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Abstract

The cause of varying galaxy interaction outcomes in different environments is in-
vestigated using a sample of over 505,000 Sloan Digital Sky Survey Data Release 7
galaxies at 0.01 < z < 0.20. The aim is to distinguish the large-scale environmental
effects on galaxies from the small-scale interaction effects in order to identify whether
interaction mechanisms vary in different environments, or whether different galaxy
populations produce the various outcomes in different environments. To study the
properties of paired galaxies, the enhancements in star formation rates (SFRs) and
asymmetries are investigated as functions of projected pair separations in different
environments. The paired galaxies and control samples were selected using a new
technique to distinguish between the influence of nearby neighbours and larger scale
environment, and we define four different environmental classes using their dark mat-
ter halo masses (the field, poor groups, rich groups, and clusters).

We find the strongest SFR enhancements at projected separations (1,) < 40 hy,
kpc in field paired galaxies and the weakest (but statistically significant) in cluster
paired galaxies, while the largest asymmetry enhancements are found in cluster paired
galaxies, and the least in field paired galaxies. Using the asymmetry offset rather than
enhancements reveals no dependence on environmental membership. Mean SFR sup-

pression is found at separations 100 < r, < 400 hoy kpc for paired galaxies with



mass ratio < 1 in all environments, but is absent for paired galaxies with mass ratio
> 1. For paired galaxies with mass ratio < 1, this suppression is accompanied by
a lack of mean asymmetry offset or enhancement at similar separations. Possible
explanations of this result include suppression due to an earlier encounter whereby
star bursts consume the star forming gas, and given sufficient time the galaxy settles
into a symmetric shape. At close separations (1, < 40 h;ol kpc), reduced mean SFR
enhancements in all environments are found together with increased asymmetry en-
hancement in comparison with paired galaxies with mass ratio > 1. We hypothesize
that the suppression in lower-mass paired galaxies is due to the depletion of their gas
reservoirs prior to the interaction, and conclude that interactions in different environ-
ments produce various results due to assembly bias rather than differing interaction

mechanisms in various environments.
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Chapter 1

Introduction

1.1 Galaxy Evolution

In modern day astrophysics, galaxies are used as a tracer population of the underlying
matter, and are considered in a sense to be the atoms of the cosmic fabric. To obtain
a full picture of the evolution of the universe, understanding galaxy formation and
evolution is crucial. It explains the current appearance of the universe, and aids in the
prediction of its development in the future. Significant progress has been achieved in
this field, and it is one of the most active fields of research in astrophysics today. Yet
we have only begun to scratch the surface in terms of fully understanding the specific
processes involved and their relative importance when it comes to galaxy evolution.

Once the vast distances to galaxies were known, for much of the 20th century,
galaxies were thought to be Island Universes that were forming and evolving in iso-
lation with no contact between one another. However, as galaxy catalogues began
to grow, examples of galaxy pairs started to surface, alongside many peculiar galax-
ies with long, luminous plumes and tails emanating from their bodies (Lundmark

and Ark, 1927; Holmberg, 1937). It was later discovered that those galaxies were
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interacting, resulting in profound impacts on their properties (e.g., Holmberg 1958;
Vorontsov-Vel'Taminov 1958; Arp 1966; Markarian 1967). This includes intense bursts
of star formation, the onset of quasar-like activity in galactic nuclei, and even the
transformation of spiral galaxies into elliptical galaxies. Observational studies have
shown that there is a significant fraction of interacting and merging systems, and the-
ories of cosmological structure formation indicate that the majority of galaxies have
had some form of strong interaction with other galaxies during their lifetime (Lotz
et al., 2011). Therefore, studying galaxy mergers and interactions and the variables
within provides crucial information for understanding the universe in general, and
galaxy evolution in particular.

Galaxy mergers and interactions have been studied in a fair amount of detail
in the past few decades. Many variables have been found to affect the outcome of
mergers and interactions including the relative masses of the involved galaxies, their
rotation, their relative velocities, etc. Omne of those variables that this thesis will
focus on in particular is the density of their environment. Galaxies don’t just come
in a variety of properties like sizes, shapes, masses, etc. They can also be found to
occupy regions with different densities in the universe, where some can be isolated in
the field, and some can be found in highly dense clusters. By now, it is well known
that environments have an effect on the properties of individual galaxies residing
within them, and also on the outcome of the interaction of those galaxies, which is
discussed in more detail in the next sections (e.g., Oemler 1974; Dressler 1980; van
der Wel et al. 2010). However, little effort has been dedicated to finding whether
the physical processes of interactions vary in different environments, or whether the

interaction processes are identical but the galaxy populations interacting are different.
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In other words, if one accounts and carefully controls for the differences between the
galaxy populations in different environments, would the interaction outcomes vary
with the environment? Moreover, if environments have an effect on the residing
galaxies’ properties, and interactions and mergers also affect the interacting galaxies’
properties, which of the two influences is more dominant: the environmental effects
or interactions? And how far must the interacting galaxies be from each other for the
small-scale interaction effects to become negligible in comparison with the large-scale
environmental effects?

In this thesis, I focus on exploring the properties of interacting galaxy pairs in
different environments. I find the difference in the properties of paired galaxies and
their controls in order to understand the extent of the effect of interactions on pairs
in each environment. This detailed study is carried out using a sample of galaxy
pairs obtained from the Sloan Digital Sky Survey (hereafter SDSS). In this sample
the galaxies lie in the redshift range of 0.01 < z < 0.20, corresponding to a lookback
time of 0.14 Gyr to 2.4 Gyr in a concordance cosmology of 2y = 0.7, 25, = 0.3, and
Hy = 70 hyg km s~ Mpc~!.

Before embarking on this detailed study, I provide a description of different envi-
ronments and the physical processes that affect the galaxies that reside within (§1.2).
This is followed by a brief description of the physical processes involved in mergers
and interactions and the effects they have on the interacting galaxies (§1.3). I then
provide a summary of earlier studies done on pairs in different environments and
what makes this thesis unique (§1.4). The introduction closes with an overview of

this thesis.
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1.2 Galaxy Environments

The density of environments in the universe can be defined in various ways, including
the use of the number of nearest neighbours of a galaxy, or through the use of fixed
apertures (e.g., dark matter halo mass). All methods lead to the inference that
galaxies are generally found in three environments: groups, clusters, and the field.
Groups and clusters are the largest known bound objects that come from the process
of cosmic structure formation. In the large-scale structure of the Universe, they form
the densest part and may contain a few to thousands of galaxies. Geller and Huchra
(1989) showed that the density of galaxies in the local universe spans from ~ 0.2pg in
voids to ~ 5pg in superclusters and filaments, ~ 100py in the cores of rich clusters, and
up to ~ 1000p, in compact groups, with py being the average field density. Moreover,
galaxies come in many different forms and sizes but they can be broadly divided into
two main species: spirals and ellipticals. Spirals generally have flattened, disk-like
shapes, blue colours, much gas and dust, and a widespread star formation activity
that results in the presence of many young stars within. However, there are spirals
that appear red mainly due to dust absorption of UV emissions. Ellipticals on the
other hand, generally have a spheroidal shape, red colours, little to no gas and dust,
and little star formation activity, therefore containing mostly old stars.

As early as the 1930s, it has been known that the environment in which a galaxy
is found has a significant effect on its evolution and properties. Hubble and Humason
(1931) pointed out that spiral galaxies dominate the field, while ellipticals and lentic-
ulars (SOs) are more prevalent in dense cluster environments. The dependence of
the morphology of galaxies on the environment shows that in denser environments a

larger fraction of early-type galaxies is found. This relation was quantified by Oemler
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(1974) and Dressler (1980). In his paper, Dressler (1980) studied the galaxy pop-
ulation in 55 rich clusters, and found a well-defined relation between local galaxy
density and galaxy type. This relation became known as the Morphology-Density
relation, and it shows that the fraction of spiral galaxies decreases from ~ 60% in
the low-density environments to ~ 10% in the high-density environment, while the
elliptical and SO fractions exhibit the opposite trend. This relation offers clear evi-
dence that the environment has an effect on galaxy type. In fact, it is considered to
be the clearest observational signature of significant environmental dependencies of
the processes that govern the formation and the evolution of galaxies.

With the rise of large galaxy surveys that are capable of generating accurate pho-
tometry for an unprecedentedly large sample of galaxies in the past decade, statistical
studies of the behaviour of various galaxy properties became possible. In such stud-
ies, the g — r versus u — ¢ colour-colour! diagrams show a clear bimodality in galaxy
distribution together with a clear minimum between the two peaks (Strateva et al.,
2001). Galaxies in those diagrams are found to be either in the “red sequence”, which
is dominated by old, quiescent stellar populations and dust- reddened spirals, or in
the “blue cloud”, which is predominantly occupied by late-type galaxies with ongo-
ing star formation, or in the intermediate “green valley” (Bell et al., 2004; Brammer
et al., 2009; Schawinski et al., 2014). Since its discovery, the origin of this colour
bimodality in galaxy populations has been extensively researched. The majority of
the works in this field agree that this bimodality is the result of star-forming galax-

ies transitioning to a quiescent state, which over time builds the red sequence (e.g.,

!Magnitudes are measured in different colours by taking images through filters. The SDSS
telescope’s filters are green (g), red (r), ultraviolet (u), and infrared (i and z). Colour is quantified
by subtracting the magnitudes (u— g, g —r, etc.). Magnitudes decrease with increased light output,
therefore objects with high g — r are redder than objects with lower g — 7.
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Madgwick et al. 2002; Bell et al. 2003; Faber et al. 2007; Cucciati et al. 2012). In
particular, it has been shown that a galaxy’s environment can play a significant role
in the quenching of star formation, where dense environments tend to have galaxy
populations that are more massive and dominated by early-type galaxies. There have
been many observational studies that were concerned with studying the effectiveness
of quenching of star formation by the different environments. These studies were done
using many photometric (e.g., Giodini et al. 2012; Cucciati et al. 2012; Li et al. 2012;
Scoville et al. 2013) and spectroscopic surveys (e.g., Pellé et al. 2009; Jeltema et al.
2009; Balogh et al. 2011). These studies have found that for fixed stellar masses, the
fractions of galaxies found along the red sequence are higher for denser environments
than for lower density environments. Since this predominance of early type galaxies
in clusters is likely the result of physical processes that suppress star formation and
eventually alter galaxy morphology, several mechanisms that drive this quenching

have been proposed, and can be grouped into the following categories:

e Interstellar medium (ISM) - Intracluster medium (ICM) interactions
e Galaxy-Cluster interactions

e Galaxy-Galaxy interactions

The following is a brief description of some of the processes that belong to those
categories:
Ram Pressure Stripping

Ram Pressure Stripping is an example of an ISM-ICM interaction, first proposed by

Gunn and Gott (1972). This process can remove the interstellar medium (ISM) from
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a galaxy as it moves through the intracluster medium (ICM) of the cluster. When the
ram pressure is greater than the binding force, the cold gas in the galaxy gets stripped,
and the remaining gas could be compressed within the galaxy to cause a burst of star
formation that would consume the majority of the leftover gas (Abadi et al., 1999;
Quilis et al., 2000; Bekki and Couch, 2003; McCarthy et al., 2008). Ram pressure is
expected to be an efficient method to remove the hot atmosphere of satellite galaxies
in groups and clusters, and mostly effective in the cores of rich clusters (Tanaka et al.,

2004).

