groups identified in the GEEC2

survey. A detailed discussion of the GEEC2 survey is presented in Balogh et al.

(2011) and Mok et al. (2013). The goal of the GEEC2 survey was to obtain
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high spectroscopic completeness for 20 galaxy groups in the redshift range of

0.8 < z < 1.0 that were initially identified in the Cosmic Evolution Survey

(COSMOS - Scoville et al., 2007) with extended X-ray emission (Finoguenov

et al., 2007; George et al., 2011). The follow-up spectroscopic survey is being

conducted with the GMOS spectrograph on the GEMINI telescope and thus

far, data have been collected for 11 of the 20 target groups with spectroscopic

completeness between ∼0.6 and 0.75 (Balogh et al., 2011) down to r = 24.75.

Balogh et al. (2011) assigned group membership based on a galaxy’s prox-

imity to the measured X-ray centre. It should be noted that although the

group centroid for GEEC2 is based on X-ray emission, rather than a luminos-

ity weighted center (used in SDSS and GEEC), Connelly et al. (2012) found

that the difference between these two definitions is typically small (< 18′′) and

that group membership and overall group properties did not change signifi-

cantly with either centroid. For each group, the velocity dispersion (σ) was

computed from all galaxies within 1.0 Mpc and 4000 km s−1 of the measured

group X-ray centre. Next the rms projected radial position from the group

centroid (Rrms) was computed and all galaxies with group-centric velocities

> Czσ and radial position > CrRrms were clipped, where the typical values

for Cz and Cr were 2. Finally, σ and Rrms were re-computed and only galax-

ies with z < 2.5σ1Mpc and radial positions < 2Rrms were defined as group

members.

Ideally, all three group catalogues would be defined in the same way; how-

ever, an unbiased and highly complete spectroscopic survey at high redshifts

is a difficult and expensive task. Including the GEEC2 groups allows us to

probe the high redshift Universe. Additionally, GEEC2 is one of the few high

redshift group catalogues with high spectroscopic completeness and more than

five members per group, allowing for studies of group dynamics.

4.2.4 Spectral energy distribution fitting

In Table 4.1, we list the group catalogue, redshift range, number of groups

used in this analysis and the available photometry for each sample. We see

that each of the three group catalogues has multi-wavelength data (Table 4.1),

which were used to measure stellar masses and SFRs via spectral energy dis-
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Table 4.1: Properties of the group catalogues.

Catalogue redshift range # of groups Photometry
SDSS z < 0.1 100 FUV, NUV,

(r < 17.77) u, g, r, i, z
GEEC 0.1 < z < 0.55 37 FUV, NUV,

u, g, r, i, z, K
(r < 23) Spitzer:IRAC & MIPS
GEEC2 0.8 < z < 1 8 FUV, NUV, U, B, V, G,

(r < 24.75) R, I, Z, J, K
Spitzer:IRAC & MIPS

tribution (SED) template-fitting. The same fitting procedure was carried out

for all catalogues from all available photometric bands. A detailed discussion

of the SED fitting procedure is given in McGee et al. (2011) for the SDSS and

GEEC catalogues and in Balogh et al. (2011) for the GEEC2 catalogue. The

observed photometry was compared to a grid of SEDs constructed with the

Bruzual & Charlot (2003) stellar population synthesis code for the SDSS and

GEEC catalogues and the Bruzual (2007) model for GEEC2. A Chabrier ini-

tial mass function (IMF) was assumed for all three catalogues. In both McGee

et al. (2011) and Balogh et al. (2011), the SED fitting procedure followed

that outlined in Salim et al. (2007), where a grid of models that uniformly

sampled the allowed parameters of formation time, galaxy metallicity and a

two-component dust model (Charlot & Fall, 2000) was created. An exponen-

tially declining base SFR, with added bursts of star formation with varying

duration and relative strength was used to model the star formation history

of each galaxy. Probability distribution functions were created for the rele-

vant galaxy parameters after weighing each model by its exp(−χ2/2) and the

median value for each of the parameters was used. The SFRs have been av-

eraged over the last 100 Myr and the 1σ uncertainties in stellar mass, when

compared to both mock groups and other independent estimates, are on the

order of 0.15 dex (McGee et al., 2011). For the stellar masses probed in this

work (log10(Mstar/M�) ≥ 10) there is no systematic offset between the Bruzual

& Charlot (2003) (used for SDSS and GEEC) and Bruzual (2007) (used for

GEEC2) models. The observed scatter between the two models is within our

quoted 1σ uncertainties. Additionally, there may be additional systematic
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uncertainties due to, for example, the IMF assumed in the fitting procedure.

4.2.5 Completeness Corrections

The ability to detect faint and low mass galaxies declines with increasing red-

shift, which can be seen in Figure 4.1 where we plot log10(Mstar/M�) versus z

for all galaxies in each of the catalogues. In order to address this stellar mass

incompleteness, we apply a stellar mass limit to each of the group catalogues

using the methodology described in Connelly et al. (2012). Briefly, we com-

pute the stellar mass that each galaxy would have if it was observed at the

r-band magnitude limit (rlim) of the sample using

Mstar, r lim
(z) = Mstar(z)× 10(−0.4(rlim−r(z))), (4.1)

where Mstar(z) is the stellar mass of the galaxy determined from the SED fits

and r(z) is the observed r-band magnitude of the galaxy.

We define a conservative stellar mass limit by only taking the passive galax-

ies with SSFR < 10−11 yr−1 (SSFR ≡ SFR/stellar mass)1. Since passive galax-

ies have on average a higher M/L ratio than actively star-forming galaxies,

we obtain a higher, and therefore more conservative, stellar mass limit using

this methodology. To define our limit, we compute the 90th percentile values

of the mass estimates (Equation 4.1) for all passive galaxies in narrow redshift

bins and then perform a linear least-squares fit to these values. For the SDSS

and GEEC catalogues, we then take all galaxies that fall above this line as

our stellar mass complete catalogue. To define our stellar mass completeness

limit for the high redshift sample we take a different approach and apply a

cut based on the GEEC2 sample selection criteria and the shape of the stellar

mass function of the observed passive galaxy population (Mok et al., 2013).

For groups at the high redshift end (z ∼ 1) of the GEEC2 catalogue, Mok et al.

(2013) found that the sample was complete down to log10(Mstar/M�) = 10.7

for passive galaxies. We therefore take this value to be our stellar mass limit

for the entire GEEC2 sample. Although a limit of log10(Mstar/M�) = 10.7 is

conservative, we probe galaxy evolution via the quiescent fraction (see Section

1It should be noted that Connelly et al. (2012) use red galaxies to define their limits
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4.2.7), which requires that the population of passive galaxies is complete.

In Figure 4.1, we plot the observed stellar masses versus redshift for pas-

sive galaxies (black circles) and all galaxies (grey circles) in the SDSS (left),

GEEC (middle) and GEEC2 (right) surveys. The 90th percentile stellar

mass estimates for the SDSS and GEEC samples are shown as red trian-

gles in Figure 4.1 and the linear least-squares fit to these values as the red

solid line. For the GEEC2 sample (Figure 4.1: right), the red solid line in-

dicates our stellar mass limit of log10(Mstar/M�) = 10.7. The stellar mass

ranges for our complete samples are; 9.5 . log10(Mstar/M�) . 11.5 for SDSS,

9.6 . log10(Mstar/M�) . 11.5 for GEEC and 10.7 ≤ log10(Mstar/M�) . 11.5

for GEEC2.

In addition, we have applied a spectroscopic completeness correction by

calculating magnitude weights for each galaxy. The weights are computed

following a methodology similar to Wilman et al. (2005b), where weights are

calculated in r-band magnitude bins down to the limiting magnitude of each

catalogue.

4.2.6 Final group membership

To probe the effects of groups dynamics on the properties of members galaxies,

we only consider the sample of group galaxies with measured stellar masses

and SFRs. In addition, we only look at groups with more than five member

galaxies within two virial radii (r200) of the group centroid, where r200 is defined

as Carlberg et al. (1997)

r200 =

√
3σrest

10H(z)
, (4.2)

where σrest is the observed velocity dispersion (σobs), computed via the Gapper

Estimator (Beers et al., 1990) from all member galaxies within 1.0 Mpc of the

group centroid, corrected for redshift (i.e. σrest = σobs/(1 + z)) and H(z) =

H0

√
Ωm,0(1 + z)3 + ΩΛ,0.

The inclusion of galaxies out to 2r200 is motivated by previous results.

In Hou et al. (2012), we found that substructure galaxies were preferentially

located on the group outskirts, beyond the virial radius. Therefore, in order

to better study correlations between the amount of substructure and galaxy
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Figure 4.1: Top-left: Observed log10(Mstar/M�) versus z for the quiescent
galaxies (black circles) and for all galaxies (grey circles) in a sub-sample of
15 000 randomly selected galaxies in the SDSS catalogue. The red triangles
indicate the 90th percentile value of the stellar mass estimates of quiescent
galaxies (black circles) given by Equation 4.1 within a given redshift bin and
the red solid line indicates a linear least-squares fit to these points. This line
is taken to be the stellar mass completeness limit of the sample. Top-right:
Same as top-left except for all galaxies in the GEEC sample. Bottom: Same
as top-left except for all galaxies in the GEEC2 sample and the red solid line
indicates a stellar mass cut of log10(Mstar/M�) = 10.7.
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Figure 4.2: Group velocity dispersion (σrest) versus redshift (z) for our sub-
sample of groups with nmembers ≥ 5 within 2r200 of the group centroid identified
in SDSS (black triangles), GEEC (blue circles) and GEEC2 (red crosses). The
dashed line indicates the lower limit σrest cut; we only analyze groups with
σrest > 200 km s−1.

properties, we include galaxies out to 2r200. We discuss the effects of applying

different radial cuts in Section 4.4.2.

In Figure 4.2 we plot the group velocity dispersion (σrest) versus redshift

(z) for our sub-sample of the three group catalogues. The SDSS, GEEC and

GEEC2 groups span a wide range of velocity dispersions, and therefore masses.

From Figure 4.2, we see that both the SDSS and GEEC group catalogues

contain lower mass systems when compared to GEEC2; therefore, to ensure

that all three catalogues span a similar mass range we only consider groups

with σrest > 200 km s−1, which corresponds to a dynamical mass of ∼ 1.2 ×
1013M� at a redshift of z = 0.25. The minimum of five members within 2r200

requirement, and the σrest > 200 km s−1 cut, leaves us with 100 SDSS groups,

37 GEEC groups and 8 GEEC2 groups (see Table 4.1).
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4.2.7 Characterizing the properties of galaxies

In order to study the relationship between environment and galaxy evolution,

we look at the specific star formation rates of the galaxies in groups. We

examine both the SSFR distributions and the fraction of quiescent galaxies

(hereafter fq), where fq is defined as

fq =
# galaxies with SSFR < 10−11yr−1

total # of galaxies
, (4.3)

with SSFR = 10−11 yr−1 marking the division between the main sequence

of star-forming galaxies from the quiescent galaxies in the SSFR-stellar mass

plane (McGee et al., 2011). It should also be noted that values in Equation

4.3 are weighted to account for spectroscopic incompleteness.

4.3 Galaxy properties with galaxy stellar mass

and group dynamical mass

4.3.1 Correlations with galaxy stellar mass

It is well known that the observed properties of galaxies correlate well with

galaxy stellar mass. Many studies have shown that there exists a SFR-stellar

mass trend, which is especially strong for star-forming galaxies (Kennicutt,

1983; Brinchmann et al., 2004; Noeske et al., 2007; Whitaker et al., 2012),

and a colour-stellar mass trend (Tortora et al., 2010; Giodini et al., 2012),

where massive galaxies are typically redder and have lower SFRs. Before

we investigate the role of group dynamics in galaxy evolution, we must first

characterize the stellar mass trend in our sample.

We look at the SSFR-stellar mass trend in each of our three group cata-

logues. In Figure 4.3 we plot fq (Equation 4.3) versus stellar mass for all galaxy

group members in SDSS (black triangles), GEEC (blue circles) and GEEC2

(red crosses). From Figure 4.3, we see that the quiescent fraction shows a

positive correlation with stellar mass for the SDSS and GEEC samples, as

previously noted by McGee et al. (2011). For all three catalogues, the fq-

stellar mass trend appears to be flat for galaxies with log10(Mstar/M�) > 10.5.
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An additional trend that can be seen in Figure 4.3 is that for low mass

galaxies (log10(Mstar/M�) < 10.5) we observe an evolution in the quiescent

fraction with redshift, where galaxies at higher redshifts have lower fq. We see a

similar, though less drastic, trend for the massive galaxies (log10(Mstar/M�) >

10.5) when comparing our z ∼ 0 and z ∼ 0.4 samples. However, we do not

observe a clear evolution in the quiescent fractions of massive galaxies between

z ∼ 0.4 and z ∼ 0.9.

In Section 4.4.2.2, we discuss how we remove this strong correlation between

quiescent fraction and stellar mass so that we can examine the effects of group

dynamics.

4.3.2 Correlations with group dynamical mass (M200)

There are a number of possible processes related to environmentally driven

galaxy evolution, including: ram-pressure stripping, strangulation and galaxy-

galaxy interactions. Some of these mechanisms are more directly related to

the potential of the group, while others are better correlated to the local or

neighbouring environment. To probe the influence of the host group, we look

for correlations between the observed quiescent fraction and dynamical mass,

M200, of the group defined as Carlberg et al. (1997)

M200 =
3r200σ

2
rest

G
, (4.4)

where r200 is given by Equation 4.2. It should be noted that the mass computed

in Equation 4.4 assumes that the system is in dynamical equilibrium, which

we show in Section 4.4 is not always true for the groups in our catalogues.

Bird (1995) showed that dynamical mass estimators, such as Equation 4.4,

tend to overestimate the true mass of systems not in equilibrium, in particular

those with significant substructure. However, our goal is to roughly divide our

sample by mass and this methodology works well for this purpose. Alterna-

tively, we could have used the total stellar mass of the group to characterize

the host environment, though this method requires significant completeness

corrections. It should be noted that we do observe similar results whether

M200 or total stellar mass is used in the analysis.

We make a cut at M200 = 6 × 1013M� to distinguish between low and
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Figure 4.3: Quiescent fraction (fq) versus stellar mass for all group galaxies
in SDSS (black triangles), GEEC (blue circles) and GEEC2 (red crosses).
The data are divided into stellar mass bins of 0.5 dex in the range of 10 ≤
log10(Mstar/M�) ≤ 11.5 and plotted at the center of the mass range with small
horizontal offsets for clarity. It should be noted that due to our stellar mass
cuts, the intermediate mass galaxies in the GEEC2 sample span a stellar mass
range of 10.7 ≤ log10(Mstar/M�) < 11. Also, note that all catalogues are stellar
mass complete and have been corrected for spectroscopic incompleteness. The
uncertainties in the quiescent fraction are computed following the methodology
of Cameron (2011).
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high mass groups as this is the approximate median value for each of the

three group catalogues. In Figure 4.4, we plot fq versus z for low mass

galaxies (10 < log10(Mstar/M�) ≤ 10.5: top left), intermediate mass galax-

ies (10.5 < log10(Mstar/M�) ≤ 11: top right) and high mass galaxies (11 <

log10(Mstar/M�) ≤ 11.5: bottom left) in low mass (M200 < 6×1013M�) groups

(black circles) and in high mass (M200 > 6 × 1013M�) groups (orange trian-

gles). From Figure 4.4, we see that for all stellar masses the quiescent fraction

of galaxies in low and high mass groups are not statistically distinct. It should

be noted that if we make an additional cut at M200 = 1014M�, we still find

no dependence of fq on group halo mass. While numerous studies have found

that the observed properties of galaxies do correlate with halo mass (Pasquali

et al., 2010; Wetzel et al., 2012), these studies also show that the trends tend

to be flatter for higher mass haloes. In particular, given the dynamical mass

range of the SDSS, GEEC and GEEC2 groups (13 . log10(M200/M�) . 14.5)

and our average errors on fq of ∼ ±10 per cent, the average quiescent fractions

and ages shown in Wetzel et al. (2012) and Pasquali et al. (2010) are approx-

imately the same for galaxies in low and high mass groups, assuming a cut at

M200 = 6× 1013M�.
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Figure 4.4: fq versus z for low mass galaxies (10 < log10(Mstar/M�) ≤ 10.5:
top left), intermediate mass galaxies (10.5 < log10(Mstar/M�) ≤ 11: top right)
and high mass galaxies (11 < log10(Mstar/M�) ≤ 11.5: bottom left) in low
mass (M200 < 6 × 1013M�) groups (black circles) and in high mass (M200 >
6 × 1013M�) groups (orange triangles). It should be noted that due to our
stellar mass cuts, the intermediate mass galaxies in the GEEC2 sample span
a stellar mass range of 10.7 ≤ log10(Mstar/M�) < 11. We plot the data at
the redshift each sample has been k-corrected to: z = 0 for SDSS, z = 0.4
for GEEC and z = 0.9 for GEEC2, with small horizontal offsets for clarity.
We remind the reader of the redshift range for each catalogue: 0 < z < 0.12
for SDSS, 0.15 < z < 0.55 for GEEC and 0.8 < z < 1 for GEEC2. The
uncertainties in quiescent fraction are computed following the methodology of
Cameron (2011).
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4.4 Group Dynamics

Having considered how the observed quiescent fraction of galaxies in groups

correlates with galaxy stellar mass and group dynamical mass, M200, we now

examine how the dynamical state of a group affects the properties of member

galaxies. Previous studies of the local environment have been characterized

by the local density (e.g., Poggianti et al., 2008) and by the number of nearest

neighbours, typically 3-10 (e.g., Gómez et al., 2003; Patel et al., 2011; Sobral

et al., 2011). While these methods are effective in determining the local over-

density of regions within groups, they are not directly related to the dynamical

state of a group. With a spectroscopic group catalogue we can directly measure

the dynamical state of the group, both in terms of the local environment and

the host group halo. In the following section, we describe how we classify the

dynamical state of galaxy groups and present our analysis of the SDSS, GEEC

and GEEC2 groups.

4.4.1 Determining the dynamical state of groups

We classify the dynamical state of a group using two methods:

1. The shape of the group velocity distribution;

2. The amount of substructure.

Theoretically, a system in dynamical equilibrium (i.e. relaxed or virialized)

should have a Gaussian velocity distribution; thus, deviations from such a

distribution would indicate a dynamically complex or unevolved system. In

Hou et al. (2009), we showed that we can reliably and robustly identify non-

Gaussian velocity distributions for systems with as few as five member galaxies

using the Anderson-Darling (AD) goodness-of-fit test. A full description of

the AD Test, and its application to group-sized systems, is given in Hou et al.

(2009). For our analysis, we use the AD statistic to compare the cumulative

distribution function (CDF) of the ordered galaxy velocities to a Gaussian

distribution using the computing formula given by

A2 = −n− 1

n

n∑
i=1

(2i− 1) (ln Φ (xi) + ln (1− Φ (xn+1−i))) , (4.5)
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A2∗ = A2

(
1 +

0.75

n
+

2.25

n2

)
, (4.6)

where xi ≤ x ≤ xi+1, Φ(xi) is the CDF of a Gaussian distribution (D’Agostino

& Stephens, 1986). The probabilities, or p-values, are then computed as

p = a exp(−A2∗/b), (4.7)

where a = 3.6789468 and b = 0.1749916, and both factors are determined via

Monte Carlo methods (Nelson, 1998). We then classify groups as dynamically

complex if the group velocity distribution is identified as non-Gaussian at the

95 per cent confidence level (p-value < 0.05).

We also examine the amount of substructure present in each group by ap-

plying the Dressler-Shectman (DS) Test (Dressler & Shectman, 1988) to our

group samples. Substructure is indicative of the recent accretion of galaxies

or smaller groups of galaxies (Lacey & Cole, 1993). In Hou et al. (2012), we

showed that the DS test, originally developed for richer galaxy clusters, could

robustly identify substructure for groups with nmembers ≥ 20. Additionally, we

found that the test could be applied to groups with as few as 10 members, but

in this case the measured fraction of systems with substructure is underesti-

mated. A detailed description of the test, with respect to group-sized systems

can be found in Pinkney et al. (1996), Zabludoff & Mulchaey (1998a) and Hou

et al. (2012). Briefly, for each group we compute the mean velocity (ν) and

group velocity dispersion (σ). Then, for each member galaxy i, we compute

the local mean velocity (νilocal) and local velocity dispersion (σilocal) using the

ith galaxy plus a number of its nearest neighbours (Nnn). Using these values

we then compute

δi =

(
Nnn + 1

σ2

)[(
νilocal − ν

)2

+
(
σilocal − σ

)2
]
, (4.8)

where 1 ≤ i ≤ nmembers and Nnn =
√
nmembers, rounded down to the nearest

integer. The DS statistic is then computed as

∆ =
n∑
i=1

δi. (4.9)
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Table 4.2: Fraction of dynamically complex (non-Gaussian) groups and groups
with substructure using the AD and DS Tests.

Catalogue Fraction of Fraction of Groups
non-Gaussian groups with substructure

SDSS 15/100 (15 ±6
4%) 17/71 (24 ±8

6%)
GEEC 19/37 (51±11%) 3/14 (21 ±19

10%)
GEEC2 2/8 (25 ±26

13%) 1/5 (20 ±34
12%)

We use Monte Carlo methods to determine the probability or p-value for the

DS Test, which is done by comparing the observed ∆-value to ‘shuffled ∆-

values’, which are computed by randomly shuffling the observed velocities and

then re-assigning them to the observed member galaxy positions. The p-value

is then calculated as

p =
∑

(∆shuffled > ∆observed)/nshuffle, (4.10)

where ∆shuffled and ∆observed are both computed with Equation 4.9. We com-

pute the p-value using 100 000 shuffled ∆-values. A group is identified as

having significant substructure if it has a p-value < 0.05.

Following this methodology, we classify the dynamical state of the SDSS,

GEEC and GEEC2 groups using the AD Test for all groups with nmembers ≥
5 and the DS Test for nmembers ≥ 10. In Table 4.2, we list the results of

the tests, where we find the percentage of non-Gaussian groups in the SDSS,

GEEC and GEEC2 surveys to be 15 ±6
4 per cent, 51 ±11 per cent and 25 ±26

13

per cent, while the percentage of groups with detected substructure remains

approximately constant at ∼ 20 per cent for all three group catalogues.

For completeness, we include the AD and DS Test results for the GEE2

sample, however it should be noted that with such a small sample of systems

we cannot robustly determine the fraction of non-Gaussian groups and groups

with substructure.

4.4.2 Dynamics and galaxy properties

Having classified the dynamical state of the groups in our sample, we now

compare the SSFR distributions and quiescent fractions of the galaxies in
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Table 4.3: Probabilities (p-values) from a two-sample KS Test comparing the
SSFR distributions shown in Figure 4.5. Probabilities < 0.01 indicate that the
systems come from different underlying parent distributions.

Catalogue p-value comparing Gaussian p-value comparing groups with
versus non-Gaussian groups substructure vs. no substructure

SDSS 0.01099 0.4729
GEEC ∼ 0 ∼ 0
GEEC2 0.6869

groups that are dynamically young to those in dynamically evolved systems.

4.4.2.1 SSFR Distributions

In the top panels of Figure 4.5 we plot the SSFR distributions for galaxies

in non-Gaussian (blue dashed line) and Gaussian (solid magenta line) groups

identified in the SDSS (left), GEEC (middle) and GEEC2 (right) group cata-

logues. The bottom panels of Figure 4.5 are the same except we plot the SSFR

distributions for galaxies in groups with substructure (blue dashed line) and

galaxies in groups with no substructure (solid magenta line) for the SDSS (left)

and GEEC (middle) samples. We do not show the SSFR distributions for the

GEEC2 groups with and without substructure because the sample contains

too few galaxies. For the same reason we do not include the GEEC2 groups

with and without substructure in our analysis for the remainder of the paper.

In all panels of Figure 4.5, we see that the histograms are bimodal, show-

ing a population of actively star-forming galaxies with SSFR > 10−11 yr−1

and a population of passive galaxies with SSFR < 10−11 yr−1. For the SDSS

groups, it appears that the SSFR distributions for dynamically complex and

relaxed systems, classified with both the AD- and DS-Test, are similar with a

well populated passive sequence. However, a two-sample Kolmogorov-Smirnov

(KS) Test indicates that while the SSFR distributions for the SDSS galaxies in

groups with and without substructure likely come from the same parent dis-

tribution, the distributions for galaxies in Gaussian and non-Gaussian groups

are in fact distinct at the ∼99 per cent confidence level (Table 4.3). Though

it should be noted that difference is small and it is easier to detect small

differences given the large size of the SDSS sample.
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Figure 4.5: Top: SSFR distributions for galaxies in non-Gaussian groups
(blue dashed line) and for galaxies in Gaussian groups (magenta solid line)
in the SDSS catalogue (left), GEEC catalogue (middle) and GEEC2 catalogue
(right). Note that all catalogues are stellar mass complete and spectroscopic
completeness weights have been taken into account. Bottom: SSFR distri-
butions for galaxies in groups with substructure (blue dashed line) and for
galaxies in groups with no identified substructure (magenta solid line) for the
SDSS (left) and GEEC (middle) sample. We do not show the SSFR distribu-
tions for the GEEC2 groups with and without substructure, as our stellar mass
limit and n ≥ 10 within 2r200 cut for the DS Test result in too few galaxies.
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Looking at the z ∼ 0.4 GEEC groups (middle panels of Figure 4.5), we see

that the SSFR distributions for the dynamically complex and relaxed groups,

identified with either the AD- or DS-Test, look distinct. Indeed, a two-sample

KS Test indicates that both sets of SSFR distributions come from different

parent distributions at a confidence level of >99 per cent (Table 4.3). For

the Gaussian and non-Gaussian groups, we see that although both histograms

show a bimodal distribution with a well populated passive sequence, there are

more galaxies with high SSFR’s (∼ 10−10 yr−1: Figure 4.5) in the non-Gaussian

GEEC groups. The GEEC groups with no detected substructure show a well

populated passive sequence, while the majority of galaxies in the GEEC groups

with substructure appear to lie in the actively star-forming sequence. A similar

result was shown in Hou et al. (2012), where we found that galaxies in groups

with substructure had a significantly higher fraction of blue galaxies.