Viscous Stripping

Viscous Stripping was first introduced by Nulsen (1982) and is another example of
an ISM-ICM interaction, in which galaxies suffer gas loss by continuous (sometimes
called turbulent or viscous) stripping. In this mechanism the outer layers of the ISM
in a galaxy travelling into the ICM experiences a viscosity momentum transfer that
could be sufficient to drag out part of its gas (Quilis et al., 2000; Schulz and Struck,

2001; Roediger and Hensler, 2005; Roediger and Briiggen, 2008).

Thermal Evaporation

Thermal Evaporation was introduced by Cowie and Songaila (1977) as another mech-
anism for ISM-ICM interactions. If the ICM temperature is high in comparison with
the galaxy velocity dispersion, at the interface between hot ICM and cold ISM the
temperature of the ISM rises rapidly, thus evaporating the gas which cannot be re-

tained by the galaxy’s gravitational field (Nipoti and Binney, 2007).
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Starvation

Starvation (or Strangulation) was introduced by Larson et al. (1980). This mechanism
consists of the removal of the diffuse hot gas reservoir of satellite galaxies as they enter
a larger halo in groups and clusters. Since this tenuous halo is less bound than the
cold gas in the disk, its stripping is considerably easier. Stripping gas from galactic
disks induces a truncation of star formation activity on a short timescale (~ 107 yr);
however, starvation is expected to affect a galaxy’s star formation history on a long
timescale (> 1 Gyr) provoking a slowly declining activity, which consumes the disk
gas after the supply of cooling gas has been removed (Larson et al., 1980; Balogh et al.,

2000; van den Bosch et al., 2008). This mechanism is also an ISM-ICM interaction.

Tidal Interactions

Tidal Interactions are an example of Galaxy-Cluster interactions. In this mechanism,
the galaxy interacts with the general potential of the cluster, where the orbiting galaxy
can experience tidal forces and perturbations that can strip both gas and stars from
the galaxy, as well as compress the gas within to cause increased star formation rates
(Byrd and Valtonen, 1990; Bekki et al., 2001; Gnedin, 2003; Coziol and Plauchu-
Frayn, 2007). These perturbations can also be violent enough to result in the entire

disruption of the galaxy, causing a stellar stream to form.

Galaxy Harassment

Galaxy Harassment is a type of Galaxy-Galaxy interaction. When the tidal forces
are not strong enough, or the relative velocities of the galaxies are too large for

a merger to occur, the tidal forces can effectively heat the galaxy by transferring
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energy from the orbit to internal motions of stars in the galaxy. This heating can
result in the expansion of the galaxy, effectively causing the destruction of the cold,
ordered structures like the disk. This process works through tidal shocking, where
stars in the galaxy experience a rapidly changing tidal field as they are orbiting,
which causes them to gain energy in the form of random motions, thus heating the
system dynamically and causing it to expand (Moore et al., 1996; Fujita, 1998; Moore
et al., 1999; Gnedin, 2003; Park and Hwang, 2009). Harassments are minor events
in comparison with the major mergers; however, they occur far more often in dense

environments due to the high relative velocities of the galaxies within them.

1.3 Galaxy Mergers and Interactions

Galaxy mergers and interactions are also types of galaxy-galaxy interactions that are
thought to contribute to the colour bimodality of galaxies. As galaxies approach one
another, the immense gravitational forces tend to wreak havoc on the properties of the
interacting galaxies. When inspecting interacting and merging galaxies visually, one
can easily see some unique features that are not common in isolated galaxies. They
tend to have long bridges, tails, enhanced spiral structure, and are often severely
distorted. Initially astronomers thought that the tails and long streams of gas and
stars were the product of magnetic fields or nuclear jets. This was justified mainly
due to the linearity and thinness of those features, which were at the time associated
with stellar jets rather than gravitational interactions. However, Toomre and Toomre
(1972) used computer models of interacting galaxies to convincingly show that these
features known as “tidal tails” were most likely the product of gravitational tides

acting on rotating disk galaxies. Since then, there has been substantial research into
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the physics involved in these encounters (e.g., Bournaud et al. 2005; Di Matteo et al.

2007; Cox et al. 2008; Di Matteo et al. 2008; Jian et al. 2012).

1.3.1 How Merging Works

Galaxy composition can be split into three systems: gas, stars, and dark matter.
As galaxies approach one another and begin to interact, these systems are affected
differently. Systems can be either collisional or collisionless, depending on the in-
teraction cross section between the systems’ particles. When the interaction cross
section between a medium’s particles is sufficiently low as to not significantly affect
the overall system, then the medium is collisionless. Otherwise, it is collisional. Stars
in galaxies are a collisionless system due to the immense distances between stars with
respect to their sizes. During galaxy collisions, the stellar systems pass through one
another without sustaining any significant damage (Barnes et al., 1991). Dark matter
is also collisionless, while the gas component of galaxies is a collisional system. This
is mainly due to the extended and diffuse nature of gas clouds as well as their ability
to lose energy due to radiation. The difference between collisional and collisionless
systems is then seen when galaxies collide, where the gas in the systems experiences
shockwaves and compression. The gas in the densest part of those gas clouds cools
rapidly and collapses, which results in the formation of new stars.

Since gravity is the dominant force driving the galaxy-galaxy interactions, the
slower the interaction is, the more disruptive it tends to be. This is due to gravity
having more time to affect the systems, which is to be expected. As the separation
between interacting galaxies decreases, tidal forces acting on the pair become more

significant, resulting in tidal tails and bridges. Although the total energy of the
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system is conserved during the encounter, energy can be transferred from galaxy
motion to stellar motion. The orbital energy of the interacting galaxies gradually
converts to internal motions within said galaxies as the interaction progresses. This
phenomenon is referred to as dynamical friction (Chandrasekhar, 1943; Binney and
Tremaine, 1987), and depending on the properties of the galaxies (including relative
velocities, orientation, and masses) this process may eventually lead to the galaxies
merging and leaving behind a single merger remnant, whose morphology depends
on the initial masses of the merging galaxies. Two galaxies of relatively comparable
masses merging (known as a Major Merger) results usually in an elliptical galaxy
(Barnes, 1988). Galaxies with a high mass ratio merging (a Minor Merger) usually
results in the larger galaxy being left intact while the smaller one gets cannibalized. In
some cases the galaxies do not merge, but the encounter would still have a noticeable
effect on the galaxies involved, and in this case, these events are known as interactions

rather than mergers.

1.3.2 Properties of Galaxy Pairs

In the past couple of decades, there has been a significant amount of work concerning
the properties of galaxy pairs. Such properties include star formation rates (SFR),
colours, asymmetries, etc. In this section I summarize the results of some of those
works that are concerned with properties that are relevant to this thesis.

It is now well understood that some galaxies experience an enhanced star forma-
tion rate (SFR) when interacting. This enhancement is found to be strongly present
for galaxy pairs that are separated by a projected physical distance (hereafter r,) of

< 30 — 40 hoy kpc (Ellison et al., 2008). Moreover, this enhancement is found to be
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strongest for galaxies with equal or comparable masses and is evident in more widely
separated galaxy pairs. In other words, SFR enhancement is known to be present in
galaxies undergoing major mergers, and is amplified the closer the pairs are.

Few studies have attempted to find the extent in projected separation to which
this enhanced SFR is evident in interacting systems. Patton et al. (2013) studied a
large sample of star forming galaxies with separations that extend up to 1000 h-,
kpc and compared it with results from merger simulations. They reported clear
SFR enhancements that are present even for pairs separated by ~ 150 h7 kpc. They
concluded that this enhancement at wide separations is the result of starburst activity
that is triggered at first pericenter passage which then persists as galaxies move
to larger separations after the initial close interaction. Furthermore, the strongest
SFR enhancement was found for galaxies with projected separations of r, < 20 hzy
kpc, which is due to highly disturbed systems that are undergoing final coalescence.
After coalescence, Ellison et al. (2013) showed that post-merger remnant galaxies still
maintain an average central SFR enhancement of a factor of ~ 3.5 over their control
sample. They also reported that < 20% of post-mergers have a SFR enhancement at
least a factor of 10 larger than their control.

Galaxy interactions and mergers are thought to contribute to the colour bimodal-
ity of galaxy populations. This is due to research showing that the colours of galaxies
are affected by interactions and mergers. Patton et al. (2011) reported that there is
a higher fraction of extremely blue galaxies in galaxy pairs than in isolated galaxies,
coupled with an offset that shows that close galaxy pairs (1, < 30 hzo kpc) are bluer
in colour than wide galaxy pairs (r, > 60 h7, kpc). This is consistent with having

close, pericentre passages triggering induced star formation causing the galaxies to
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become bluer in colour. As the galaxies separate they begin to gradually redden
due to an aging starburst. Therefore, galaxy interactions and mergers contribute
to the galaxy bimodality by providing a mechanism where galaxies are turned from
star-forming blue, to “red-and-dead”.

As stated in previous sections, interactions can significantly affect the morphology
of the interacting galaxies. These changes in morphology can be seen in tidal tails,
stellar bridges, and even the complete transformation into irregular galaxies. These
irregularities in the shapes of galaxies can be quantified and compared. Studies have
shown that galaxy pairs tend to be far more likely to be asymmetric than isolated
controls. A study of galaxies at intermediate redshift puts 40% =4 11% of merging
systems as asymmetric, compared to 9% 4 3% of isolated galaxies (Patton et al.,
2005). This study has also demonstrated that strongly asymmetric galaxy pairs tend
to be significantly bluer (rest frame (B — R) colours close to 0.8) than all other galaxy
pairs ((B — R)g of 1.24).

In sum, studies have found that close galaxy pairs tend to have enhanced SFRs,
bluer colours, and higher asymmetries than isolated galaxies. These enhancements
and offsets are amplified the closer the galaxies are to each other during the interac-

tion, but can have a lasting effect after coalescence.

1.4 Mergers and Interactions in Different Environments

With the effects of the environment on residing galaxies known, as well as the effects
of interactions and mergers on paired galaxies, a question arises of whether the inter-
action processes vary with environmental membership or whether the processes are

identical but the outcomes are different. A number of previous works have attempted
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to evaluate the role of environment on the properties of interacting galaxy pairs. The
purpose of this section is to summarize a few key papers that are focused on this
particular topic, and in comparison, present the uniqueness of this thesis.

Alonso et al. (2006) and Perez et al. (2009) studied the effects of galaxy interactions
in different environments. They did so by analyzing SFR data (Alonso et al., 2006)
and colours (Perez et al., 2009) of galaxy pairs in different environments using the
2-degree Field Galaxy Redshift Survey (2dFGRS) (Alonso et al., 2006) and the Sloan
Digital Sky Survey (SDSS) (Alonso et al., 2006; Perez et al., 2009). They observed an
increase in the effectiveness of triggering star formation in low and moderate density
environments with respect to their control sample of galaxies without a companion.
They also report the gap in the red fraction between close pairs and their controls
is significantly higher in massive halos than in lower mass ones. To achieve these
results, the authors defined their sample of galaxy pairs as galaxies with projected

separation 7, < 100 hoy kpc and relative velocity Av < 350 km s71.