The SSFR distributions for the galaxies in Gaussian and non-Gaussian

GEEC2 groups are consistent with coming from the same parent distribution

(Table 4.3) and show similar features to the SDSS groups (i.e. a dominant

quiescent population). The high fraction of quiescent galaxies is likely a result

of our stellar mass completeness limits (log10(Mstar/M�) ≥ 10.7), which from

Figure 4.3 would result in a more dominant quiescent population.

4.4.2.2 Quiescent Fractions

We now look at the quiescent fraction (fq: Equation 4.3) of galaxies in dynam-

ically complex and relaxed groups. In the left panels of Figure 4.6, we plot fq

versus z for low mass galaxies (10 < log10(Mstar/M�) ≤ 10.5: top left), inter-

mediate mass galaxies (10.5 < log10(Mstar/M�) ≤ 11: top right) and high mass

galaxies (11 < log10(Mstar/M�) ≤ 11.5: bottom left) in non-Gaussian groups

(blue symbols) and in Gaussian groups (magenta triangles). The panels on

the right are similar except we plot galaxies in groups with substructure (blue

symbols) and in groups with no significant substructure (magenta triangles)

but only for the SDSS and GEEC groups. The GEEC2 groups are omitted

as there are too few galaxies for a robust substructure analysis. In order to

isolate the effects of dynamical state on the properties of galaxies from the

strong fq-stellar mass trend (Figure 4.3), we bin our data into narrow bins of

stellar mass.
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Looking at Figure 4.6, we find that at almost all epochs and stellar masses

there is no significant difference in the quiescent fractions of galaxies in dynam-

ically complex and relaxed groups for both dynamical classification schemes

(AD and DS Tests). However, we do observe a difference in the low mass bin

(10 < log10(Mstar/M�) ≤ 10.5) of the GEEC sample, where the groups with

substructure have a lower fq than observed in the groups with no substructure.

It should also be noted that our analysis was done using galaxies within two

viral radii of the group centroid; however, if we use only galaxies with r < r200

we find similar results. Although including galaxies beyond the virial radius

(r200) inherently means that we are investigating the ‘unvirialized’ regions of

our systems, we find that while the fraction of dynamically young systems

increases within each sample, the trends with redshift remain the same whether

we use r200 or 2r200. In Hou et al. (2012), we determined that substructure

galaxies were preferentially found on the group outskirts. Thus, analyzing

galaxies out to two virial radii allows us to better study substructure in our

groups. Additionally, studies have shown that the effects of the environment

on galaxies can extend well beyond the virial radius (Feldmann et al., 2010;

von der Linden et al., 2010; Bahe et al., 2012).
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Figure 4.6: Left: fq versus z for galaxies in groups with non-Gaussian velocity distributions (blue circles)
and in groups with Gaussian velocity distributions (magenta triangles). The panels are divided into bins of
stellar mass, with; 10 < log10(Mstar/M�) ≤ 10.5 (top-left), 10.5 < log10(Mstar/M�) ≤ 11 (top-right) and
11 < log10(Mstar/M�) ≤ 11.5 (bottom-left). Note that all catalogues are spectroscopic and stellar mass
complete. Also, due to the stellar mass limits the intermediate mass bin for the GEEC2 sample does not
extend down to log10(Mstar/M�) ≤ 10.5, but rather covers a range of 10.7 ≤ log10(Mstar/M�) ≤ 11. We
plot the data at the redshift that each sample has been k-corrected to: z = 0 for SDSS, z = 0.4 for GEEC
and z = 0.9 for GEEC2, with small horizontal offsets for clarity. Right: Same as figure on the left except for
galaxies in groups with substructure (blue circles) and in groups with no significant substructure (magenta
triangles). Again, we do not show the GEEC2 groups with and without substructure, as our stellar mass
limits and n ≥ 10 within 2r200 cut for the DS Test resulted in too few galaxies in each sub-sample. The
uncertainties in quiescent fraction are computed following the methodology of Cameron (2011).
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4.5 Discussion

In Section 4.4 we classified the dynamical state of our group sample and then

compared the SSFR distributions and quiescent fractions of galaxies in dy-

namically complex and relaxed groups. We now discuss the implications of

our findings.

4.5.1 The evolution of group dynamics

In a ΛCDM Universe structure grows hierarchically through mergers and ac-

cretion (e.g., Springel et al., 2005). Numerous studies have shown that at a

given halo mass the average accretion rate of dark matter haloes goes as Ṁ/M

∝ (1 + z)n, where n ∼ 1.5− 2.5 (Birnboim et al., 2007; McBride et al., 2009),

indicating that the accretion rate increases with redshift. As a reflection of

this assembly history, one might expect the fraction of dynamically unevolved

systems to increase with redshift for a given mass. Although, additional fac-

tors, such as the time since infall or the mass and orbit of the accreted object,

should also affect the evolution of the dynamical state. For example, con-

tinuous accretion of smaller sub-haloes could result in less obvious deviations

from a relaxed state in comparison to an instantaneous major merger of larger

haloes (Cohn & White, 2005). Therefore, observations that are sensitive to

different forms of mass assembly may result in different dynamical evolution

scenarios. However, based on a statistical study of a large sample of simu-

lated N -body groups and clusters, identified with a FoF-algorithm, Cohn &

White (2005) found that on average the virial ratio, 2KE/PE, of all clusters

with M > 1014h−1M� increased with increasing redshift. Therefore, systems

at higher redshifts are more dynamically young or complex than in the local

Universe. Assuming that galaxies are a good tracer of the dark matter haloes,

it should be possible to detect this predicted increase in dynamically unevolved

systems.

In Section 4.4.1, we found that the fraction of groups with non-Gaussian

velocity distributions, classified as dynamically young, increases significantly

from ∼15 per cent at z ∼ 0 to ∼51 per cent at z ∼ 0.4 (Table 4.2), which

is in agreement with the results of Cohn & White (2005) who found that

the virial ratio increased with redshift. From z ∼ 0.4 to z ∼ 0.9 it appears
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that the fraction of non-Gaussian groups is consistent with either being flat or

decreasing with increasing redshift (Table 4.2); however, this result is based a

small sample of 8 high-z groups. It is also important to note that the GEEC2

catalogue is different from the SDSS or GEEC samples in that: the groups

were selected using a different methodology, all of the GEEC2 groups are X-

ray bright while only some of the SDSS and GEEC groups are X-ray bright,

and a different stellar mass completeness limit was applied. Thus, the results

of the GEEC2 sample may be due to small number statistics or differences in

the sample selection. Further investigation of a larger sample of high redshift

groups is required to make any conclusive statements about the evolution of

group dynamics from intermediate to high redshifts.

We now look at the evolution of substructure in groups and we find that

the fraction of groups with substructure is consistent out to z ∼ 1. These re-

sults appear to be contradictory. However, the AD and DS Tests, though both

measures of dynamical state, probe different stages of dynamical complex-

ity (Pinkney et al., 1996) and a 1-to-1 correspondence between non-Gaussian

groups (identified from the AD Test) and groups with substructure (identified

from the DS Test) does not necessarily hold. In Hou et al. (2012) we showed

that groups with substructure that is loosely bound or spatially mixed with

members of the host group can be difficult to detect. Therefore, groups with

non-Gaussian profiles may have substructure that is missed by the DS test.

Also, since we studied groups with as few as 10 members, the results of the DS

Test can only provide a lower limit on the fraction of groups with substructure

(Hou et al., 2012), so the true fraction of groups with substructure is likely

higher than the values quoted in Table 4.2.

4.5.2 The effects of dynamics on galaxy properties

We first look at the quiescent fraction as a function of redshift. From Fig-

ures 4.3 and 4.6 we see that for groups only the low mass galaxies (10 <

log10(Mstar/M�) ≤ 10.5) clearly exhibit the well known Butcher-Oemler ef-

fect (Butcher & Oemler, 1984; Poggianti et al., 1999; Wilman et al., 2005a;

Urquhart et al., 2010; McGee et al., 2011; Li et al., 2012), where fq de-

creases with increasing redshift. In contrast, the quiescent fraction of inter-
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mediate and high mass galaxies (10.5 < log10(Mstar/M�) ≤ 11.5) in groups

shows a marginal decrease between z ∼ 0 to z ∼ 0.4 and no obvious change

between z ∼ 0.4 to z ∼ 0.9. This result is similar to those of Raichoor

& Andreon (2012), who observed no increase in the fraction of high mass

(log10(Mstar/M�) & 11.13) blue galaxies in clusters in the redshift range of 0 <

z < 2.2. Based on our results, we find no clear evidence for the Butcher-Oemler

effect in galaxies with log10(Mstar/M�) & 10.5 in groups out to z ∼ 1. However,

we do observe decrease in the fraction of low mass (log10(Mstar/M�) < 10.5)

quiescent galaxies with increasing redshift.

Finally, we examine the effects of dynamical state. In general, we find

that there is no correlation between dynamical state and quiescent fraction

for massive galaxies (log10(Mstar/M�) > 10.5); however, there may be a hint

of a correlation with the presence of substructure in our lowest mass galaxies

(10 < log10(Mstar/M�) ≤ 10.5 - Fig. 4.6: right). In our intermediate redshift

GEEC sample, the groups with substructure have a lower quiescent fraction

in comparison to galaxies in groups with no substructure. Our results for the

SDSS sample can be compared to the Zurich Environmental Study (ZENS)

sample of Carollo et al. (2012) and are in good agreement. Carollo et al.

(2012) found that central galaxies and satelites with log10(Mstar/M�) > 10 in

dynamically relaxed and unrelaxed groups, classified via the DS Test, have

similar observed galaxy properties. However, these authors did find that satel-

lites with log10(Mstar/M�) < 10 are bluer by ∼ 0.1mag in unrelaxed groups.

Our sample does not extend to these low masses, though we do find a similar

result for slightly higer mass galaxies (10 < log10(Mstar/M�) ≤ 10.5) at inter-

mediate redshifts (z ∼ 0.4), which could indicate possible redshift evolution in

the relationship between substructure and quiescent fraction.

In addition, several studies have also found that environmental effects on

galaxy properties can only be observed in low mass galaxies (log10(Mstar/M�) .

10.5 - Peng et al., 2010; Sobral et al., 2011). In particular, Peng et al. (2010)

suggest that for low mass galaxies at z & 0.5, the main mechanism responsible

for star formation quenching is galaxy-galaxy interactions, which should be the

dominant process in dynamically unevolved systems with significant substruc-

ture. In addition, Blanton & Berlind (2007) found that while the properties

of star-forming galaxies were largely independent of environment, they did ob-
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serve a correlation between colour and clustering on small scales (< 300h−1

Mpc), which they claim indicated that substructure within groups may play

a role in the evolution of galaxies. Similarly, Wilman et al. (2010) observed

a correlation between the mean colour of blue galaxies and local density but

only on the . 1 Mpc scales, further suggesting that the local, and not global or

large-scale, environment may have a more dominant affect on galaxy evolution.

Although we do observe a difference in the quiescent fractions of low mass

galaxies in GEEC groups with and without substructure, we note that this

result is based on a small sample of groups (Table 4.2). A larger sample

of intermediate and high redshift groups is required to make a more robust

statement about whether quenching in low mass group galaxies is suppressed

in the presence of substructure.

4.6 Conclusions

We have looked at the role of galaxy stellar mass, group dynamical mass (M200)

and dynamical state in the evolution of galaxies in groups out to z ∼ 1 using

the SDSS, GEEC and GEEC2 group catalogues. The dynamical state of the

groups are classified with the Anderson-Darling Test to distinguish between

Gaussian and non-Gaussian velocity distributions and the Dressler-Shectman

Test to determine the amount of substructure within the groups. The main

results of this analysis are:

1. We observe a strong trend between the quiescent fraction and galaxy

stellar mass in SDSS and GEEC, where higher mass galaxies have higher

fq, similar to the results of McGee et al. (2011);

2. There is no measurable difference in the quiescent fraction of galaxies in

low (1013 .M200 < 6× 1013M�) and high (6× 1013M� < M200 . 1014.5)

mass groups at all stellar masses;

3. The fraction of groups with non-Gaussian velocity distributions increases

from z ∼ 0 to z ∼ 0.4, while the fraction of groups with detected sub-

structure is constant out to z ∼ 1;
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4. We observe the Butcher-Oemler effect in groups, where groups at higher

redshifts have lower quiescent fractions, but only for low mass galaxies

(10 < log10(Mstar/M�) . 10.5), while galaxies with log10(Mstar/M�) >

10.5 show little or no evidence of the Butcher-Oemler effect out to z ∼ 1;

5. We do not observe a significant difference in the quiescent fractions of

massive galaxies (log10(Mstar/M�) > 10.5) in dynamically complex and

relaxed groups, where the dynamical state is defined either by the AD

or DS Test;

6. We observe a marginally lower quiescent fraction for low mass galaxies

(10 ≤ log10(Mstar/M�) < 10.5) in groups with detected substructure at

z ∼ 0.4 when compared to groups with no significant substructure.

In conclusion, we find that there is no strong correlation between the dy-

namical state of a group and the observed quiescent fraction for massive galax-

ies; however, we do see possible signs of a correlation between fq and substruc-

ture at z ∼ 0.4. This result suggests that environmental effects on galaxy

evolution are only evident in low mass galaxies. In order to better understand

the role of group dynamics, and the environment in general, on the evolution of

galaxies it is necessary to probe lower mass galaxies (log10(Mstar/M�) < 10.5)

where these mechanisms likely dominate.
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Abstract
We investigate the importance of pre-processing in the observed quenched frac-

tion of rich group and cluster galaxies from the SDSS-DR7 Yang et al. (2007)

group catalogue in the redshift range of 0.01 < z < 0.045. A combination of

the Dressler-Shectman statistic and the group member velocity distribution is

used to identify subhaloes within the group. In addition, we classify our galax-

ies as either virialized, infall (i.e. satellites that are infalling onto the host halo

for the first time) or backsplash (i.e. galaxies that have already passed within

the virial radius of the host halo and have been ejected to large radii). On

average the fraction of galaxies that reside in subhaloes is a function of host

halo mass where more massive systems, such as clusters, have a higher fraction

of subhaloes both in the overall galaxy and infall populations. Comparison of

the properties of galaxies that reside in subhaloes to those that do not shows

that beyond the virial radius (2 . r200 < 3) galaxies in the subhalo population

differ from the non-subhalo population. In particular, between 2 . r200 < 3

we find that the quiescent fraction is higher in subhalo galaxies with respect

to both the field and non-subhalo galaxies. At these large radii (2 . r200 < 3),

we find that the majority of galaxies (∼ 80%) belong to the infall population.

Therefore, we attribute the enhanced quenching to infalling subhalo galaxies,

indicating that pre-processing has occurred in the subhalo population. Based

on the results presented in this paper, we conclude that pre-processing plays

a significant role in the observed quiescent fraction, but only for the most

massive (Mhalo > 1014.5M�) systems in our sample.
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5.1 Introduction

Observational studies of rich galaxy clusters have shown that most of the

members are red early-type galaxies with little or no on-going star formation

(Oemler, 1974; Dressler, 1980; Blanton et al., 2003; Balogh et al., 2004; Baldry

et al., 2006). While a high fraction of quiescent (i.e. not actively star-forming)

galaxies have been observed in rich groups and clusters (Kauffmann et al.,

2004; Wilman et al., 2005; Peng et al., 2010; McGee et al., 2011; Muzzin et al.,

2012), recent results from observations and simulations (both numerical and

semi-analytic) indicate that star formation quenching actually begins in low

mass haloes with Mhalo ∼ 1013M� (McGee et al., 2009; Balogh & McGee,

2010; George et al., 2011; De Lucia et al., 2012; Wetzel et al., 2012). Ad-

ditionally, since most galaxies reside in group-sized haloes (Geller & Huchra,

1983; Eke et al., 2005) it is likely that some cluster galaxies had their star for-

mation quenched in groups with Mhalo ≥ 1013M� prior to accretion onto the

more massive cluster environment, a process often referred to as pre-processing

(Zabludoff & Mulchaey, 1998b; Kawata & Mulchaey, 2008; Berrier et al., 2009;

McGee et al., 2009; De Lucia et al., 2012).

While quenching has been shown to occur in low mass haloes, the signifi-

cance of pre-processing is still a subject of debate. Using N -body simulations

Berrier et al. (2009) found that 70% of their cluster (1014 < Mhalo < 1014.6M�)

galaxies fell in directly from the field, while only ∼ 10% fell in as members

of group-sized haloes with Mhalo ≥ 1013M�. Based on these results, Berrier

et al. (2009) concluded that pre-processing did not significantly contribute to

the quenching observed in present-day clusters. In contrast, both McGee et al.

(2009) and De Lucia et al. (2012) analyzed semi-analytic models (SAMs) and

found that ∼ 25 − 45% of their simulated cluster galaxies fell in as members

of systems with Mhalo ≥ 1013M�, where the range depends on the mass of

the galaxy and the mass of the host cluster. It should be noted that accord-

ing to De Lucia et al. (2012), part of the discrepancy between the results of

Berrier et al. (2009) and McGee et al. (2009) arises from differing definitions

of ‘satellite’, with the former computing fractions based on the time when

a galaxy first becomes a satellite of any halo and the latter when a galaxy

becomes a satellite of the final or present-day group or cluster. With the
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former definition, De Lucia et al. (2012) find that their results are not incon-

sistent with those of Berrier et al. (2009). A similar analysis was carried out

using N -body hydrodynamical simulations by Bahé et al. (2013). These au-

thors found that ∼ 15 − 60% of galaxies in host haloes in the mass range of

1013.5 < Mhalo < 1015.2M� had been pre-processed where the amount of pre-

processing depended on halo mass. More massive haloes had a higher fraction

of pre-processed galaxies (Bahé et al., 2013).

Thus, the results of some SAMs (e.g. McGee et al., 2009; De Lucia et al.,

2012) and numerical simulations (e.g. Bahé et al., 2013) predict that pre-

processing can play an important role in quenching star formation and pro-

ducing the observed quiescent fraction, especially in massive clusters. If the

simulation predictions of significant pre-processing in groups and clusters are

correct then it should be possible to observe pre-processing by looking at the

populations of galaxies in different environments. The aim of this paper is

to investigate the significance of pre-processing in a statistical sample of ob-

served groups and clusters. This can be achieved by studying the properties of

infalling subhalo galaxies, where a subhalo is defined as a collection of galax-

ies that reside in the same halo embedded within a larger parent halo. Sub-

haloes can be identified by performing substructure analysis with the Dressler-

Shectman (DS) Test (Dressler & Shectman, 1988), which can detect galaxies

with kinematic properties that deviate from those of the host halo. It should

be noted that this method of identifying subhaloes differs from those used in

numerical simulations. In particular, our observational definition of subhaloes

is based on identification of kinematically distinct galaxies and does not require

the galaxies within the subhalo to be gravitationally bound to another, which

is usually the case for subhaloes identified in numerical simulations. Subhaloes,

detected via the DS Test, are preferentially found on the group or cluster out-

skirts (West & Bothun, 1990; Zabludoff & Mulchaey, 1998a; Hou et al., 2012;

Dressler et al., 2013) and the usual assumption is that these systems are in-

falling. However, numerical simulations have shown that a large fraction of

galaxies beyond the virial radius, and out to ∼ 2.5 virial radii, have already

passed through the group or cluster core (i.e. backsplash galaxies: Balogh et al.,

2000; Mamon et al., 2004; Gill et al., 2005; Mahajan et al., 2011; Pimbblet,

2011; Bahé et al., 2013; Oman et al., 2013). Backsplash galaxies may have
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experienced star formation quenching due to more massive group - or cluster-

related processes, and it has been suggested that much of the environmental

quenching beyond the virial radius (out to ∼ 2.5 virial radii) is most likely due

to the presence of a backsplash population (Wetzel et al., 2013b). In contrast,

the infall population typically refers to galaxies that are infalling onto the host

system for the first time. Thus, any observed enhanced quenching must be a

results of a transformation that occurred prior to accretion onto the host halo

(i.e. pre-processing).

Currently, most methods of distinguishing between the virialized, infall and

backsplash populations in observed groups and clusters are based on the results

of simulated systems. These classification schemes typically involve examin-

ing |∆cz|/σ distributions (Gill et al., 2005; Pimbblet, 2011) or dividing the

∆cz/σ − r200 plane into regions occupied by virialized, infall and backsplash

galaxies (Mahajan et al., 2011; Oman et al., 2013). Although each population

resides in distinct regions in the full phase-space of simulated clusters, projec-

tion effects can distort these clear divisions and there is often contamination

between the observed populations (to be discussed in more detail in Section

5.4.4). In addition to differences in their phase-space locations, infall and

backsplash galaxies should also have subtle differences in their stellar mass

distributions. As a result of tidal disruption, backsplash galaxies should be

on average less massive than infalling galaxies at the same radius (Gill et al.,

2005), and galaxies infalling in subhaloes will typically be more massive than

individual infalling galaxies (McGee et al., 2009). Additionally, recent stud-

ies have suggested that environmentally driven evolution occurs in low mass

galaxies (Mstar . 1010M� : e.g. Peng et al., 2010, 2012). Thus, in order to bet-

ter probe pre-processing and environmental effects on galaxy evolution, it is

important to examine the properties of virialized, infall and backsplash galax-

ies as a function of stellar mass and over a wide range of masses, including low

mass galaxies.

Although it is well known that high-density environments, such as groups

and clusters, show signs of enhanced star formation quenching with respect to

the field (Kauffmann et al., 2004; Rines et al., 2005; Kimm et al., 2009; Wetzel

et al., 2012; Woo et al., 2013), the processes that dominate this transformation

are still debated. Comparing the properties of infalling and backsplash subhalo
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galaxies allows us to probe the relative importance of rich group- and cluster-

related processes, which are observable in the backsplash population, to pre-

processing in lower mass haloes, which can be observed in the infalling subhalo

population.

In this paper we use a well-studied SDSS group catalogue to probe the

properties of subhalo galaxies in groups and clusters in order to investigate

the amount of pre-processing that occurs and to study the relative importance

of the lower mass group environment in the evolution of galaxies. The paper is

structured as follows: in Section 5.2, we present our group and galaxy sample

and in Section 5.3, we discuss how we identify subhaloes. We compare the

properties of the non-subhalo and subhalo populations, as well as compare

the virialized, infall and backsplash subpopulations in Section 5.4. Finally,

in Section 5.5, we discuss our results and present our conclusions in Section

5.6. Throughout this paper we assume a ΛCDM cosmology with Ωm,0 = 0.31,

ΩΛ,0 = 0.69 and H0 = 70 km s−1 Mpc−1.

5.2 Data

To investigate the role of pre-processing in galaxy groups, we require a large

sample of group and cluster galaxies that is complete down to low stellar masses

(log10(Mstar/M�) ∼ 9.5). These requirements can be achieved with the Yang

et al. (2007) Sloan Digital Sky Survey (SDSS) group catalogue. Observational

results have found correlations between the environment and galaxy properties,

but only for low mass galaxies (e.g. Peng et al., 2010; Carollo et al., 2013; Hou

et al., 2013). Thus, the low stellar mass completeness limit allows us to probe

regimes where environmental effects are more likely to be observed.

5.2.1 The SDSS-DR7 Galaxy Catalogue

The galaxy magnitudes, extinctions, k-corrections and stellar masses are ob-

tained from the New York University Value Added Catalogue (NYU-VAGC:

Blanton et al. 2005). The k-corrections and stellar masses are computed fol-

lowing the methodology of Blanton & Roweis (2007), which assume a Chabrier

Initial Mass Function (IMF). The star formation rates (SFRs) and specific star
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formation rates (SSFR = SFR/Mstar) are from the most recent release of the

spectral reductions of Brinchmann et al. (2004)1. The SSFRs are measured

from either emission lines, whenever available, or determined from the 4000

Å break (Dn4000) when there are no clear emission lines or in the presence

of strong contamination from active galactic nuclei (Brinchmann et al., 2004).

It should be noted that SSFRs obtained from the Dn4000 value, which are

typically values < 10−12 yr−1 are not exact measures of SSFR but should in-

stead be taken as an upper limit. The average 2σ errors on the SFR estimates

are between 0.5 - 1.0 dex, where galaxies with higher SSFRs have lower errors

(Brinchmann et al., 2004).

The effects of the environment and the importance of pre-processing are

probed via the quiescent fraction (hereafter fq ), where fq is defined as

fq =
# galaxies with SSFR < 10−11yr−1

total # of galaxies
, (5.1)

with SSFR = 10−11 yr−1 marking the division between the main sequence of

star-forming galaxies and the quiescent galaxies in the SSFR-stellar mass plane

(McGee et al., 2011; Wetzel et al., 2012). It should also be noted that values in

Equation 5.1 are weighted to account for spectroscopic incompleteness using

the completeness values computed in Yang et al. (2007).

To ensure that the quiescent fraction is not biased, we use a stellar mass

complete sample. As a result of the magnitude limit of the SDSS survey, the

stellar mass completeness limit is a function of redshift. Therefore, in order

to include low mass galaxies in our analysis we restrict the redshift range to

0.01 ≤ z ≤ 0.045, which provides us with a sample that is complete down

to 3.16× 109M�. Analysis is performed on satellite galaxies with all ‘central’

galaxies, taken to be the most massive galaxy as identified by Yang et al.