They chose
these limits based on the value of 7, and Av where the enhancement of star formation
rates diminishes. This method might introduce a bias due to the fact that different
environments have different r, and Av distributions. The different distributions imply
that the definition of what constitutes a bound pair based on SFR enhancement can
vary for different environments. As I describe in §2.1.2, I adopt a different definition
for what constitutes a galaxy pair based on an estimate for the minimum binding
energy of the pair system, whereby many systems that cannot be gravitationally
bound are eliminated from the sample. The proposed method of pair selection in this

thesis also allows for the study of paired galaxies separated by distances far larger

than 100 h;, kpc, as well as the removal of some projected pairs from the sample.
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Moreover, Alonso et al. (2006) and Perez et al. (2009) define their environment
using an estimator calculated through the projected distance to the 5th nearest neigh-
bour (X5). Ellison et al. (2010) used the projected galaxy density from distances to
the 4th and 5th neighbours within 1000 km s™!, and adopted similar limits to the dif-
ferent environments as Perez et al. (2009). In a study that applied twenty published
environment definitions to a common mock galaxy catalogue that was constrained to
resemble the local universe, Muldrew et al. (2012) concluded that there is no univer-
sal environment measure and the most suitable method depends on the scale being
probed. Nearest-neighbour methods for defining the environments are best suited for
defining higher density environments such as rich groups and clusters, but they are
not appropriate for defining lower density environments due to the dominating effect
of inter-halo separations which smooth out any local density variations. On the other
hand, using the total number of galaxies within a dark matter halo may seem like an
acceptable method to define the different scales of environment densities. However,
due to the limited resolution of telescopes, and the wide range of possible sizes and
brightness of galaxies, surveys tend to miss small and faint dwarf and satellite galax-
ies. Moreover, faint galaxies in closer systems appear brighter than in more distant
systems. This is known as the Malmquist Bias (Malmquist, 1920), where for a fixed
apparent magnitude limit for a survey, at lower redshifts more faint galaxies are ob-
served that at higher redshifts, producing a bias. In §2.2 I demonstrate that basing
the environmental definition on the number of galaxies in the vicinity of the galaxy
pairs may not be the best option, while the use of the dark matter halo mass in which
the galaxy pairs reside provides a far better indication of the environmental density.

In this thesis, I use the dark matter halo masses to define the different environments,
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but also match the control galaxies on the halo mass, isolation (distance to closest
2nd neighbour), and the number of galaxies within 2 Mpc of the paired galaxy.
Alonso et al. (2006) find their control sample by matching the redshift and lumi-
nosity of galaxies without a companion to the galaxy pairs. The lack of matching
on environment implies that their results do not differentiate between the effect of
the environment on the individual galaxies and the effect of the environment on the
interaction itself. In order to test the effects of the environment on the interactions
within, the pairs and the controls must be members of a similar environment for this
comparison to be meaningful. As I will describe in more detail in §2.3, for the control
sample used in this thesis I matched the redshift, mass, isolation, halo mass, and den-
sity of the environment of the controls to their respective pairs in order to remove as

much bias as possible from the control sample, and arrive at more meaningful results.

1.5 Organization of Thesis

In order to investigate the origin of the variation in the properties of interacting galaxy
pairs in different environments in this thesis I proceed by introducing the sample used
and the method of finding pairs, correcting for sources of incompleteness and biases,
defining the environments, and finding the appropriate control sample in the next
chapter. I then discuss the star formation rate (SFR) and specific star formation
rate (sSFR; SFR per unit stellar mass) properties of paired galaxies relative to their
controls in different environments in Chapter 3. Chapter 4 describes the asymmetry
parameter used in this thesis, and shows and discusses the asymmetry enhancement
of paired galaxies in different environments. Chapter 5 summarizes the results from

the previous two chapters, and concludes and outlines future work.
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Chapter 2

Sample Description

2.1 Pairs of Galaxies in the SDSS DR7

In order to study the different properties of interactions and mergers of galaxies in
different environments, a statistically large sample containing both spectroscopic and
photometric data is needed. The Sloan Digital Sky Survey Data Release 7 (SDSS
DR7, Abazajian et al. 2009) is well-suited for this task as it provides public imag-
ing and spectroscopic data for approximately one million galaxies that cover 11,663
deg? on the sky (approximately 30% of the full sky). The large number of galaxies in
this survey, combined with the large coverage area they occupy in the nearby universe
and the wide range of environments they reside in, makes the SDSS DR7 a suitable
survey for the purposes of a statistical study with meaningful results. In this section
I briefly summarize the SDSS observations in §2.1.1, and describe the method with
which the galaxy pairs were selected in §2.1.2. The environment classification of the
galaxy pairs is then discussed and determined in §2.2, followed by a description of

the method used to find the control sample for the galaxies in pairs in §2.3.
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2.1.1 Input Catalog

Observations for the SDSS were carried out using a dedicated wide-field 2.5 m tele-
scope located at Apache Point Observatory in southern New Mexico. The seventh
data release (DR7) of the SDSS covers an imaging area of 11,663 deg? and a spec-
troscopic footprint area of 9380 deg®. It gives ugriz band photometry and 3800 -
9200 A in spectroscopic coverage. It contains the spectra of over 1.6 million unique
objects, which include ~ 930,000 galaxies and ~ 120,000 quasars (Abazajian et al.,
2009). The SDSS DR7 provides the largest collection of galaxies at spectroscopically
confirmed low redshifts to date, which fits the requirements for this thesis perfectly
as it allows for meaningful statistical analysis for the different properties in vari-
ous environments. For the sake of enhancing the results obtained from this study, I
only include galaxies that have secure spectroscopic redshift (zConf > 0.7) that lie
in the range 0.01 < z < 0.2, as well as being classified photometrically and spectro-
scopically as a galaxy, with extinction-corrected Petrosian apparent magnitudes of
14.0 <m, < 17.77.

In this thesis, the masses of the stellar component of galaxies (stellar mass, here-
after) used are obtained from the Mendel et al. (2014) catalogue, which is based on
the photometry of Simard et al. (2011) which improved on the commonly used stellar
masses of Kauffmann et al. (2003). They showed that the photometry of the SDSS
DR7 produced in the pipeline can be improved by creating more robust structural
parameters and integrated galaxy magnitudes and colors. Using a set of quality as-
surance metrics, Simard et al. (2011) demonstrate a significant improvement over
the standard SDSS pipeline, especially for galaxies in crowded environments, and

in particular for close pairs (Patton et al., 2011). Simard et al. (2011) used the
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SEXTRACTOR code (Bertin and Arnouts, 1996) on the output images of the SDSS
pipeline in order to identify various objects and generate segmentation images that
assigned pixels for each detected object as well as identified and masked neighbour-
ing objects. Object-by-object, the local sky levels were redetermined, and using the
GIM2D software package (Simard et al., 2002) the galaxies’ two-dimensional surface-
brightness distributions were mapped with different axisymmetric models of galaxies.
This provided structural decompositions of the objects into bulges and disks and pro-
duced other structural parameters including position angles, Sérsic indices (i.e., the
degree of curvature in the mathematical function that describes how the intensity
of a galaxy varies with the distance to the galactic center, Sérsic 1963), etc. The
motivation behind this decomposition is the fact that the two components (bulge
and disk) are basic features found in the majority of galaxies and appear to be the
dominant structural features. With the decompositions, Simard et al. (2011) simul-
taneously performed parametric fits in the g and r bands by forcing the bulge and
disk structural properties in each galaxy to be the same in both bandpasses. The re-
sulting catalogue of Simard et al. (2011) contains the measured g — r colours, as well
as an estimate of the bulge and disk size, position angle, inclination and ellipticity of
each galaxy, and local sky background and segmentation masks on a galaxy-by-galaxy
basis.

Mendel et al. (2014) took the reprocessed SDSS g-band and r-band photometry
provided by Simard et al. (2011) and extended it to include the w, 4, and z bands.
Using the galaxy-by-galaxy based structural information of the SDSS galaxies from
Simard et al. (2011), Mendel et al. (2014) used those best-fit single-component Sérsic

and bulge+disk photometric models to compute total stellar masses and stellar masses
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for bulges and disks separately. By creating a grid of synthetic models that span a
wide range of possible ages, star-formation histories, metallicities, and dust extinc-
tions, and comparing the galaxies’ enhanced photometry to it, Mendel et al. (2014)
derived the masses of those galaxies. Ellison et al. (2013) compared the masses of
SDSS galaxy pairs obtained from Mendel et al. (2014) to the commonly used masses
of Kauffmann et al. (2003) as a function of projected separation between the pairs.
They showed that there is a slight offset to higher masses in the Mendel et al. (2014)
catalog, accompanied by a scatter between the two values that becomes larger at the
smallest separations. Moreover, they report an overall increase in the trend towards
lower masses in the Kauffmann et al. (2003) values at 7, < 20 kpc. This result is
primarily due to Mendel et al. (2014) using the improved photometry of Simard et al.
(2011) in crowded environments for the mass determination. Therefore, for the pur-
pose of increasing the accuracy of the properties of galaxy pairs in this thesis, I use
the photometric Sérsic total mass measurements of Mendel et al. (2014), and require
that each galaxy’s observed fibre g —r colour be within 0.1 mag of its model-predicted
Simard et al. (2011) fibre colours in order to increase the reliability of the stellar mass

estimates.

2.1.2 Pair Selection

The method used in this thesis in order to collect a sample of galaxy pairs is similar
to the one used in Patton et al. (2013), which will be discussed in further detail in
Patton et al. (in prep). To begin, first we define what a neighbour galaxy is. Simply

1

put, it is a galaxy with a rest-frame relative velocity Av < 1000 km s™" in comparison

to the galaxy in question, with a stellar mass within a factor of ten (0.1 < mass ratio
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< 10) of said galaxy. These criteria are meant to avoid neighbouring galaxies that
are either too small to have a significant effect, or are physically well separated but
appear as a companion due to projection.

Using the above definition of a neighbour, various properties of galaxies in the
input sample are then calculated. Those properties include the projected separation
to the closest neighbour (7,), the projected separation to the second closest neigh-
bour (hereafter r;), and the total number of neighbours within 2 hz; Mpc (hereafter
Ny). For Ny, 2 hzy Mpc was selected as the threshold for neighbours due to it be-
ing large enough to distinguish between different environments like clusters, groups,
and the field, while being small enough to be sensitive to small groups and cluster
substructure. It is worth noting that with this limit for N,, ~ 67% of galaxies in the
catalogue have at least 2 neighbouring galaxies. This allows us later on to match on
both isolation and number density when finding the control sample as described in
§2.3.

Due to our fixed perspective of the cosmos combined with our current technological
limitations, every sample of galaxy pairs is bound to suffer from incompleteness and
projection errors. In the remainder of this subsection, I will address those issues and

outline the steps taken to eliminate or at minimum reduce their effect on the sample.

Fibre Weights

The SDSS produces images using a dedicated telescope at Apache Point Observatory
in New Mexico with a large-format mosaic CCD camera (Gunn et al., 1998). Objects
in the imaging survey are then targeted for a spectroscopic follow-up survey using

two multiobject fibre spectrographs on the same telescope (Smee et al., 2013). The
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target objects are matched to the fibres within each field of view of the fibre plug
plates. Due to the finite size of the fibre plugs, there is a minimum separation of 55
arcsec between the centres of adjacent fibres. In order to acquire spectra for both
members of a galaxy pair simultaneously, the minimum fibre separation of 55 arcsec
sets the limit on the angular separation of the pair (Strauss et al., 2002). This angular
separation restriction causes the sample of galaxies in close angular pairs to have lower
spectroscopic completeness. This fibre incompleteness is one of the major sources of
incompleteness with significant implications when it comes to studying galaxy pairs
in the SDSS.