(2007), removed from our sample.

5.2.2 The SDSS Group Catalogue

Our sample consists of groups and clusters identified in SDSS by Yang et al.

(2007). These authors identify groups using all galaxies in the SDSS-DR7

1http://www.mpa-garching.mpg.de/SDSS/DR7
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sample brighter than the survey magnitude limit of r ≤ 17.77 and with spec-

troscopic completeness > 70%. The groups are identified with a halo-based

group finder, which uses a traditional friends-of-friends algorithm to identify

potential systems and then adds or removes members iteratively based on the

mass of the dark matter halo and the assumption that the distribution of

galaxies follows that of dark matter haloes, which is assumed to be a pro-

jected NFW profile (Navarro et al., 1996). The mass of the halo is determined

initially from the total or characteristic luminosity (L19.5 in Yang et al. 2007)

of all the potential group members with 0.1Mr,lim − 5 log h−1 ≤ −19.5, where
0.1Mr,lim is the absolute magnitude limit at the redshift of the group k-corrected

to z = 0.1, and a constant mass-to-light (M/L) ratio of 500M�/L�. It should

be noted that only for the first iteration is a constant M/L ratio used; for

all subsequent iterations the Mhalo/L19.5 − L19.5 relation from the previous it-

eration is used to determine the halo mass. In addition, an initial velocity

dispersion and size are computed from the members of the potential group.

Using this initial mass, size and dispersion, as well as an assumed NFW radial

profile and a Gaussian distribution for the line-of-sight (LOS) velocities, the

algorithm then adds or removes members until no further members can be

added and the Mhalo/L19.5 − L19.5 relation converges.

The Yang et al. (2007) group finder identifies systems that cover a wide

range of masses, from isolated galaxies to rich clusters (Mhalo ∼ 1015M�).

These authors carried out performance tests of their halo-based group finder

using a mock galaxy redshift survey made to mimic the SDSS-DR4 sample.

The performance of the group finder was characterized by the completeness

(fc), defined as the number of members identified over the total number of

true group members, and the contamination (fi), defined as the number of

interloping non-members over the total number of true members. Yang et al.

(2007) found that the percentage of groups with 100% completeness ranged

from ∼ 93% in low-mass groups (1012.5 < Mhalo ≤ 1013.5M�) to 60% for

the most massive clusters (1014.5 < Mhalo ≤ 1015M�). Since the majority of

systems in our sample are in the low-mass halo regime, it is expected that our

groups are relatively complete. The contamination from interlopers appears

to be mostly independent of halo mass. On average ∼ 65% of the systems

had no contamination at all and ∼ 85% had fi ≤ 0.5. Interloper galaxies
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Figure 5.1: Rest-frame group velocity dispersion (σrest) versus group richness
(nmembers) for our group sample. The value of nmembers is taken to be the number
of group members after our stellar mass cut of 3.16× 109M� is applied.

are typically either field galaxies or members of nearby massive groups with

similar projected spatial positions but offsets along the LOS. The impact of the

number of interloping galaxies needs to be explored with simulations, which

we reserve for future work.

In this analysis, we only study systems with nmembers ≥ 10, which is the

minimum group membership for reliable substructure analysis (Hou et al.,

2012). This leaves us with a total of 306 groups and 9095 member galaxies.

Additionally, while our sample contains both groups (i.e. systems with 1012 .

Mhalo . 1014M�) and clusters (i.e. systems with Mhalo & 1014M�), we will

refer to all systems as ‘groups’ for simplicity. In Figure 5.1, we show the main

properties of the groups in our sample and plot the group velocity dispersion

(σrest) versus group richness (nmembers) for the systems in our sample. The

dispersion (σrest) is the observed velocity dispersion (σobs) computed via the

Gapper Estimator (Beers et al., 1990) from all member galaxies above our

stellar mass completeness limit and then corrected for redshift (i.e. σrest =

σobs/(1 + z)). The group richness is taken to be the number of group members

after our stellar mass cut of 3.16 × 109M� is applied and is therefore the
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number of members used in the dynamical analysis presented in the work.

The majority of our sample resides in the group regime with 100 < σrest < 400

km s−1 and 10 ≤ nmembers . 50 (Figure 5.1). While our sample is primarily

composed of group-sized haloes, there are several rich group- and cluster-sized

systems with 42 out of the 306 groups having nmembers > 50.

5.3 Identifying Subhaloes

In order to investigate whether pre-processed galaxies contribute to the ob-

served morphology-/colour-density relations (e.g. Dressler, 1980; Blanton et al.,

2003; Balogh et al., 2004; Baldry et al., 2006; Bamford et al., 2009), we must

first identify subhaloes, which we define as a collection of galaxies that occupy

the same halo within a larger host group halo. One method of identifying

subhaloes is to look for substructure, which is believed to be an indication of

the recent accretion of galaxies or small groups of galaxies. As in our previ-

ous work (Hou et al., 2012, 2013), we identify substructure using a modified

version of the DS Test on all groups with Nmembers ≥ 10 in our SDSS sample.

The DS Test (Dressler & Shectman, 1988) uses both spatial and LOS informa-

tion to identify substructure and searches for members or groups of members

with kinematic properties that deviate from those of the host group. The DS

δi-deviation is computed for each galaxy as

δi =

(
Nnn + 1

σ2

)[(
νilocal − ν

)2

+
(
σilocal − σ

)2
]
, (5.2)

where 1 ≤ i ≤ nmembers, Nnn =
√
nmembers rounded down to the nearest integer

in the modified version of the test (Pinkney et al., 1996; Zabludoff & Mulchaey,

1998a), νilocal and σilocal are the mean velocity and velocity dispersion of the

galaxy plus its Nnn neighbours (as projected on the sky), and ν and σ are

the mean velocity and velocity dispersion of the host group. Galaxies with

large δi-values have large kinematic deviations and could indicate new group

members that have yet to adopt the kinematic properties of the host group.

To determine whether a group contains significant substructure, the sum of
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DS deviations is computed as

∆ =
n∑
i=1

δi. (5.3)

Monte Carlo methods are then used to determine the probability that the

computed ∆ value can be obtained from a random distribution of galaxy posi-

tions and velocities. The probability is computed by comparing the observed

∆-value to ‘shuffled ∆-values’, which are computed by randomly shuffling the

observed velocities and then reassigning them to the observed member galaxy

positions. Systems with probabilities below a given confidence level (typically

1 or 5 %) are identified as having significant substructure.

In our previous work, we focused on comparing groups with and without

detectable substructure using the ∆ statistic (Hou et al., 2012, 2013). However,

the goal of this work is to investigate the role of pre-processing, which requires

the identification of individual subhaloes. A simple way to identify subhaloes

involves a combined analysis of the group ‘bubble-plot’, that is a position plot

of the group members where the symbols are weighted by exp(δi) and the group

velocity distribution (Dressler & Shectman, 1988; Dressler et al., 2013). In the

bubble-plots the size of the symbols scale with the DS δi-deviation, therefore

larger symbols correspond to galaxies with larger kinematic deviations from

the group average. Subhalo candidates are identified in the bubble-plots as re-

gions where several galaxies have similarly large symbols. The DS δi-deviation

does not take into account the sign of the galaxy velocity (Equation 5.2), there-

fore to ensure that the galaxies are also correlated in velocity-space, Dressler

et al. (2013) look at the velocity distribution of the subhalo candidates. If the

candidate galaxies span a small enough range in velocity (. 1000km s−1) then

Dressler et al. (2013) identify these as a subhalo.

While the bubble-plots are effective in identifying subhaloes, it is not fea-

sible to carry out visual inspection for a large sample of groups. Therefore, we

automate this process by defining subhaloes as a collection of at least three

neighbouring galaxies, as projected on the plane of the sky, with δi ≥ 1.8 that

lie within a narrow range of LOS velocities of each other. The minimum value

of three neighbouring galaxies in our subhaloes corresponds to the fact that the

modified version of the DS Test uses Nnn =
√
nmembers (rounded down to the
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Figure 5.2: Histogram of DS δi-deviations (Eqn. 5.2) for all the SDSS satellite
group members in our sample. The dashed vertical line represents the min-
imum δi-value required to be considered as part of a subhalo (i.e. δi ≥ 1.8.
Approximately 20% of the sample lie above this value.

nearest integer) to compute δi (Equation 5.2). Since our smallest groups have

nmembers = 10 then at minimum Nnn = 3. The δi ≥ 1.8 requirement results

from the observation that the average δi-value is approximately 1, which can be

seen in the δi-distribution shown in Figure 5.2. A minimum of δi = 1.8 ensures

that we are identifying systems with larger kinematic deviations as ∼ 75% of

the galaxies have δi < 1.8. The LOS velocity cut applied around each galaxy

ensures that the candidate subhalo galaxies are not only close in projection

on the sky, but also correlated in redshift space. Since our sample includes

groups that span a wide range in halo mass and group richness (Figure 5.1),

we set our LOS velocity cut equal to σrest, which allows the velocity range for

subhalo galaxies to scale with the mass of the host group. Theoretically, sub-

haloes should also span a wide range in mass; however, massive subhaloes are

likely only found in cluster-sized systems (& 1014M�: McGee et al., 2009). A

constant LOS velocity cut applied to all subhaloes would either be too restric-

tive for rich clusters or too relaxed for lower mass groups. Our methodology

reflects the expected range in subhalo masses for a given group halo mass.
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We now compare our automated subhalo finder to the visual inspection

methodology described in Dressler et al. (2013). In Figure 5.3, we show bubble-

plots for two example groups in our sample, Yang et al. (2007) SDSS Groups

138 (left) and 433 (right). Galaxies with δi < 1.8 are indicated by black

symbols, galaxies with δi ≥ 1.8 are indicated by blue symbols and the size

of the symbols scale with exp(δi). In addition, we also indicate the galaxies

identified as subhalo members using our automated algorithm (red crosses in

Figure 5.3). In both Groups 138 and 433, our subhalo finder clearly identifies

the collection of galaxies with the largest DS δi-deviations (Figure 5.3). It

appears that our automated method is able to identify the same subhaloes

that a visual inspection would detect. This methodology was applied to all

groups in our sample and we find similar results to those observed in the two

example SDSS groups shown in Figure 5.3.

215



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

Figure 5.3: Top: Declination (DEC) versus Right Ascension (RA) for Yang
et al. (2007) SDSS Group 138 where the symbols scale with exp(δi) often
referred to as DS ‘bubble-plots’, and larger symbols correspond to larger kine-
matic deviations from the host group properties. Black symbols represent
galaxies with δi < 1.8, blue symbols represent galaxies with δi ≥ 1.8 and the
red crosses indicate galaxies that have been identified as being part of subhalo
by our automated subhalo finder. Bottom: Same as top except for Yang et al.
(2007) SDSS Group 433.
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5.4 Comparing subhalo and non-subhalo galax-

ies

With our automated subhalo finder, we identify subhaloes in our group sample

and find that in total ∼ 10% of all group galaxies reside in subhaloes. We

then stack the galaxies and divide our sample into subhalo and non-subhalo

populations. In this section, we compare the the galaxy properties of these

two populations.

5.4.1 Halo Mass Distribution

In Figure 5.4, we show the normalized differential (left) and cumulative (right)

halo mass distribution for galaxies in groups with no identified subhaloes (black

solid line) and in groups with subhaloes identified with the methodology de-

scribed in Section 5.3 (red dashed line). The halo mass distributions for groups

with and without subhaloes are distinct at the > 99% confidence level based on

the results of a two-sample KS Test. Additionally, from Figure 5.4, it is clear

that subhaloes preferentially reside in more massive systems. For groups with

no identified subhaloes, we find that almost all (∼ 95%) of our sample have

halo masses ≤ 1014M�, while a significantly lower fraction (∼ 60%) of groups

with subhaloes lie below this halo mass. These results are in agreement with

results from numerical simulations and semi-analytic models (SAMs), which

suggest that subhaloes are more common in more massive host groups (e.g.

De Lucia et al., 2012; Bahé et al., 2013; Wetzel et al., 2013a). We discuss the

relationship between subhaloes and halo mass in more detail in Section 5.5.

5.4.2 Stellar Mass Distribution

We show the normalized differential (left) and cumulative (right) stellar mass

distributions for non-subhalo (black solid line) and subhalo (red dashed line)

galaxies in Figure 5.5. Although the non-subhalo and subhalo stellar mass

distributions appear similar, a two-sample KS Test indicates that these two

distributions likely come from a distinct parent distribution at the > 96%

confidence level. The main differences between the two populations is that

the subhalo population appear to have fewer low mass (log10(Mstar/M�) . 10)
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Figure 5.4: Left: Normalized differential halo mass distribution for galaxies in
groups with no identified subhaloes (black solid line) and groups with subhaloes
(red dashed line). Right: Same as left except we plot the cumulative halo
mass distributions. It is clear that groups with subhaloes preferentially reside
in more massive systems.