Patton and Atfield (2008) looked at the ratio of spectroscopic to photometric
pairs in their SDSS sample plotted as a function of angular separation (#). They
report a substantial deficit of spectroscopic pairs only at small angular separations
(0 < 55"). Moreover, in Patton et al. (in prep) the authors show the projected
separation (r,) as a function of redshift for all the galaxy pairs in the sample with
rp < 300 h7_01 kpc, and report a sharp drop in the number of detected galaxies with
angular separations < 55 arcsec. The majority of the regions of the sky are covered
by a single plate, and in those regions only pairs with angular separations > 55 arcsec
are detected. However, there are regions covered by two or more overlapping adjacent
plates as well as areas covered with multiple plates, which explains the detection of
some pairs with angular separations < 55 arcsec. Given a maximum redshift for the
sample of z = 0.2 the corresponding furthest objects are at an angular size distance
of ~ 680 Mpc. Using simple trigonometry, it is clear that galaxy pairs with projected
separations 7, 2 180 h;ol kpc all have angular separations > 55 arcsec; therefore no

spectroscopic incompleteness from fibre collisions exists for those pairs. For smaller
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rp the sample becomes biased towards lower redshifts because of fibre incompleteness,
where it is strongest at r, ~ 80 h7_01 kpc; however, the bias disappears for the smallest
separations (1, < 6 hzy kpc) since all very close pairs have angular separations < 55
arcsec.

Fibre incompleteness has been a well-known issue in the literature, treated usually
by culling the galaxy pair sample at larger angular separations in order to reduce the
bias (e.g., Ellison et al. 2008, 2010; Scott and Kaviraj 2014). However, Patton and
Atfield (2008) showed that due to the use of two or more plates in some regions, the
spectroscopic sample contains enough close angular pairs to enable them to model
the incompleteness and correct for it using a statistical weight rather than removing
detected wide pairs with useful information from the sample. The authors begin by
measuring the ratio of spectroscopic to photometric pairs (NV,./N,,) as a function of
angular separation (#). Patton and Atfield (2008) found a sharp drop in N.,/N,,
below 55 arcsec, and correct it by modelling the incompleteness through the fitting of
a function g(0) to the data, followed by the multiplication of each spectroscopic pair
by a weight wy = f2/g(0) (where f, is the overall spectroscopic completeness of the
survey). Therefore, by simply applying the weight wy = 3.08 to all pairs with angu-
lar separation < 55 arcsec, the angular dependence of the small scale spectroscopic
incompleteness was removed, and this very significant bias was eliminated from the
measurements.

Figure 2.1 shows the effect of applying the corrective fibre incompleteness weight
on our sample’s galaxy pairs. It is clearly evident that the bias produced by fibre
collisions for galaxy pairs with 10 < 7, < 150 ho kpe is largely removed by applying

the corrective weight wy = 3.08 to all pairs with angular separation < 55 arcsec. In
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both panels of Figure 2.1, it is clear that there is a bias in the unweighted sample,
especially at 7, ~ 80 h7_01 kpc where this bias appears the strongest. The unweighted
sample shows clearly that at separations between 5 2 r, 2 180 hzy kpc, there is a

bias towards lower redshifts and lower masses, while the weighted sample shows fairly

smooth and flat trends in redshift and stellar mass.
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Figure 2.1:
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(a) The upper panel shows a plot of the mean stellar mass of the SDSS
galaxy pairs as a function of r,. (b) The lower panel shows a plot of
the mean redshift of the SDSS galaxy pairs as a function of r,. In both
plots, red dots connected by the dashed red line show the data before the
corrective fibre weights, and blue dots connected by the solid blue line
show the data after the weight correction. The error bars show the error
in the mean.
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Resolution

We have an inability to detect pairs at very small separations. There are many factors

that contribute to this inability:

1. Angular Resolution

If the angular separation of a pair of galaxies is comparable to the angular
resolution of the images then the pair appears as a single galaxy on the image
that is used for galaxy identification. The ground-based imaging of the SDSS
has a typical seeing of ~ 1.5 arcsec (York et al., 2000), which indicates that

there certainly are missing pairs below those separations.

2. Angular Diameter

If the angular separation of the pair is comparable to the angular diameter
of one or both members of the galaxy pair, then overlapping isophotes might
hinder the identification of two galaxies. This particular incompleteness is more
significant for galaxies with larger physical diameters, as well as paired galaxies
at higher redshifts due to the decrease in angular separation relative to closer

pairs with similar projected physical separations.

3. Late Stage Mergers

If a galaxy pair is in the late stage of a merger then the two galaxies’ morphology
might be significantly disrupted to the extent that recognizing them as two
separate galaxies becomes difficult. Even in the case where the disruption is
not as severe, when the galaxies are close enough to one another, the difficulty

of discerning the two galactic nuclei increases since both will be covered by a
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single common light envelope. Therefore, it is quite challenging to differentiate a

single merger remnant from distorted and/or extremely close pair at this stage.

Patton et al. (in prep) show that there is an absence of paired galaxies with
angular separations < 2 arcsec in our sample, with some close spurious pairs removed
by eye, which is broadly consistent with expectations from the SDSS seeing (York
et al., 2000). They also note that at angular separations between 2-3 arcsec, there are
noticeably fewer detected paired galaxies than what is expected based on the density
of detected pairs at larger separations, while at an angular separation > 3 arcsec there
are no obvious resolution issues. From the redshift limits on the survey, all galaxy
pairs with 7, > 10 h;ol kpc correspond to angular separations > 3 arcsec, which
indicates that it is safe to assume that the sample is complete for any combination of
redshift and stellar mass at r, > 10 k7, kpc. However, as r, goes below 10 hzy kpc, an
increasing fraction of paired galaxies are missed, and this fraction increases for higher
redshift and higher stellar mass galaxy pairs. This selective incompleteness causes
the mean redshift and mean stellar mass of the population to decrease as projected
separation approaches zero, with only very few pairs being detected at r, < 3 hoo
kpc which all consist of low mass galaxies at redshifts below 0.05. This is seen in
Figure 2.1 where a clear and significant drop in both mean redshift and stellar mass is
seen for paired galaxies with projected separations 0 < r, < 10 hzg kpc in comparison
with paired galaxies with 10 < r, < 20 hyy kpe.

The analysis in this thesis requires splitting galaxies into their respective environ-
ment category, and then into paired galaxies and their respective controls. Therefore,

the subsamples contain significantly smaller sample sizes than the full sample, which
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require the binning in 7, to include a wider range in order for the results to be mean-
ingful. The larger bins would then reduce the visible effect of the incompleteness from
resolution. Therefore, no corrections are required for this specific incompleteness, but
it should be kept in mind when analyzing the properties of paired galaxies at close

separations to avoid overanalyzing the results.

Proximity to Survey Boundary

The SDSS DR7 covers an area of ~ 8000 deg? which is fairly large in comparison to
other surveys (Abazajian et al., 2009). Nonetheless, galaxies will be detected close
to the boundaries of the survey that can have many neighbours or even companions
that are outside those boundaries. Therefore, due to the boundary effects, a small
incompleteness arises that needs to be accounted for. This incompleteness affects
studies that require the identification of close galactic companions; however the effect
is more significant for studies that require the estimation of local densities at large
scales (2 Mpc in this case).

This incompleteness is addressed by first identifying the survey boundaries using
a list of right ascensions and declinations for all galaxies in the spectroscopic sample.
Then using an automated algorithm, the galaxies that are likely to lie close to the
survey boundaries are identified, where ~ 1% of galaxies in the survey are identified
as being close to the boundaries. Following this, for every galaxy in the sample, the
projected distance to the nearest boundary galaxy (hereafter rppunq) is computed, and
it was found that 95.3% of galaxies in the sample lie more than 2 h;; Mpc from the
survey boundaries. Therefore, by simply eliminating any galaxy with 7pung < 2 hog

Mpe, the incompleteness is effectively removed (Patton et al. in prep).
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Binding Energy Cut

As with any redshift survey, there is a problem of contamination of the samples of
galaxy pairs by projected foreground or background galaxies that are not pairs, but
appear as such. This problem arises from the fact that only the projected positions
and line-of-sight velocities of galaxies are measured. The measured line-of-sight ve-
locities of galaxies can be split into two components: the velocity due to the Hubble
expansion of the universe (hereafter v,), and peculiar velocities (hereafter v,..). In
the absence of independent distance measurements, no information is available on the
contribution of each of those velocities to the measured line-of-sight velocity, which is
used in determining the distance of those galaxies from our own, and hence from each
other. A rest-frame relative velocity (Awv) of zero between two galaxies indicates that
they are at the same redshift with r, being the true physical separation only in the
case where the peculiar velocities have no contribution to the measured line-of-sight

L while

velocities. However, in the possible case where one galaxy has vpe. = 0 km s~
the other has v,.. = 1000 km s, with the system having Av = 0 km s™!, the true
separation between these galaxies could be as high as 14 Mpc in our sample. This
produces a source of contamination that cannot be corrected for with our current
data. Moreover, there is a lack of knowledge about the motion perpendicular to the
line-of-sight caused by the limitation of current technology to measure the rate of an-
gular motion of galaxies. Due to this lack of knowledge, the process of finding galaxy
pairs that are physically bound to one another becomes less straightforward. There
have been many examples in the literature of attempts to reduce this contamination,

mainly by imposing an upper limit on Av (e.g., Patton et al. 2000; Alonso et al. 2004;

Ellison et al. 2008). The majority of works impose an upper limit on Av of no more
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than 500 km s~!. These limits are usually decided upon using a trade-off between
removing the contamination from deceptively projected pairs and keeping the sample
size large enough for the statistics to be significant. Even though this technique is
widely used in the literature, a more quantitative and physically meaningful solution
to removing those contaminants will most likely produce a cleaner sample with better
results.

As galaxies approach one another for an interaction, the force of gravity dictates
the majority of events prior to the first encounter. Galaxies that are gravitationally
bound to one another interact and may eventually merge. Galaxies that are not bound
could still merge due to dynamical friction in the interaction causing the galaxies to
slow down and eventually coalesce. The calculation of the dynamical friction between
a possible galaxy pair is beyond the scope of this thesis. Therefore, for the purpose
of this thesis, it is assumed that in order for a galaxy interaction and eventually
a merger to take place, the galaxies involved must be gravitationally bound to one
another. This process excludes some of the paired galaxies that could potentially be
interacting and merging systems; however the trade-off is that the sample left to use
as a pairs sample has many projected pairs with no chance of interaction removed.

Due to the lack of information on the motion of the galaxies perpendicular to the
line-of-sight and any depth components to the physical separation of the galaxies, it
is not possible to calculate the true energies of the systems. However, knowing the
motions along a single direction together with the projected separation of the pairs
enables us to calculate a minimum energy of the system, where any possible uniden-
tified components of motion perpendicular to it or any unknown depth components

to the physical separation would only increase that energy. If the minimum binding
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energy of the system is calculated using classical mechanics, where one only consid-
ers the minimum relative kinetic (K E,,;,) and minimum potential (U,,;,) energies of
the system, then a minimum binding energy E,,.;, > 0 calculated using only the one
known vector of motion and projected separations can only increase if there is motion
perpendicular to the known vector or if there are any peculiar velocities contributing
to the line-of-sight velocities. Since redshift is incapable of differentiating peculiar
velocities of galaxies along the line-of-sight, and velocities caused by the expansion
of the universe, the calculated projected distance between two galaxies assuming the
redshift is solely an indicator of cosmic distance is the minimum possible separation
between the two galaxies. As with the distance component, any velocities perpen-
dicular to the line-of-sight would only increase the velocity difference between the
galaxies, thus increasing the energy of the system. Therefore, one can remove any
projected pair with FE,,;,, > 0 with some confidence that it is not a gravitationally
bound pair. Some caveats to this method remain where there are pairs left with
E,.in < 0 which are not interacting pairs due to undetected motions or unknown
depth separations, as well as removed pairs with F,,;, > 0 that could become bound
from dynamical friction or interact through fly-bys.