Figure 5.5: Left: Normalized differential stellar mass distribution of galaxies
with Mstar ≥ 3.16 × 109M� in the non-subhalo (black solid line) and subhalo
(red dashed line) populations. Right: same as left except we plot the cumu-
lative stellar mass distributions. The non-subhalo and subhalo stellar mass
distributions appear similar; however they are distinct a the > 96% confidence
level based on the results of a two-sample KS Test.
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galaxies and, in some stellar mass bins, a higher fraction of more massive

galaxies. However, it should be noted that the differences in the stellar mass

distributions of non-subhalo and subhalo galaxies are subtle and on the order

of, at most, a few percent (Figure 5.5). We discuss how these differences in

the stellar mass distribution affect our results in Section 5.4.3.

5.4.3 Radial Trends

In order to obtain better statistics for our analysis, we look at the stacked

group properties. Our group sample consists of groups with varying sizes and

so we show radial trends as a function of rproj./r200, where rproj. is the projected

group-centric radius and r200 is defined as in Carlberg et al. (1997)

r200 =

√
3σrest

10H(z)
, (5.4)

and H(z) = H0

√
Ωm,0(1 + z)3 + ΩΛ,0.

5.4.3.1 Radial Distributions

In Figure 5.6, we show the normalized differential (left) and cumulative (right)

group-centric radial distributions for galaxies in the non-subhalo (black solid

line) and subhalo (red dashed line) populations in our stellar mass complete

sample. From Figure 5.6, we see that the two distributions differ and results

from a two-sample KS Test confirm that the subhalo and non-subhalo radial

distributions come from different parent distributions at the > 99% confidence

level (c.l.). Additionally, we find that subhalo galaxies are preferentially found

at larger radii when compared to non-subhalo galaxies (Figure 5.6). The ma-

jority (∼ 60%) of the galaxies in the non-subhalo population reside within the

virial radius and the fraction of galaxies decreases with increasing radius. In

contrast, there appears to be a dearth of subhalo galaxies close to the group

core and ∼ 60% of subhalo galaxies are found beyond the virial radius.
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Figure 5.6: Left: Normalized differential radial distributions of galaxies with
Mstar ≥ 3.16 × 109M� in the non-subhalo (black solid line) and subhalo (red
dashed line) populations. Right: same as left except we plot the cumulative
radial distributions. Subhalo galaxies are preferentially located on the group
outskirts.

5.4.3.2 Quiescent fraction versus radius

Differences between subhalo and non-subhalo galaxies can be probed by look-

ing at their SSFRs via the quiescent fraction (fq). In Figure 5.7, we show

fq versus rproj./r200 for non-subhalo (black circles) and subhalo (red crosses)

galaxies in our entire sample of satellite galaxies (top-left panel), for low mass

satellites (9.5 < log10(Mstar/M�) < 10: top-right panel), for intermediate mass

satellites (10 < log10(Mstar/M�) < 10.5: bottom-left panel) and high mass

satellites (log10(Mstar/M�) > 10.5: bottom-right panel). The group-centric

radius covers a range between 0 < rproj./r200 < 3 and the data are plotted at

the mean value of each bin, which have widths of 0.75 r200. The dashed hor-

izontal black line corresponds to the observed quiescent fraction in the field,

where field galaxies are taken to be the isolated galaxies in the Yang et al.

(2007) catalogue.

In the top-left panel of Figure 5.7 we see that for the overall group galaxy

population fq is significantly higher than in the field at all radii, indicating that

group galaxies experience environmental star formation quenching out to at

least three virial radii. This result is in agreement with previous observations

that also find a higher quiescent fraction in groups with respect to the field as
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Figure 5.7: Top-left: Quiescent fraction (fq ) versus rproj./r200 for all satel-
lite non-subhalo galaxies (black circles) and all satellite subhalo galaxies
(red crosses). Top-right: same as top-left except only for the low mass
(9.5 < log10(Mstar/M�) < 10)galaxies. Bottom-left: same as top-left except
for intermediate mass (10 < log10(Mstar/M�) < 10.5) galaxies. Bottom-right:
same as top-left except for high mass (log10(Mstar/M�) > 10.5) galaxies. The
data are plotted at the mean value of each radial bin, which has a width of 0.75
r200, for each subpopulation of galaxies. The dashed horizontal black line rep-
resents the quiescent fraction in isolated field galaxies in the aforementioned
stellar mass bins. Errors are computed following Cameron (2011).
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far out as ∼ 5r200 (e.g. von der Linden et al., 2010; Bahé et al., 2013; Wetzel

et al., 2013b). Comparing group and field galaxies at a given stellar mass, we

find enhanced quenching in low and intermediate mass group galaxies at almost

all radii. For high mass galaxies, the non-subhalo population shows enhanced

quenching at small radii (r < 1.5r200), but have fq values similar to field on

the group outskirts (Figure 5.7: bottom-right panel). The high mass subhalo

galaxies show enhanced quenching, with respect to the field, closer to the group

core (r < 0.75r200) and just beyond the virial radius (1.5 < r < 2.25r200).

As a function of radius, we see that for non-subhalo galaxies at all stellar

masses the general trend is that fq decreases with increasing group-centric

radius within ∼ 1.5r200 and then flattens on the group outskirts (Figure 5.7).

The subhalo galaxy population shows a different radial trend from non-subhalo

galaxies, in both the overall satellite population and at fixed stellar mass, where

fq decreases with increasing radius within ∼ 1.5r200 but then increases at large

radii (Figure 5.7). This results indicates that on the group outskirts enhanced

quenching, with respect to the non-subhalo population, has occurred in the

subhalo population. Within the virial radius the quiescent fractions in non-

subhalo and subhalo galaxies are similar; however, at large radii fq is higher in

the subhalo population at all stellar masses, although a statistically significant

difference is only observed in low and intermediate mass satellites beyond two

virial radii (Figure 5.7).

In Section 5.4.2 we found that the non-subhalo and subhalo stellar mass

distributions differed, where more massive galaxies are preferentially found

in subhaloes. The quiescent fraction has also been shown to correlate with

stellar mass where more massive galaxies typically have higher values of fq

(e.g. Kimm et al., 2009; Wetzel et al., 2012; Hou et al., 2013; Woo et al., 2013).

Thus, one might be worried that the higher quiescent fractions observed in the

subhalo population (Figure 5.7) might be due to a higher fraction of more

massive galaxies, rather than environmental star formation quenching. While

this may in part be true for the overall galaxy popualtion (Figure 5.7: top-left

panel), the fact that we still observe higher fq at fixed stellar in the subhalo

population (Figure 5.7) suggests that environmental effects also contribute to

the enhanced quenching.
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5.4.4 Separating virialized, infalling and backsplash galax-

ies

In Section 5.4.3, we showed that the fq − r200 trend for subhalo and non-

subhalo galaxies differed on the group outskirts. As a result, one might naively

assume that the identified subhaloes are infalling low mass groups. However,

numerous simulations have shown that backsplash galaxies can extend as far

out as 2-3 virial radii (Balogh et al., 2000; Mamon et al., 2004; Gill et al.,

2005; Oman et al., 2013). Additionally, results from semi-analytic models have

shown that subhaloes can survive, that is maintain the kinematic properties of

the subhalo, for several orbits within the host group potential (Taylor & Babul,

2004). Therefore, our goal is to distinguish between the infall and backsplash

populations in order to see if our subhaloes are composed of pre-processed

infalling galaxies or backsplash galaxies that have been quenched after passing

through the host group core. Although it is notoriously difficult to disentangle

the infall and backsplash populations, there has been significant effort in recent

years using simulations and mock catalogues to develop a classification scheme

from observable properties (Gill et al., 2005; Mahajan et al., 2011; Pimbblet,

2011). We make use of a combination of these schemes to identify virialized,

infall and backsplash galaxies in our sample.

One way to determine if our groups contain infall and backsplash satellites

is to look at the distribution of the galaxy velocities (∆cz) as a function of the

group velocity dispersion (σ). Backsplash galaxies will have been slowed due to

dynamical friction within the group core and will therefore have low |∆cz|/σ
values at fixed radius (Gill et al., 2005). In contrast, infalling galaxies can

have a wide range of velocities depending on their orbital parameters; though

galaxies with high velocities (i.e. |∆cz|/σ & 1) are likely all infalling. Using

N -body simulations, Gill et al. (2005) showed that backsplash galaxies have a

narrow centrally peaked |∆cz|/σ distribution, while infalling satellites have a

broader distribution with a non-zero peak. While it is difficult to separate infall

and backsplash galaxies from an observed, and therefore projected, |∆cz|/σ
distribution, Pimbblet (2011) found that by binning the |∆cz|/σ histogram

into narrow bins of radius, it is possible to identify regions where infalling

galaxies dominate. More specifically, these authors found that bimodality
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and/or a shift in the peak of the |∆cz|/σ distribution to larger values indicated

a large infall population.

In Figure 5.8, we show the |∆cz|/σrest histograms in narrow radial bins

for non-subhalo (left) and subhalo (right) galaxies and also list the number of

galaxies in each bin. For the non-subhalo galaxies we see that for almost all

radial bins the |∆cz|/σrest distribution is broad and generally centrally peaked,

indicating a mixed population of virialized (for galaxies with r < r200), infall

and backsplash galaxies out to 2r200 (Gill et al., 2005). Only on the outskirts

(2 ≤ r200 ≤ 3.0) are there signs of a large infall population, indicated by

the emergence of a second peak at |∆cz|/σrest ∼ 0.5. In contrast, the subhalo

galaxies (Figure 5.8: right) show signs of a strong infall population just beyond

the virial radius and out to 3r200. The |∆cz|/σrest distributions for galaxies

between 1 − 2.5r200 either show bimodality or an offset peak, which are both

indications of a dominant infall population (Gill et al., 2005; Pimbblet, 2011).

There are too few subhalo galaxies in the 2.5 < r < 3r200 bin to comment on

the shape of the |∆cz|/σrest distribution; however, it is clear that most of the

galaxies have relatively high velocities and are likely infalling.

The |∆cz|/σ distributions for the subhalo galaxies shown in Figure 5.8

indicate the presence of a dominant infall population; however, it is not possible

to distinguish between infall and backsplash galaxies from these histograms

alone. Using N -body simulations, both Gill et al. (2005) and Oman et al.

(2013) showed that in 6-d phase-space (x, y, z, vx, vy and vz), the regions

occupied by each population are for the most part distinct. However, once this

phase-space is collapsed into observables (i.e. x, y and vz), projection effects

tend to fill out much of the empty phase-space that separated the populations.

While there is no ideal method to distinguish between infall and backsplash

galaxies in observed groups, there are ways to roughly approximate regions

occupied by either population. Mahajan et al. (2011) found that the fraction

of virialized, infalling and backsplash galaxies occupied distinct regions in the

vr/Vv − r/Rv plane, where r and vr are the radial phase-space coordinates,

Vv is the group or cluster velocity dispersion and Rv is the virial radius of

the system. To distinguish between the different galaxy populations, Mahajan

et al. (2011) make the following cut
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Figure 5.8: |∆cz|/σrest histograms for non-subhalo (left) and subhalo (right)
galaxies in the 0 < r200 < 3 range in bins of 0.5rproj/r200. For each radial bin
we list the number of galaxies in each population.
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vr
Vv

= −1.8 + 1.06

(
r

Rr

)
, (5.5)

to separate backsplash and infall galaxies and a cut at one virial radius to

separate virialized and infall galaxies. Within the viral radius there is an

additional cut to separate virialized and infall galaxies, which is the mirror

slope of Equation 5.5. It should be noted that while these cuts are based on

the full 6-d phase-space data, the density contours for the virialized, infall

and backsplash populations occupy similar regions in projected space, though

with significant overlap, and therefore contamination between the populations

(Mahajan et al., 2011). While the distinct regions are not as clear in pro-

jected space, the divisions made by Equation 5.5 allow us to approximately

distinguish between infall and backsplash subhaloes, rather than assuming all

subhaloes are infalling. Therefore, we apply a cut analogous to Equation 5.5,

except vr/Vv is replaced by the observable quantity ∆cz/σrest and r/Rr is re-

placed by rproj./r200. Additionally, the aforementioned classification scheme

is one of five models tested by Mahajan et al. (2011). While we elect to use

the best-fitting scheme, as determined by Mahajan et al. (2011), it should be

noted that the fraction of backsplash galaxies can change by as much as ∼ 20%

depending on the classification scheme.

In Figure 5.9, we plot ∆cz/σrest versus rproj./r200 for our population of

non-subhalo galaxies (gray crosses) and subhalo galaxies (red triangles). As

in Mahajan et al. (2011), we divide the ∆cz/σrest − r200 plane into regions of

virialized (Region A), infalling (Regions B) and backsplash (Region C) with

Equation 5.5 and a cut at rproj./r200 = 1.0. Both subhalo and non-subhalo

galaxies occupy all three regions of Figure 5.9, though there are some visible

differences between the two populations. In particular, there are few subhalo

galaxies close to the group core (also seen in Figure 5.6) and there appears to

be an excess of subhalo galaxies, with respect to the non-subhalo population,

in the bottom-right hand corner of Figure 5.9. This area corresponds to the

region occupied by only infalling galaxies in the full 6-D phase space diagram

shown in Mahajan et al. (2011).