In this thesis, I defined the minimum binding energy to be

such that

Umin = _GMDIMD2 (22)
T
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and

1
KE, i = i/ﬂﬂ (2.3)

where G is the gravitational constant, Mp; and Mpy are the dynamical masses of
the first and second galaxies in the pair, u is the reduced mass of the galaxies given
by u = (MpiMp,)/(Mpy + Mp,), r is the distance between the two galaxies, and v
is the absolute difference in the velocities of the galaxies relative to their center of
mass. In equation 2.2, r is taken to be r,, which is calculated using r, = D4 * 0,
where D4 is the angular diameter distance calculated using the mean redshift of the
galaxies, and 6 is the angular separation calculated using the right ascension (RA) and
declination (Dec) of the galaxies. Since r, is the projected separation, any peculiar
velocities that are not taken into account would only serve to increase the true value
of r. Therefore, r = r, is the lowest possible separation between two galaxies, and the
addition of depth only increases the value of r. Since the potential energy (U) is a
negative value that is proportional to 1/r, then the calculated binding energy (E, i)
is minimum for r» = r, and only increases with the addition of a depth component
to the separation between the galaxies. In equation 2.3, v is the difference in the
velocities of the galaxies relative to their center of mass. Therefore, for v, the value of
the known variable Av obtained from the redshifts of the galaxies is used. Since Av is
calculated from the line-of-sight velocities of the galaxies, the true relative velocity of
the pair can be split into two components, the line-of-sight (Av), and the transverse
velocities. Using v = Av and having the kinetic energy (K FE) proportional to v?
and positive indicates that any unknown velocities would only increase the value of
KFE,,;, and hence increases E,,;,. Therefore, the calculated energy of the system

using 7 = 7, and v = Awv is the minimum energy of the system and any additional
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components of motion or depth can only increase the value of E,,;,.

The dynamical masses of the galaxies were calculated using the method described
in Moster et al. (2010), where they adopt the parametrization similar to that of Yang
et al. (2003), described as the following:

Ms(Mp) _ (%) K%)_ﬁ + (%) _7] " (2.4)

Mp Mp )|\ M M,
My is the stellar mass of the galaxy, (Ms/Mp)o is the normalization of the stellar-to-
halo mass ratio (SHM), M, is a characteristic mass for which the SHM ratio is equal
to (Ms/Mp)o, and B and v are the slopes that indicate the behaviour of Mg/Mp at
the low and high mass ends respectively. The values for the four free parameters in

equation 2.4 were taken from the best fits with scatter performed by Moster et al.

(2010), described in Table 2.1.

Figure 2.2 shows the distribution of Av and r, for galaxy pairs with £,,;, < 0 and
Ein > 0. Out of an initial sample of 505,708 galaxies, 321,230 (64%) are considered
paired galaxies under our definition. This is also shown in Figure 2.3 where I plot
the fraction of bound galaxies and their dependence on 7, and Av. It can be clearly
seen that the fraction of accepted pairs decreases constantly as Av increases, where

~100% of pairs with Av = 0 km s~ have E,,;,, < 0, while more than 80% of pairs

Table 2.1: Free Parameters Fitted for SMH Relationship

log (My) (Ms/Mp)y B Y
Best Fit 11.899 0.02817 1.068 0.611
ot 0.026 0.00063 0.051 0.012
o~ 0.024 0.00057 0.044 0.010
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with Av > 900 km s™! have E,,;, < 0. Patton et al. (2013) showed that the effects

from pair interactions on SFR diminishes at a separation of ~ 150 h-y kpc; therefore,

for the purpose of displaying the data in a meaningful manner, a limit on r, is set at

7, < 300 hoy kpc, which leaves 112,807 galaxies in the sample that have E < 0 and

7, < 300 hoy kpe.
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Figure 2.2: A scatter plot of Av vs. r, of the entire sample of pairs showing accepted

pairs with F,,;, < 0 as blue points, and rejected pairs with F,,;,, > 0 in
green. 64% of the population was identified with E,,;, < 0, with 112,807
galaxies having both E,;, < 0 and r, < 300 h;ol kpc.
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Figure 2.3: Plots of the fraction of galaxies designated under the given criteria as
paired as functions of (a) Av on the left, and (b) r, on the right.

2.2 Environmental Classification

There are many different methods used in the literature to determine the environment
in which galaxies reside. Many of those methods involve either counting the number
of neighbouring galaxies within a specific distance surrounding a galaxy or measuring
the distances to a specific close neighbour. The aim of this thesis is to find the
effects of the membership to a specific environment (field, groups, or clusters) on
interacting galaxy pairs; therefore, defining appropriate and accurate environment
classes is crucial. In order to test and find the most appropriate method of classifying
environmental membership, the catalogue of Yang et al. (2007) was used. In their
paper, Yang et al. (2007) published a catalogue of galaxy groups for the SDSS DR4
galaxies using a modified halo-based group finder. What makes their catalogue unique
is that their halo-based group finder was iterative, based on adaptive filters modeled
after the properties of the dark matter halos of the groups, and capable of assigning

single isolated galaxies to groups of one rather than removing them from the sample.
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Using the catalogue of Yang et al. (2007) with updates to include DR7, we obtain
the ID and properties of the group to which each galaxy in the sample belongs. This
allows for the use of two methods to determine environmental membership of the
SDSS galaxies: Number of Members and Halo Mass. For each group, the number of
members identified in each group are counted, and from the number of members the
environments are defined as seen in Table 2.2. It is agreed upon in the literature that
the mean dark matter halo mass of a galaxy group is ~ 10 M, (e.g., Parker et al.
2005), and since the largest halo mass in the sample is ~ 10%M, and the smallest
is ~ 1011 M, the environmental definition is set using the halo mass given by Yang

et al. (2007) as seen in Table 2.3.

Table 2.2: Number of Members Environmental Definition

Environment Definition

Field 3 or fewer members
Poor Group 4 - 10 members

Rich Group 11 - 20 members
Cluster more than 20 members

Table 2.3: Halo Mass Environmental Definition

Environment Definition

Field log(halo mass/Mg) < 12.0
Poor Group  12.0 < log(halo mass/Mg) < 13.0
Rich Group  13.0 < log(halo mass/Mg) < 14.0
Cluster 14.0 < log(halo mass/ M)
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Figure 2.4 shows the average number of members in halos and the average halo
mass as functions of redshift. It is quite evident that there is a significant bias when
looking at the number of members in halos at increasing redshifts; at z < 0.03 the
average number of members is consistently in the cluster range, while at z > 0.1 it
is consistent with 1 - 2 galaxies per halo. This significant dependence on redshift
indicates that many galaxies are being missed by the survey at higher redshifts,
making the number of galaxies in a halo a significantly flawed metric to use as an
environment definition. Furthermore, Table 2.4 clearly shows that using the number
of members of a halo as a proxy for the type of environment leaves the sample with
~ 86% of the galaxies being classified as isolated in the field, which is inconsistent
with our knowledge that the majority of galaxies reside in groups. In comparison,
in Figure 2.4, the average halo mass seems to show a relatively smaller dependence
on redshift, and retains average values within the group environment at all redshifts.
The distribution of galaxies by their environment in Table 2.4 shows results that
are comparable to expectations where the majority of galaxies are classified to be in
the group environments. However, there remains a significant increase of a factor of
~ 40 between the average halo mass at low z and at high z. Yang et al. (2007) use
an extensive reiterative method for determining halos and their masses, where their
group finder is based on an adaptive filter modeled after the general properties of
dark matter halos. Therefore, the trend of increased mean halo mass with increased
redshift is caused mainly by biases in the SDSS data, whereby denser environments
can be observed to large redshifts due to their increased apparent magnitudes, while
lower density environments tend to have lower magnitudes and therefore are more

difficult to observe at higher redshifts.
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Figure 2.4: (a) Plot on top shows the average number of members in halos as a
function of redshift. (b) Plot on the bottom shows the average halo mass
of dark matter halos as a function of redshift. In both plots: values below
the dotted line are identified as field galaxies, between the dotted and
dashed lines are poor groups, between the dashed and dot-dashed lines
are rich groups, and above the dot-dashed lines are clusters.
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Figure 2.5: Histograms of (a) the number of members in each halo on the left, and
(b) the halo mass on the right. Blue corresponds to the isolated field, red
to poor groups, green to rich groups, and orange to clusters. The subplot
inside (a) is a zoom-in of (a) for clarity.

Table 2.4: Distribution of Galaxies by Environment

Environment Number of Members Method Halo Mass Method

Field 85.7% 13.4%
Poor Group 7.3% 45.7%
Rich Group 2.6% 28.0%
Cluster 4.4% 12.9%

For the purpose of this thesis, halo mass is used as the defining metric for the
environment due to all the evidence pointing to it being the more reliable metric on
which to base the environmental definition. With the environment classes defined as
seen in Table 2.3, the distributions of the properties of galaxies by environment in the
sample are plotted in Figures 2.6, 2.7, and 2.8, which show the distributions of r, and
redshift, Av and stellar mass, and N, and 75, respectively. It is immediately apparent
from these histograms that the populations of galaxies in each environmental class

are significantly different. The distributions of r,, 2, and Ny provide assurance for



2.2. ENVIRONMENTAL CLASSIFICATION 40

the use of halo mass to define the environments. It is expected that higher density
environments would contain more paired galaxies that have smaller r, and r, values,
and larger N, values than lower density environments; therefore, their presence in
Figures. 2.6 and 2.8 provides support for the environmental selection technique used
in this sample.

Together with the difference in the distributions of properties that reflect the en-
vironmental densities, it can also be seen that the distributions of redshifts, total
stellar masses, and relative velocities significantly vary between environments. In
terms of redshift, the distribution in Figure 2.6 shows that field paired galaxies peak
at z ~ 0.05 with no field galaxies seen beyond z ~ 0.11, while rich group and cluster
paired galaxies’ redshift distributions peak at z ~ 0.13. These significantly varied
distributions in redshift are mainly the product of field galaxies being more difficult
to detect at higher redshifts due to their low apparent magnitude in comparison with
galaxies in denser environments. This phenomenon is also reflected in the stellar mass
distributions which show a peak at log(M. /M) < 10 for field paired galaxies, while
cluster and rich group paired galaxies show a peak in their stellar mass distributions
at log(M./Mz) < 11.5. It is important to note that these varied distributions of
properties between the paired galaxies in different environments significantly com-
plicates the analysis of results later in the thesis. The comparison between paired
galaxies and their controls in an environment can be made robust by the selection
of a well-matched control sample (as will be described in more detail in the follow-
ing section), resulting in any differences seen between the paired galaxies and their

respective controls to be the result of interaction effects in the paired galaxies alone.
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However, differences between the effects of interactions in one environment versus an-

other cannot be attributed entirely to environmental effects alone, as they could also

be caused by selection bias due to the varied distributions of properties in different

environments.
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2.3 Control Sample

In order to test for the effect of the environment on interacting pairs, we must compare
the interacting pairs at different separations to carefully chosen controls for each
environment. Many studies concerning close galaxy pairs have used this approach,
where their control sample had similar selection criteria to the pairs but just without
a close companion (e.g., Ellison et al. 2008; Patton et al. 2011). This approach is
quite robust, but only works for relatively close pairs. When looking at a sample
with pair separation extending to ~ 300 h;ol kpc, the control sample galaxies become
substantially more isolated than the paired galaxies that they are being compared
with. This is due to the use of a control sample that is completely separate from
the paired galaxies sample, where a galaxy can only be either a control for a paired
galaxy, or a paired galaxy but not a control. In the case of the sample having paired
galaxies separated by as much as 300 h7—01 kpc to within a Av limit, then all the

control galaxies have no companions closer than 300 h;ol kpc. Therefore, a paired
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galaxy separated by 20 h-J kpc from its closest companion and 40 h-y kpc from
its second closest companion can only be compared with a galaxy separated by a
minimum of 300 k7, kpc from its closest companion and even further so from any
other companions. Therefore, when one extends the pair selection criteria to larger r,
limits, this control finding method causes the control sample to become significantly
more isolated than the paired galaxies sample, and the comparison between pairs and
controls becomes meaningless when one needs to account for environmental effects.