With the divisions shown in Figure 5.9, we separate our sample into virial-

ized, infalling and backsplash galaxies. In Figure 5.10 we show the fraction of
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Figure 5.9: ∆cz/σrest versus rproj./r200 for non-subhalo (grey crosses) and for
subhalo (red triangles) galaxies. The blue slopes indicate the line dividing
galaxy populations (Equation 5.5) as defined in Mahajan et al. (2011). Region
A denotes virialized galaxies, regions B denote infalling galaxies and region C
denotes backsplash galaxies.
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Figure 5.10: Fraction of virialized (crosses), infalling (circles) and backsplash
(triangles) for the non-subhalo (black symbols and lines) and subhalo (red
symbols and lines) populations as a function of projected group-centric radius.
The data are plotted at the mean value of each radial bin, which has a width
of 1 r200, for each subpopulation of galaxies. Error include both

√
N counting

statistics and the uncertainty in the classification scheme given in Mahajan
et al. (2011), which are typically 1% for the virialized and infall populations
and 4% for the backsplash population. It should be noted that systematic
errors, based on the method of classification, are not included.

virialized (crosses), infalling (circles) and backsplash (triangles) for the non-

subhalo (black symbols and lines) and subhalo (red symbols and lines) popu-

lations as a function of projected group-centric radius. The data are plotted at

the mean value of each radial bin, which has a width of r200, for each subpopu-

lation of galaxies. The errors quoted in Figure 5.10 include both
√
N counting

statistics errors and the classification scheme errors stated in Mahajan et al.

(2011), which are typically 1% for the virialized and infall populations and

4% for the backsplash population. However, the aforementioned errors quoted

by Mahajan et al. (2011) underestimate the true uncertainty in computing the

fraction of virialized, infall and backsplash galaxies, as these authors show that

the fractions can change by a significant amount (∼ 20%) depending on how

the galaxies are classified.
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From Figure 5.10, we see that at fixed radius the non-subhalo and sub-

halo populations have very similar subpopulations. In particular, within the

virial radius both samples are dominated by virialized galaxies; though the

non-subhalo population has a slightly higher fraction of virialized galaxies.

Focusing now on the infall and backsplash populations beyond the virial ra-

dius, we see that between 1 < r200 < 2 roughly two-thirds of the galaxies are

part of the backsplash population. However, in the 2 < r200 < 3.0 regime, the

majority of the satellites reside in the infall population (∼ 80%). Even if we

include the ∼ 20% range in systematic uncertainties in classifying the infall

and backsplash population fractions, we find that infall galaxies still dominate

the galaxy population at large radii (& 2r200).

In general, our observed fractions of infall and backsplash galaxies are in

relatively good agreement with values predicted from some N -body simula-

tions (Gill et al., 2005; Bahé et al., 2013). However, we do observe a higher

fraction of backsplash galaxies, at all radii, than predicted by the numerical

simulations of Wetzel et al. (2013b). Although, if we take into account system-

atic uncertainties based on the method of classification, our observed fractions

are in better agreement with those of Wetzel et al. (2013b).

The results of Figure 5.10 indicate that the enhanced quenching in subhalo

galaxies seen beyond the virial radius in Figure 5.7 results from a combination

of pre-processed infalling galaxies and backsplash galaxies that may have had

their star formation quenched via processes related to the host group. However,

the largest, and most statistically significant, difference in fq between non-

subhalo and subhalo galaxies occurs at large radii (& 2r200: Figure 5.7). At

these radii the infall population dominates independent of the classification

scheme used. Thus, the effects of pre-processing are observable and this process

likely plays a significant role in observed quenching of some subhalo galaxies.

5.5 How significant is pre-processing?

To determine the importance of pre-processing in groups and clusters, we

first quantify the fraction of galaxies that reside in subhaloes (fsub) defined

as the number of galaxies in identified subhaloes over the total number of

group members. In Figure 5.11 we plot fsub versus host group halo mass
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(Mhalo), where Mhalo is the luminosity-based halo mass from Yang et al. (2007).

The data points correspond to values of fsub computed for individual systems

and the horizontal red lines represent the mean value of fsub computed for

each halo mass bin, which has a width of 0.5 dex. An immediate feature of

Figure 5.11 is that for halo masses below ∼ 1013.2M� our automated subhalo

finder does not identify any subhaloes, which can also be seen in Figure 5.4.

For more massive systems, there is significant scatter in the fsub values of

individual systems, but the mean values (red lines in Figure 5.11) show a

correlation with halo mass, where more massive host haloes have a higher

fraction of subhaloes. In particular, while some individual groups (between

∼ 1013 < Mhalo < 1014M�) may have a high value of fsub, the majority do not

contain any identified subhaloes. The result is that the mean values of fsub

for group-sized systems is below 5% (Figure 5.11). In contrast, many more

cluster-sized systems (Mhalo > 1014M�) contain subhaloes, which results in a

higher mean value of fsub. The same dependence of fsub on halo mass is also

seen in both SAMs (De Lucia et al., 2012) and hydrodynamical simulations

(Bahé et al., 2013).

The results of Figure 5.11 provide information about the relationship be-

tween fsub and halo mass; however, as shown in Section 5.4.4 the subhalo

population contains a mix of both infalling and backsplash galaxies. In order

to better estimate the importance of pre-processing we must examine the frac-

tion of infalling subhaloes (fsub, infall) defined as the number of infalling subhalo

galaxies over the total number of infalling galaxies, where the galaxies are clas-

sified with the divisions shown in Figure 5.9. A value of fsub, infall = 1 indicates

that all of the infalling galaxies are in subhaloes. A value of fsub, infall = 0

implies that all of the infalling galaxies are either accreting directly from the

field or are part of a subhalo that is not identified by our algorithm (i.e. small

or not very kinematically distinct subhaloes). In addition, fsub, infall = 0 could

also indicate that either all of the subhaloes in that group are in the backsplash

population or that the group does not contain any identified subhaloes.

In Figure 5.12, we plot fsub, infall versus log10(Mhalo/M�), where the data

points indicate individuals systems and the red lines represents the mean value

within each halo mass bin. There are many groups (∼ 85%) with fsub, infall = 0,

which indicates that for these systems the galaxies are likely infalling directly
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Figure 5.11: The fraction of galaxies in subhaloes (fsub) versus group halo mass
in units of log10(Mhalo/M�), where Mhalo is taken to be the luminosity-based
halo masses computed in Yang et al. (2007). The data points indicate the
value of fsub for individual systems in our sample. The horizontal red lines
indicate the mean value for each halo mass bin, which has a width of 0.5 dex.
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from the field rather than in lower mass groups. However, similar to the

fraction of groups with subhaloes (Figure 5.11) the number of groups with

infalling subhaloes is a function of halo mass, where fsub, infall increases with

increasing halo mass. For groups (Mhalo < 1014M�) the sample is dominated by

systems with fsub, infall = 0, which results in mean fsub, infall-values < 5%. For

clusters with 1014 < Mhalo < 1014.5M� the mean value of fsub, infall is ∼ 10%,

which is in very good agreement with the fraction of pre-processed galaxies

predicted by Berrier et al. (2009) for a similar halo mass range. Only for

the most massive clusters in our sample (Mhalo > 1014.5M�) do we find that a

significant fraction (∼ 25%) of the infall population reside in subhaloes. Taking

these average cluster values, we find that our results are somewhat lower than

the values predicted by the SAMs of McGee et al. (2009) and De Lucia et al.

(2012), who found that the the fraction of galaxies that accrete on to clusters

(with log10(Mhalo/M�) & 14) as members of groups with log10(Mhalo/M�) ≥
1013 ranges between ∼ 25 − 45%. A possible explanation for the discrepancy

between our observed value and values predicted by some semi-analytic models

(McGee et al., 2009; De Lucia et al., 2012) is that our automated subhalo finder

cannot detect smaller and/or less kinematically distinct subhaloes, and thus

our fraction of subhaloes is likely a lower limit (see Hou et al., 2012, for a

discussion on the limitations of the DS Test). Also, our sample of cluster-sized

systems is small (∼ 14%) and since there is significant scatter on the individual

values of fsub, infall (Figure 5.12), it is possible that our computed mean value

may underestimate the true fraction of infalling subhaloes in clusters.

Based on the results shown in Figures 5.7 and 5.10, we conclude that the

enhanced quenching in subhaloes observed on the group outskirts (& 2r200) is

a result of the pre-processing of infalling subhalo galaxies. However, we find

that the importance of pre-precessing appears to be a strong function of host

halo mass. For group-sized systems, pre-processing does not play a signifi-

cant role in star formation quenching; however, for the cluster-sized systems,

and in particular clusters with Mhalo > 1014.5M�, a significant fraction of the

member galaxies appear to have had their star formation quenched in smaller

haloes prior to accretion on the final (observed) system. Unfortunately, it is

not possible to further divide the results shown in Figure 5.7 by halo mass as

the uncertainties become too large to draw any meaningful conclusions and
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Figure 5.12: The fraction of infalling galaxies that reside in a subhalo
(fsub, infall) versus group halo mass Mhalo, where Mhalo is taken to be the
luminosity-based halo masses computed in Yang et al. (2007). The data points
indicate the value of fsub for individual systems in our sample. The horizontal
red lines indicate the mean value for each halo mass bin, which has a width of
0.5 dex.
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more data, especially massive cluster data, are needed. However, in a simi-

lar analysis of rich clusters, Dressler et al. (2013) found that the fraction of

passive and post-starburst galaxies was significantly higher in their identified

infalling groups and they also concluded that ‘substantial’ pre-processing had

occurred. The importance of pre-processing has also been studied using hy-

drodynamical simulations by Bahé et al. (2013). These authors also found a

similar relationship between pre-processing and halo mass where more massive

systems, such as clusters, had a much higher fraction of galaxies that had been

pre-processed.

5.6 Conclusions

We have looked at the infall and backsplash subhalo populations in SDSS-

DR7 groups and clusters, using a sample of satellite galaxies that is stellar

mass complete to Mstar = 3.16 × 109M�. The aim of this work is to inves-

tigate the importance of pre-processing in group and cluster galaxies. The

Dressler-Shectman Test was used to identify subhalo galaxies and we followed

the methodology of Mahajan et al. (2011) to classify virialized, infall and back-

splash galaxies. The main results of this analysis are:

1. Subhaloes preferentially reside in massive systems and at large group-

centric radii;

2. The stellar mass distributions of non-subhalo and subhalo galaxies are

distinct, where subhaloes have, on average, slightly more massive galax-

ies;

3. Low and intermediate mass group galaxies out to 3r200 and high mass

satellites close to the group core show enhanced SF quenching with re-

spect to the field;

4. On the group and cluster outskirts, between 2 . r200 < 3.0, fq is higher

in galaxies that reside in subhaloes than for the overall satellite galaxy

population and at all stellar mass;

5. As a function of radius, the percentages of infall and backsplash galaxies

do not differ between non-subhalo and subhalo galaxies;
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6. The fraction of subhalo galaxies (fsub) and the fraction of infalling galax-

ies in subhaloes (fsub, infall) are both a function of halo mass, where more

massive haloes have higher values of (fsub) and (fsub, infall);

The observed enhanced quenching in infalling subhalo galaxies, defined

based as having kinematic properties distinct from the host group, suggests

that pre-processing does play a role in galaxy evolution; however, it’s signifi-

cance depends on halo mass. Pre-processing does not appear to be important

in groups and low mass clusters (Mhalo . 1014.5M�), but it does play a sig-

nificant role in producing the observed quenched fraction of massive cluster

galaxies with Mhalo > 1014.5M�.

5.7 Acknowledgements

A.H, L.C.P, and W.E.H would like to thank the National Science and Engi-

neering Research Council of Canada (NSERC) for funding. We would like to

thank X. Yang for making their SDSS-DR7 group catalogue publicly available,

the NYU-VAGC team for publication of their SDSS catalogue and J. Brinch-

mann for publication of their SDSS SFRs. This work would not have been

possible without these public catalogues.

Funding for the SDSS and SDSS-II has been provided by the Alfred P.

Sloan Foundation, the Participating Institutions, the National Science Foun-

dation, the U.S. Department of Energy, the National Aeronautics and Space

Administration, the Japanese Monbukagakusho, the Max Planck Society, and

the Higher Education Funding Council for England. The SDSS Web Site is

http://www.sdss.org/.