An approach used by Barton et al. (2007) required both pairs and control galaxies
to be isolated on larger scales, which works well for field galaxies, but since most
galaxies reside in groups and clusters, as seen in Table 2.4, this method may remove
the majority of our sample. Therefore instead, Patton et al. (2013) introduced a new
methodology with which they matched the control sample in both local density and
isolation, which they describe in more detail in Patton et al. (in prep).

A different approach to deal with this issue is to match paired and control galaxies
on a local density estimator based on the distance to the fourth and fifth closest
neighbours within 1000 km s~!(e.g., Ellison et al. 2010; Scudder et al. 2012) together
with matching on isolation on larger scales (e.g., Barton et al. 2007). Local density
is typically measured within a few Mpc, which is far greater than the separation
between paired galaxies. Therefore, if an environment contains small scale structure,
such as compact groups embedded in loose groups (Mendel et al., 2011), matching
solely on local density does not account for such structures. Requiring paired galaxies
and controls to be isolated on larger scales would work well for field galaxies; however,
this thesis requires the use of galaxy samples in all environments including the field,

groups, and clusters. Therefore instead, combining both methods, where the control
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sample and the paired galaxies are matched in both local density and isolation, fixes
these problems and provides an adequately matched control sample (Patton et al.,
2013).

In this thesis, the local density is quantified by Ns (the number of galaxies observed
within 2 Mpc of the galaxy) as well as the dark matter halo mass. As for isolation,
ro provides the distance to the second closest neighbour. Since the only difference
between the control galaxy and the paired galaxy it is being matched with is having
a close companion at a separation of r,, then the second closest companion of the
paired galaxy (rg,q) should be at approximately the same distance as the closest
companion to the control galaxy (7, contror). Therefore, to match for isolation, the
paired galaxy’s 75 is matched with the control galaxy’s r,. Figure 2.9 is a plot of
the fibre weighted and unweighted mean N, and ry as functions of 7, for the galaxy
pairs in our sample. Both plots imply a significant dependence of pair separation
on the environment in which they are found. N, is seen to constantly decrease as
pair separation increases. This is due to the environment in which galaxy pairs are
found, where in denser environments such as groups or clusters, it is more likely to
find close galaxy pairs than wider separated ones with no galaxies in between. On
the other hand, the ry increases as pair separation increases, which demonstrates
the dependence of the isolation of galaxies based on their environment. In this case
paired galaxies with wide separations are more likely to be in low density, field-like
environments, therefore, the average distance to their second closest neighbour is
larger than for closer galaxy pairs that are more likely found in denser environments
with closer second neighbours. These two biases are then corrected for by choosing a

control sample that is matched in both Ny and ry such that the dependence of pair
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separation on both environment and isolation is equal for the paired galaxies sample

and their respective controls.
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(a) The upper panel shows a plot of the mean Ny of the paired galaxies
as a function of r,. (b) The lower panel shows a plot of the mean 5 of
the paired galaxies as a function of r,. In both plots, the dashed red line
shows the data before the corrective fibre weights, and the solid blue line
shows the data after the weight correction. The error bars show the error
in the mean.
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In this thesis, I use a slightly modified version of the methodology for finding the
control sample described in Patton et al. (2013). For every galaxy in the pair sample,
a control sample is identified such that it is matched in stellar mass, redshift, local
density, isolation, and environment class. Each control galaxy is required to have a
redshift within 0.01 of the paired galaxy, and a stellar mass within 0.1 dex!'. To match
on local density, each control galaxy is also required to have N, within 10% of the
paired galaxy’s N,. As for isolation, the r, of the control galaxy’s closest companion
must be within 10% of the paired galaxy’s r5. Finally, the control galaxies are also
required to be in dark matter halos that have masses within 0.1 dex of the halo mass
of the paired galaxies. Each paired galaxy is required to have a minimum of 10 control
galaxies, and in the case where this number is not met, the matching criteria (o) are

increased in the following manner:

(2.5)

o(0) is the starting matching range (e.g., 0.1 dex for stellar mass), n is the number
of times the iteration had to be done, and o(n) is the new matching range. As an
example to clarify this method, if the matching range initially is ¢(0) = 0.1 dex, and
less than 10 control galaxies were found, then this range is increased to (1) = 0.15
dex and the matching algorithm is rerun. If 10 control galaxies were not found again,
the range is increased to o(2) = 0.175 dex, then o(3) = 0.1875 dex, and so on until
a minimum of 10 control galaxies are found, which guarantees that the matching

limit never exceeds twice the initial range. For the sample used in this thesis, a

ldex is a contraction of decimal exponent. It is a logarithmic unit commonly used in astronomy,
where 1 dex equals a factor of 10 and 0.1 dex means 10°!.
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minimum of 10 galaxies have been found for every paired galaxy, with an average of
106 controls per paired galaxy (and a median of 29 controls per paired galaxy). After
the selection of the control galaxies, the mean is then determined for the properties of
each galaxy’s control sample to allow for a single “effective control” to be associated
with every paired galaxy in the sample. This method yields excellent agreement

between galaxies and their controls in the matched properties as seen in Figure 2.10.
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Figure 2.10: Histograms showing the distribution of: (a) stellar masses in the upper
left plot, (b) redshift in the upper right plot, (¢) Ny in the center left
plot, (d) r2 in the center right plot, and (e) dark matter halo mass in the
bottom plot, of paired (blue line) and their control (red line) galaxies.
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Chapter 3

Star Formation Rates

3.1 Introduction

Star formation is crucial to the understanding of galaxy formation and evolution. In
fact, star formation rates (SFRs) are considered to be one of the most important
parameters to define galaxies and their evolution. By comparing the colours of mor-
phologically peculiar galaxies to normal galaxies, Larson and Tinsley (1978) showed
the first clear evidence of enhanced star formation in interacting galaxies. In recent
years, it has been shown by numerous studies that galaxy-galaxy interactions and
mergers contribute to the evolution of galaxies in several ways including triggering
the formation of new stars, or quenching star formation in gas-rich galaxies (Schimi-
novich et al. 2007; Di Matteo et al. 2008; Wild et al. 2009). For example, many studies
have shown that galaxy pairs in general exhibit enhanced SFR, and demonstrate an
increase in the enhancement as pair separation decreases (e.g., Alonso et al. 2004;
Ellison et al. 2008; Patton et al. 2011; Scudder et al. 2012). This enhancement has
been reported to be sustained up to separations of ~ 150 h;y kpc (Patton et al.,

2013), which is far larger than what is often considered by merger rate studies.
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In this chapter, I investigate the effect of environmental membership on the SFR
and SFR enhancements of the paired galaxies. The different environment classes are
defined using the dark matter halo masses. The control sample is matched in the
number of galaxies within 2 Mpc (Vs), the distance to the second closest neighbour
(r9), and the dark matter halo mass where the galaxies reside, as well as in stellar
mass and redshift. Therefore any differences seen between the paired galaxies and
their controls should be caused by the interactions only. I then quantify the differ-
ences between the paired galaxies’ SFRs and their controls’ SFRs in the form of SFR
enhancements. It is worth noting that the properties of galaxies in different environ-
ments do not have the same distributions (field paired galaxies generally have lower
stellar masses and redshift values than group and cluster paired galaxies). Therefore,
even though enhancements are likely to be the sole product of interactions, various
levels of enhancements depending on the environment can be caused by selection bias
in the samples.

As is mentioned in §1.4, in the past decade, a number of studies were concerned
with determining the role of local environment in changing galaxy-galaxy interaction
properties. For example, Lambas et al. (2003) and Alonso et al. (2004) studied the
properties of the 2-degree field (2dFGRS) close galaxy pairs in the field and groups
respectively. They concluded that there is a lower level of star formation activity in
denser systems than in the field, with the enhancement in the SFR requiring smaller
separations in groups than in the field. Their work was later extended by Alonso
et al. (2006) to also include galaxy pairs from the Sloan Digital Sky Survey (SDSS).
Low, intermediate, and high density environments were defined using an estimator

based on the distance to the 5th nearest neighbour (X5). Galaxy pairs were identified
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by creating upper limits in r, and Av where the star formation activity became
consistent with the average activity of their control galaxies, which are at r, < 100
hoo kpc and Av < 350 km s™'. Alonso et al. (2006) reported that enhanced star
formation was evident in wider separation pairs for lower 5. However, their control
sample consisted of a single averaged value rather than a comparison on a galaxy-
by-galaxy basis, where instead of comparing the SFR of paired galaxies in a specific
rp bin with the average SFR of the controls of those specific paired galaxies, the
authors take the average of the SFR of all the controls in all 7, bins, and compare the
SFR of pairs to that one value. With this method, the authors wind up comparing
the galaxy pairs with a control sample that no longer matches the paired sample.
Moreover, further bias is introduced by the lack of equal matching in 5.

More recently, Perez et al. (2009) improved on this analysis by creating a control
sample that is matched with the pair sample in redshift, stellar mass, Y5, and dark
matter halo mass. However, they maintained the use of a single averaged value to
describe the entire control sample for comparison with the paired galaxies. With
this method, they found that even though pairs in the lowest environmental density
have the highest absolute fraction of star forming galaxies, pairs with r, < 20 hzo
kpc regardless of density have a fraction of high star forming galaxies almost twice
that of their controls. Moreover, Ellison et al. (2010) used a sample of close galaxy
pairs from the SDSS DR4 to examine in which environments galaxy mergers occur,
and how the results of these mergers depend on differences in local galaxy density.
They matched the pair and control samples in mass, redshift, and local projected
density (defined by the average distances to the 4th and 5th neighbours within 1000

km s7!), and concluded from the comparison of pairs and controls that galaxies in the
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lowest density environments showed the largest changes in SFR enhancement, and
triggered star formation was seen only in low-to-intermediate density environments.
The suggested explanation for these results was that they are likely due to the typ-
ically higher gas fractions of galaxies in low density environments. Similar results
have been obtained by many other works (Freedman Woods et al., 2010; Wong et al.,
2011; Hwang et al., 2011; Ideue et al., 2012; Alonso et al., 2012).

It is clear that the environment does have an effect on the star formation of
galaxy pairs. Previous works mostly agree that SFR enhancement is lower in higher
densities than it is in lower density environments. In this thesis, I aim to extend the
analysis to more widely separated pairs with a more rigorous and carefully obtained
control sample to examine the true effect of environmental membership on the star
formation of interacting pairs. Therefore, in this chapter, I explore the star formation
rates (SFR) and specific star formation rates (sSFR; the SFR per unit galaxy stellar
mass) of galaxy pairs and merging systems selected from the SDSS DR7 in different
environments using a novel method to select the pairs as well as their controls. 1
perform a comparative study of galaxy pairs with their carefully chosen controls for
each environment with the purpose of assessing the relative importance of the role of
interactions over global environmental processes, while removing sources of possible
biases. In the next section (§3.2) I briefly describe the sample used, and describe how
the SFRs were obtained. In §3.3 I show the comparison between the SFR of pairs and
their controls in different environments while focusing on the enhancement of SFR,
and in §3.4 I do the same with sSFR, and discuss the results in each. In §3.5 the pair
sample is extended to include paired galaxies at separations r, < 1000 h;ol kpc and

I focus on the SFR suppression in the paired galaxies. In §3.6 I provide a summary
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of the results and discuss possible physical causes and consequences, and provide a

conclusion in §3.6.2.

3.2 Sample Description

The sample used for this thesis is described in detail in Chapter 2. The galaxy pair
sample is obtained from the SDSS DR7 with all the galaxies having redshifts in the
range 0.01 < z < 0.20. The photometric total stellar mass measurements are obtained
from Mendel et al. (2014), which was estimated using the updated photometry in the
g— and r—bands of Simard et al. (2011) together with new u— and i—bands. The
pair sample was constructed in compliance with the method of Patton et al. (2013)
(described in more detail in §2.1.2 and in Patton et al. (in prep)). The closest
neighbour to a galaxy is defined as the galaxy with the smallest r, with a stellar mass

Lin Aw. The projected

within a factor of 10 of the galaxy’s stellar mass and 1000 km s~
separation of the second closest neighbour (r3) and number of galaxies within 2 Mpc
(N3) are then recorded. Using classical mechanics and minimum binding energies,
pairs with energies greater than zero are excluded from the pair sample (but kept for
the control sample).

In order to define the environment, the dark matter halo masses of the Yang
et al. (2007) catalogue for the SDSS DR7 galaxies are used. The definition for each
environment (field, poor groups, rich groups, and clusters) are given in Table 2.3.

The control sample for the pairs is then constructed as seen in §2.3, by matching the

pairs and controls in redshift, stellar mass, isolation, local density, and halo mass.
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3.2.1 Star Formation Rate Measurements

The SFRs used in this thesis are obtained from Brinchmann et al. (2004), with updates
using this method for the DR7. To obtain the SFR values for the SDSS galaxies,
Brinchmann et al. (2004) begin by defining subsamples of galaxies based on their
emission line properties. The subsamples are mainly divided using the signal-to-noise
ratio (S/N) and strength of the emission lines of Baldwin, Phillips, and Terlevich
(1981) (BPT hereafter): [NII], Ha, HS, and [OIIl]. Galaxies with S/N > 3 in each
line are classified into star-forming, AGN, or composite galaxies. This is determined
by using the Kauffmann et al. (2003) and Kewley et al. (2001) distinctions in terms
of where the galaxies lie on the BPT diagram ([NII]/Ha vs. [OIII]/Hp).

Of the galaxies that have S/N > 3 for all four BPT lines, some are classified
with confidence as star-forming galaxies. For these star-formers, the SFRs are deter-
mined by fitting their emission lines with the models of Charlot and Longhetti (2001).
Galaxies that are classified as AGN or composite, as well as galaxies without BPT
emission lines with S/N > 3 have their SFRs determined by using an empirical rela-
tion between the sSFR of the galaxy and its 4000A break strength (D,4000, Balogh
et al. 1999). Lastly, galaxies with S/N > 2 in Ha flux that do not have this level of
signal in the remaining BPT lines can have their SFRs determined using the relation
of Kennicutt (1998). Even though the full modeling apparatus of Brinchmann et al.
(2004) cannot be used in this case, they show that the SFRs can still be determined
using the dust corrected emission luminosity of Ha.

Since the SDSS is a fibre-based survey, all these methods for assigning SFRs to
galaxies are derived from the spectra of those galaxies. Therefore, they are restricted

to the fibre aperture, and at median redshift and stellar mass of the survey, the spectra
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only sample ~ 1/3 of the total galaxy light. Brinchmann et al. (2004) calculate the
global (or total) SFR for galaxies in the SDSS using an aperture correction that uses
the resolved colour information available for each galaxy in the (¢9—r) and (r—i) bands.
This is done by constructing a likelihood distribution for the probability of a given
SFR based on the i-band luminosity (L;) outside of the fibre and the colour of this
unsampled region. This correction is purely empirical and relies on the assumption
that the distribution of L; at fixed (¢ — r) and (r — i) colour should be the same for
both the inside and outside of the fibre region, which could potentially cause a bias
in the results. Therefore, for the purpose of this thesis, the measurements used are
those of the fibre SFRs.

The sample also contains no cuts in SFR or sSFR. The reasoning behind a SFR
cut is mostly due to the unreliability of the SFR data for the passive fraction. This
unreliability stems from the method used to obtain the SFRs of passive systems, where
a minimum value is set for the sSFR of passive systems that causes an overestimation
in their values. Moreover, the errors in SFRs do not become vanishingly small as the
SFRs decline, which causes less constraint on the exact values of the lower SFRs. The
errors are also increased by the fact that unlike star-forming systems, passive systems’
SFRs are obtained using indirect methods, where the SFR is assigned to the system
based on the 4000 A break - sSFR relation. This relation has an intrinsic scatter, and
therefore, causes a larger error in the determination of the exact SFR values for passive
systems (Brinchmann et al., 2004). Due to the overestimated SFR values, studies
generally tend to cull the passive galaxies and only use the star formers. However, we
argue that even though the SFR values of passive galaxies are overestimated, galaxies

on the SF sequence on average have SFRs that are 45 times larger than passive
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galaxies. The SFRs of passive galaxies are sufficiently low to be approximately zero
and the overestimation in the SFR of the passive galaxies becomes insignificant and
does not affect the mean SFR values. In fact, we tested the mean SFR values of paired
galaxies by replacing all the passive galaxies’ SFRs with a value of 0, and obtained
results that are indistinguishable from those obtained using the passive galaxies” SFR
from Brinchmann et al. (2004). Therefore, the need to investigate the full range
of SFRs far outweighs any insignificant effects from the overestimation of passive
galaxies’ SFRs, and no cuts in SFR or sSFR are applied in this work.

Out of the original sample of ~505,000 galaxies that have SFRs, ~320,000 galaxies
are considered paired galaxies, with ~113,000 paired galaxies having r, < 300 h;ol
kpc, with an average of 106 controls per paired galaxy (and a median of 29 controls

per paired galaxy).

3.3 Star Formation Rate Enhancements

With the SFR measurements for the pair and control galaxies in the sample at hand,
the comparison of the enhancement in star formation in different environments can
begin. In Figure 3.1, I plot the mean SFRs of paired galaxies and their associated
controls as functions of r,. The mean SFR values of the control sample show little
dependence on 7,, which demonstrates the lack of a close companion that causes
increased SFRs at close separations as seen in the paired galaxies’” SFRs. Moreover,
the difference between the paired galaxies’ SFRs and those of their respective controls
in every environment diminishes with increased projected separation. This is due to
the small-scale interaction effects being overcome by the large-scale environmental

effects due to the large separation between the paired galaxies.
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Figure 3.1: Plot showing the mean SFRs of paired galaxies (top plot) and their asso-
ciated control galaxies (bottom plot) as function of projected separation
rp in different environments. The dotted black line shows the mean SFRs
of the entire sample (not split into environments), the blue lines repre-
sent galaxies in the field, red represents galaxies in poor groups, green for
galaxies in rich groups, and orange for galaxies in clusters. All error bars
show the standard error in the mean.
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In order to quantify the effect of the interaction on paired galaxies, I use the offset
method of Patton et al. (2011) where the ratio of paired versus control SFRs can
be interpreted as the enhancement of SFR due to interactions and is given by the

following;:
SFRpairs

ASFR = - pairs
S R SFRcontrols

(3.1)

Here ASFR is the SFR enhancement, and SFRp.s and SFReontols are the mean
SFRs of the paired and control galaxies respectively. In this formalism a ASFR of
one means no enhancement and less than one means suppression. This can be seen in
Figure 3.2, where at the small separations paired galaxies in all environments show
an enhancement in SFR, with the strongest enhancement seen in field galaxy pairs.
However, this enhancement quickly vanishes as pair separation starts to increase.
Table 3.1 shows a summary of some of the key features of Figure 3.2. It can be seen
that unlike what can be found in the literature (e.g., Heiderman et al. 2009; Knapen
and James 2009; Robaina et al. 2009), the enhancement in SFR is consistently less
than 2. Conversely, Patton et al. (2013) reported enhancements up to a factor of 3
at the smallest separations, with moderate enhancements of ~ 20% over the range
50 < 1, < 120 h7y kpc, and no visible enhancements by r, ~ 150 h7) kpc. For the
full sample used in this thesis, the maximum enhancement is seen reaching a factor
of ~ 45% and the enhancement drops to zero for pairs with r, > 70 hzy kpe. Even
though the sample used in this thesis is from the same source as that used in Patton
et al. (2013), the differences in the results can be attributed to the criteria set on the
SFRs in Patton et al. (2013) where they require every galaxy in their pair sample
to be classified as star-forming according to the criteria of Kauffmann et al. (2003).

No SFR restrictions are applied to my sample, resulting in it including star-formers
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as well as non-star-formers, AGN, and composites, which drives the enhancement
in the SFR down. Furthermore, Patton et al. (2013) used r, bins that are 10 hy,
kpc wide, while in this work the width of the r, bins is 20 k7, kpc which dilutes the

enhancement, and explains the difference between the two results.
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Figure 3.2: Mean SFR enhancement (ratio of pair SFR to control SFR) is plotted
versus 7, for the pairs in different environments. The colour scheme fol-
lows that of Figure 3.1, with the dashed horizontal line denoting zero
enhancement. All error bars show the standard error in the mean.