The SDSS is managed by the Astrophysical Research Consortium for the

Participating Institutions. The Participating Institutions are the American

Museum of Natural History, Astrophysical Institute Potsdam, University of

Basel, University of Cambridge, Case Western Reserve University, University

of Chicago, Drexel University, Fermilab, the Institute for Advanced Study, the

Japan Participation Group, Johns Hopkins University, the Joint Institute for

Nuclear Astrophysics, the Kavli Institute for Particle Astrophysics and Cos-

mology, the Korean Scientist Group, the Chinese Academy of Sciences (LAM-

235



Ph.D. Thesis - A. Hou McMaster University - Department of Physics and Astronomy

OST), Los Alamos National Laboratory, the Max-Planck-Institute for Astron-

omy (MPIA), the Max-Planck-Institute for Astrophysics (MPA), New Mexico

State University, Ohio State University, University of Pittsburgh, University of

Portsmouth, Princeton University, the United States Naval Observatory, and

the University of Washington.

236



Bibliography
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Chapter 6
Summary and Future Work

Galaxy evolution is a large field of study but the key goal of current research

is to understand the processes that transform actively star-forming late-type

galaxies into quiescent early-type galaxies. More specifically, understanding

whether internal or secular processes (‘nature’), external processes related to

the environment (‘nurture’) or a combination of the two processes are respon-

sible for driving galaxy evolution.

The work presented in this thesis has contributed to significant advance-

ments in understanding the role that the group environment, and in partic-

ular group dynamics, plays in galaxy evolution. With the SDSS, GEEC and

GEEC2 spectroscopic group catalogues we classify the group dynamical state,

examine correlations between group dynamics and observed galaxy properties

and investigate the importance of pre-processing in groups and clusters. Ad-

ditionally, as our groups span a redshift range of 0 < z . 1, we are able to

study the evolution of group dynamics over cosmic time.

In Chapter 3, we test the reliability of the Dressler-Shectman (DS) Test

for substructure on group-sized systems and then search for substructure in

15 rich (n ≥ 20) intermediate redshift (z ∼ 0.4) GEEC groups. With Monte

Carlo simulations we carry out performance tests of the DS statistic for groups

with membership between 5 and 50 galaxies. The results of our simulations

show that even for systems with as few as 5 members the false positive rates

for the DS Test are low, meaning that the statistic does not incorrectly identify

substructure if none exists. In contrast, the false negative rates, which in our
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case represents the rate that the DS Test fails to detect substructure when

it exists, varies significantly depending on the richness of the group and the

properties of the input substructure. For groups with more than 20 members,

the DS Test can reliably identify substructure; however, for 10 ≤ n < 20, we

find that the statistic has a high rate of false negatives and can only provide

a lower limit on the amount of detected substructure. Previous performance

studies of the DS Test have shown that the statistic is reliable down to n =

30. By showing that the DS Test can be applied to groups with even fewer

members, we have extended the applicability of the test to a much larger

sample of systems, allowing for a more in-depth study of group dynamics.

We then apply the DS Test to our sample of rich GEEC groups and find

that 4 of the 15 groups contain significant substructure that is preferentially

found on the group outskirts. Additionally, with a simple analytic model we

find that 2 of the 5 identified substructure subhaloes are likely gravitationally

bound to the host group. The remaining subhaloes are in the nearby LSS

and may be accreting onto their host groups. In addition, we find that the

galaxy population in groups with substructure resembles the field population

(i.e. a high fraction of blue and actively-star forming galaxies), while galaxies

in groups without substructure have properties similar to cluster populations

(i.e. a dominant red sequence). The location of the substructure galaxies and

the properties of groups with substructure suggest that at z ∼ 0.4, subhaloes

do not feel the effects of the host group environment until well inside the group

potential.

In Chapter 4, we extend the analysis of the work presented in my Master’s

Thesis (presented in Hou et al., 2009) and in Chapter 3 to a sample of low

redshift (z ∼ 0) SDSS groups and a sample of high redshift (z ∼ 0.9) GEEC2

groups, allowing us to study the evolution of group dynamics. With the SDSS,

GEEC and GEEC2 group catalogues we investigate how the quiescent fraction

(fq) in groups depends on galaxy stellar mass, group dynamical mass and group

dynamical state. We find that for the SDSS and GEEC samples fq depends

strongly on galaxy stellar mass, where higher mass galaxies have a higher value

of fq. For our GEEC2 groups, we find no correlation between fq and stellar

mass; however, the GEEC2 sample is small and only contains massive galaxies

(log10(Mstar/M�) ≥ 10.7). The SDSS and GEEC samples have significantly
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more galaxies and are complete to much lower stellar masses, so the fq - stellar

mass trend is more clearly observed. With regards to group dynamical mass,

which is a proxy for halo mass, we find that within our sample mass range, fq

shows no dependency on halo mass at all redshifts.

With the Anderson-Darling (AD) and DS Tests, we then study the evolu-

tion of group dynamics and find that while the fraction of non-Gaussian groups

increases with redshift (to z ∼ 0.4), the fraction of groups with substructure

remains constant at ∼ 20%. This indicates that the increase in dynamical

complexity, as probed by the AD Test, is not associated with an increased

amount of accretion. Thus the AD Test could be tracing another aspect of

dynamical state, such as the rate of mergers and interactions, which has been

shown to increase with increasing redshift (Lotz et al., 2011). We then exam-

ine how the quiescent fraction depends on the dynamical state of the group

and find that in general there is no statistically significant correlation between

fq and dynamical state, classified by either the AD or DS Tests. The only

exception is that at z ∼ 0.4, low mass galaxies in groups with substructure

have a lower quiescent fraction than in groups with no substructure. The main

conclusion of this chapter is that although we find some correlations between

galaxy properties and group dynamical state; the trends are subtle, especially

when the trend with galaxy stellar mass has been accounted for.

In Chapter 5, we take a slightly different approach and compare the prop-

erties of galaxies in substructure subhaloes to those not in subhaloes, which

allows us to better probe the role of pre-processing in galaxy evolution. With

a larger SDSS group catalogue (Yang et al., 2007), we identify subhalo galaxies

using the DS Test for substructure. We find that at large radii (r200 & 1.5),

subhalo galaxies show enhanced star formation quenching with respect to both

the field and non-subhalo populations. We then classify the subhalo and non-

subhalo populations into virialized, infall and backsplash galaxies. The sub-

halo and non-subhalo galaxies have similar fractions of each subpopulation

and with similar quiescent fractions at almost all radii. However, we do find

that at 2 < r200 < 3, fq is higher in both the infall and backsplash subhalo

populations when compared to non-subhalo galaxies. Since the infall pop-

ulation dominates at these radii, we conclude that the enhanced quenching

observed in subhalo galaxies is a result of the higher fq in infalling subhaloes.
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Additionally, we compute the fraction of infalling galaxies that accrete as part

of a subhalo and find that ∼ 20% fall in as members of a subhalo. For the

most massive clusters in our sample, these subhaloes have masses on the order

of ∼ 1013M�, indicating infall in group-sized haloes. Based on the observed

enhanced quenching and the fraction of galaxies that accrete in subhaloes, we

conclude that pre-processing contributes a significant amount to the observed

quenched fraction of cluster galaxies.

While the results of the work presented in Chapters 3, 4 and 5 may ap-

pear somewhat contradictory, differences in the group samples and methods

of analysis can explain the seemingly contradictory conclusions. In particular,

the results of Chapter 3 and 4 suggest that at intermediate redshifts (z ∼ 0.4),

low mass galaxies in groups with substructure do not show signs of enhanced

quenching and have properties similar to the field, while the results of Chap-

ter 5 show that substructure subhalo galaxies at z ∼ 0 have higher quiescent

fractions with respect to both the field and non-subhalo galaxies. There are

two possible reasons for the observed differences in the correlation between

substructure and galaxy properties. The first is the redshift at which these

groups are observed, and the second is that the masses of the subhaloes and

groups differ between the different samples. With regards to differences in

redshift, subhalo galaxies at a redshift of z ∼ 0.4 may not have had enough

time for significant star formation quenching to occur. A more likely cause

is that the work presented in Chapter 5 includes numerous massive clusters

(Mhalo > 1014.5M�), which are not included in the work presented in Chap-

ters 3 and 4. Our results show that pre-processing, which contributes to the

observed enhanced quenching, is really only significant in the most massive

systems. Thus, our intermediate redshift sample does not include systems

where enhanced quenching is likely to have occurred. Another set of results

that appear to be contradictory involves the analysis of substructure in the

SDSS groups. In Chapter 4, we found that there was no difference in the

properties of SDSS groups with and without substructure, while in Chapter 5

we showed that subhalo galaxies on the outskirts of SDSS groups showed en-

hanced quenching. An important distinction between these two results is that

the former looks at the properties of all galaxies in groups with substructure,

and the latter focuses specifically on subhalo galaxies. Therefore, the analysis
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presented for the SDSS groups in Chapter 4 and 5 are not analogous, and one

cannot fairly compare the properties of these two populations.

Our contribution to the study of environmental effects on galaxy evolution

is the development of methods to classify group dynamics for even low richness

groups, allowing for in-depth studies of how dynamical state correlates with

both group and galaxy properties. Additionally, the work presented in this

thesis furthers our understanding of the specific aspects of environment that

play a role in evolution. In particular, we find that while correlations with

dynamical state are present, they are subtle. Our work further supports the

argument that the local environment has a stronger affect on galaxy evolution

than the larger global environment (e.g. Blanton & Berlind, 2007; Wilman

et al., 2010). We also find that for z < 1, the environment does not appear to

affect high mass galaxies (log10(Mstar/M�) & 10.5), which is also in agreement

with results from recent galaxy evolution studies (e.g. Peng et al., 2010, 2012).

Thus, it appears that in order to better understand the role of groups in

galaxy evolution, it is necessary to study lower mass galaxies and high redshift

systems, as these are the regimes where environmental effects, and in particular

mergers and interactions, are more to likely dominate. Additionally, while we

observe some correlations between dynamical state and quiescent fraction, we

still do not know which of the group galaxy transformation processes (i.e. in-

teractions or strangulation) contributes most to the observed quenching. Since

it currently difficult to directly observe the effects of strangulation, it will be

necessary to study correlations between group dynamical state, group member

properties and signatures of interactions, such as morphological or kinematic

distortions and starburst or post-starburst activity, in order to determine which

of the two group processes dominates. Observational evidence showing that

dynamically young systems have a higher fraction of quenched galaxies and,

for example, a higher fraction of morphologically distributed galaxies would

strongly favour galaxy-galaxy interactions over strangulation as the dominant

mechanism for galaxy transformation.

An alternative approach to studying groups is to study the proto-cluster

environment and filamentary systems, which are the source of accretion mate-

rial (i.e. galaxies and groups) for massive clusters. Since proto-clusters are still

in the early stages of assembly, they can provide vital information about cor-
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relations between dynamically young systems and observed galaxy properties.

Additionally, proto-clusters have been observed at high redshifts (z > 1), thus

environmental effects may be more easily observable than in lower redshift

systems. Filaments provide an ideal environment for studying the effects of

pre-processing in the group environment, as these systems have yet to accrete

onto rich galaxy clusters.

Even with the largest currently available survey, the SDSS, it is difficult

to disentangle all of the various factors (i.e. galaxy stellar mass, dynamical

mass and dynamical state) that contribute to galaxy evolution. While the

study of individual systems, such as proto-clusters, can provide some insight

into galaxy evolution, much of the progress in this field will require much

more ambitious surveys going both wider (for better statistics at each redshift)

and deeper (to probe higher redshifts). Fortunately, there are a number of

exciting imaging surveys on the horizon. Examples of such surveys include

Pan-STARRS (Kaiser et al., 2002) and DES (Flaugher, 2005), both of which

aim to study galaxy clustering. More specifically, one of the main science

goals of Pan-STARRS is to map the three-dimensional distribution of matter

in the Universe (i.e. the clustering of galaxies). This will hopefully be achieved

with an ultra-deep 1200 square degree survey down to a limiting magnitude of

g = 27. The inclusion of such faint galaxies will render it practically impossible

to obtain spectroscopic redshifts for all galaxies in the proposed Pan-STARRS

survey. Instead, the survey will rely on photometric redshifts obtained from

measurements in four wavebands. It appears that our current reliance on

spectroscopic data may not be a sustainable, if we hope to make use of these

upcoming surveys. Thus, further development of photometric group-finding,

including those discussed in Chapter 2.2, will be necessary to continue our

study of galaxy evolution. Similar to Pan-STARRS, one of the goals of DES

is to measure dark energy via galaxy cluster counts, which will be carried out

in conjunction with the South Pole Telescope to study clustering via the SZ

effect. Thus, DES will provide an unprecedented number of target clusters

that can be studied in more detail with follow-up observations.

Additionally, complementary theoretical analysis of groups and clusters will

be able to provide further insight into the underlying physical processes respon-

sible for galaxy evolution. Current SAMs (e.g. Font et al., 2008; Somerville
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et al., 2008) and hydrodynamical simulations (e.g. Bahé et al., 2013) have al-

ready provided important information about processes such as SN and AGN

feedback and pre-processing. Further improvements in simulations, including

better treatment of feedback processes and other sub-grid physics as well as

greater computational power, will allow us to improve out understanding of

the processes that dominate galaxy evolution.
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