Table 3.1: SFR Enhancement

Environment | Enhancement for r, < 20 h;ol kpc | 7, for zero enhancement
All 1.4540.07 ~ 70 hoy kpc
Field 1.86 +0.20 ~ 80 hzg kpc
Poor Group 1.4940.11 ~ 60 ho kpc
Rich Group 1.37 £0.12 ~ 70 h=y kpc
Cluster 1.46 £0.19 ~ 50 hy kpe
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From Table 3.1, it is clear that at the smallest separations (r, < 40 hy kpc) the
enhancement in field pairs is greater than the enhancements in denser regions, and it is
visible up to separations ~ 80 h;, kpc, which is larger than the denser environments.
The SFR enhancements seen in groups and clusters are consistent with each other
within the uncertainty. As noted previously, the differences in the enhancement levels
seen in the different environments can be caused by environmental effects, but it is
equally likely that it is also caused by the distribution of stellar masses and redshifts
of the galaxies in each environment. Field galaxies have preferentially lower masses
and redshifts than cluster galaxies, and both stellar mass and redshift are known
to have a correlation with SFRs, which affects the SFR enhancement levels. The
SFR enhancement seen in an environment can confidently be attributed to interac-
tion effects alone due to the careful control matching that assures the only difference
between paired galaxies and their controls is the one close neighbour. On the other
hand, the differences in the levels of enhancements seen in different environments
cannot be solely attributed to environmental effects due to the various differences in
the samples in each environments. Moreover, one cannot certainly conclude whether
the increased SFR enhancement in close field pairs is due to greater star formation
activity in individual galaxies, or that interactions in the field produce a higher frac-
tion of enhanced SFR paired galaxies than the denser environments, or a combination
of both. In order to extract this information, the interacting galaxy pairs should be
examined on an individual basis rather than in a statistical study where such informa-
tion is lost or, alternatively, numerically simulate the galaxy interactions for identical
pairs in different environments to test the enhancement of SFR in each case. Both of

these proposed options are beyond the scope of this thesis.
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From the available analysis, it can be concluded that close field paired galaxies
show the greatest level of mean SFR enhancements, which is consistent with the
findings of Alonso et al. (2006) and Ellison et al. (2010). On the other hand, we
also report statistically significant SFR enhancements in close paired galaxies in all
environments, including rich groups and clusters, while Ellison et al. (2010) using data
from the SDSS DR4 reported that galaxies in the higher density environments show no
enhancements in SFRs. These conflicting results can be caused by various differences
in the methodology used to obtain the sample of paired galaxies and their controls.
Ellison et al. (2010) used data from the DR4, which is now known to overestimate
SFRs in specific galaxies (Salim et al., 2007), and corrected for fibre incompleteness
by culling a fraction of the wide separation pairs rather than apply a statistical weight
to pairs with # < 55 arcsec. Moreover, the control sample used in Ellison et al. (2010)
is only matched on environment using a single parameter obtained from the distance
to the 4th and 5th closest neighbours, together with a significantly different method
of obtaining controls for each paired galaxy in comparison with the method used in
this thesis. Furthermore, while Ellison et al. (2010) removed passive galaxies from
their sample, the sample of galaxies used in thesis includes star forming galaxies as
well as passive galaxies, which yields a substantially larger sample of cluster galaxies
in particular. Therefore, all these differences in sample selection and methodology
can account for the discrepancy in the SFR enhancements of close paired galaxies in

denser environments.
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3.4 Specific Star Formation Rate Enhancements

It is worth noting that in Figure 3.1 it is clear that every environment has a significant
effect on the SFR of all galaxies within them. One would expect the field galaxies
to have the highest SFRs followed by poor and rich groups and then clusters with
the lowest SFRs (e.g., Lewis et al. 2002; Baldry et al. 2004; van den Bosch et al.
2008; Pasquali et al. 2009; Peng et al. 2010; Wijesinghe et al. 2012, etc.); however,
this is not seen in Figure 3.1. The field has the lowest SFR for both pairs and their
controls, followed by clusters, rich groups, and poor groups with the highest SFRs,
which brings into question the reliability of the results obtained using the methods of
this thesis. However, in Figure 2.7, it is clear that the distribution of stellar masses is
different depending on the environment. Each environment has a unique stellar mass
distribution, and SFRs and stellar masses are known to have a correlation with one
another (e.g., Brinchmann et al. 2004; Peng et al. 2010; Whitaker et al. 2012). Lower
mass galaxies produce lower levels of SFR, and field galaxies have preferentially lower
masses than galaxies in higher density environments in our sample, which explains
their lower mean SFRs. Therefore, in order to change the dependence on stellar mass,
and verify that the results in the previous section are not simply an artifact due to
the differing stellar mass distributions of the different environments, the specific star
formation rates are calculated.

The specific star formation rate (sSFR) is simply defined as the star formation
rate per unit stellar mass (SFR/M,), or the fractional mass-growth per unit time.
The sSFR is commonly regarded as a proxy for the efficiency of star formation in
galaxies. Recently there have been several studies that have shown the relationship

between the sSFRs of galaxies and their stellar mass. For the SDSS, Elbaz et al.
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(2007) and Salim et al. (2007) showed that for the star forming galaxies there exists a
tight “main sequence” where the sSFR is approximately constant for a wide range of
stellar masses. More recently Peng et al. (2010) also showed that there is only a weak
dependence of sSFR on mass, where sSFR oc M? with 8 = —0.1. Therefore, in order
to test the reliability of the SFR results obtained in the previous section, I calculate
the sSFR of galaxy pairs and their associated controls using the fibre SFR data from
the previous section, divided by their fibre stellar masses for the sake of consistency.
For the sample used in this thesis, Figure 3.3 clearly shows that the dependence of
the sSFRs on stellar mass for the SDSS galaxies is far lower than that of the SFRs,
however the spread of SFR values in the main sequence is tighter than the spread of
sSFRs. To quantify the dependence of the SFR and sSFR on stellar mass, first the
active and passive populations were distinguished using the definition of Bluck et al.
(2014), where a galaxy is passive if log(ASFR) < —1. A line of best fit is then fitted
to the active population, and lowered to match the separating limit between passive
and active galaxies. The slope of the line of best fit § indicates the dependence of the
SFR or sSFR on the stellar mass, with # = 1.0 & 0.6 for the SFR-M, relation, and
£ = —0.14 4+ 0.08 for the sSFR-M, relation. These slopes are consistent with results
from previous studies (e.g., Peng et al. 2010; Abramson et al. 2014), and demonstrate
the significant decrease in the dependance on stellar mass for sSFRs (~ 10 times

lower than SFR-M.,, slope).
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Figure 3.3: Scatter plots showing the dependence of SFR (top plot) and sSFR (bot-
tom plot) on stellar mass. The solid line separates the star-forming main
sequence from the red fraction, with its slope indicating the dependence
of SFR or sSFR on stellar mass.
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Figure 3.4 is a plot of the mean sSFRs of paired galaxies as well as their associated
controls. It is immediately apparent that the expected order in terms of environments
is produced, with the highest sSFR seen in field galaxies, followed by poor and rich
group galaxies, and cluster galaxies showing the least sSSFR for both pairs and controls.
Just as with SFRs previously, the comparison between the pair and control sSFRs
provides information on the enhancement in sSFR, which translates to information
on the enhancement in the efficiency of forming stars. Therefore, with the sSFRs for
the different environments in the predicted order, the SFR enhancement results can

be justified by the existence of compatible results in the similar treatment of sSFRs.
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Figure 3.4: Plot showing the mean sSFRs of paired galaxies (top plot) and their asso-
ciated control galaxies (bottom plot) as function of projected separation
7, in different environments. The colour scheme follows that of Figure 3.1.
All error bars show the standard error in the mean.
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The resulting sSFR enhancements are seen in Figure 3.5, with the key features
summarized in Table 3.2. It is evident that the order of the strength of enhancements
at smallest separations by environment is as expected from the enhancements of
SFRs, with the field paired galaxies experiencing the largest enhancement, while the
paired galaxies interacting at smallest separations in the higher density environments
show lower levels of enhancement. However, comparing the enhancements in sSFRs
with those of the SFRs in Figure 3.2 shows that the enhancements in sSFRs are
higher than in SFRs for all environments. The discrepancy in levels of enhancements
between SFRs and sSFRs may appear to be an error since the paired galaxies are
matched with their controls in stellar mass and should have a constant ratio between
pairs’ and controls’ properties when dividing by their respective stellar masses, as

shown below:
SFRpairs

ASFR = ————
S R SFRcontrol

(3.2)

sSER pairs
sSFReontrol
~ SFRpairs/ M pairs
~ SFReontrol/ Mx control

AsSFR =

therefore, if M, pairs ™ My controls, then

SFRpairs

AsSFR = ———
SS R SFRCOntrol

— ASFR (3.3)

and this is not seen from comparing Figure 3.2 and Figure 3.5. However, the values
shown in those figures are of the average SFR and sSFR enhancements. Even though

the conclusion in eq. 3.3 holds for the individual paired galaxies’ SFRs” and sSFRs’
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enhancements, it does not hold for the mean enhancements in each 7, bin. This is due
to the fact that when calculating the mean enhancement in SFRs, the galaxies with the
highest SFR enhancements contribute more towards the mean enhancement in the bin
than galaxies with low SFR enhancements. A galaxy with a high SFR enhancement
and high mass would contribute more to the mean SFR enhancement than a galaxy
with low SFR enhancement and low mass. However, as seen previously, since the
SFRs and stellar masses are correlated, the ratios of SFR to masses (i.e., sSSFRs) are
often similar for both galaxies, resulting in the galaxies being weighted equally when
contributing to the mean sSFR enhancement. This explains the discrepancy and
validates the use of the sSFR enhancements as a verification for the results obtained
in the previous section with the SFR enhancements.

The similar enhancements in both SFRs and sSFRs at smallest separations, com-
bined with the similar limits in separation at which enhancements in SFR begin to
appear for the paired galaxies in different environments, provides confidence in the
results obtained in the previous section, as well as confidence in the SFRs used in
this thesis. Just as with the SFR enhancements, field paired galaxies at the smallest
separations (r, < 40 h7o kpc) are greater than the enhancements for paired galaxies
in denser environments at similar separations, which is consistent with the results of
Ellison et al. (2010). The existence of statistically significant enhancements in the
mean SFR and sSFR of close paired galaxies in all higher density environments is
inconsistent with the findings of Ellison et al. (2010). However, as was mentioned in
the previous section, this could be caused by various differences in the sample selec-
tion and control finding methods utilized in this thesis as opposed to those used in

Ellison et al. (2010).
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Figure 3.5: Mean sSFR, enhancement (ratio of pair sSFR to control sSFR) is plot-
ted versus 7, for the pairs in different environments. The colour scheme
follows that of Figure 3.1, with the dashed horizontal line denoting zero
enhancement. All error bars show the standard error in the mean.

Table 3.2: sSFR Enhancement

Environment | Enhancement for r, < 20 h;ol kpc | 7, for zero enhancement
All 1.99 £0.18 ~ 70 hoy kpc
Field 2.70 £ 0.69 ~ 80 hog kpc
Poor Group 2.21+0.12 ~ 70 hoy kpc
Rich Group 1.71 +£0.12 ~ 50 hy kpe
Cluster 1.66 +0.19 ~ 70 hy kpe
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3.5 Star Formation Rate Suppression

Figure 3.2 shows clear signs of SFR enhancements for paired galaxies at separations
rp < 80 hzo kpc with varying levels of enhancement depending on the environment.
However, looking past separations of r, > 120 hz, kpc, the entire sample’s mean
SFR is seen to be systematically suppressed. Even though this phenomenon is mostly
evident for the lower density environments, when combining the environments to look
at the full sample, the suppression seems to systematically persist for galaxies paired
at separations of r, > 120 h;ol kpc. This is also evident in sSFR with the paired
galaxies showing systematic suppression at separations r, > 80 hz kpc in Figure 3.5.

The mean SFR suppression in Figure 3.2 is seen to persist for pairs separated by
up to 300 h; kpe, therefore in order to further investigate the cause of the suppres-
sion, Figure 3.6 shows the SFR enhancements for paired galaxies with separations
7, < 1000 h3y kpe in all the different environments. Separations as large as 1000 ho,
kpc should show SFR results for paired galaxies indistinguishable from their controls
since these distance probe the large scale environmental effects with no contribu-
tion from the relatively distant closest neighbour. Figure 3.6 contains three regions
with varying behaviour, namely the SFR enhancements at smallest separations (r, <
80 hzg kpc), the suppression at intermediate separations (80 < 7, < 400 hyy kpc),
and the lack of activity relative to controls at the largest separations (1, > 400 hz,
kpc). The first region, which exhibits SFR enhancements at separations r, < 80 hz
kpc, was shown in the previous two sections to be the product of close interacting
pairs and varies in the level of enhancement due to the environments in which the
interactions take place. As for the second region, the work of Geha et al. (2012)

may provide insight into the cause of the observed suppression at those separations.
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Dwarf galaxies in the NASA-Sloan Atlas (a re-analysis of the SDSS DRS) were found
to exhibit a clear behaviour in terms of the quenched fraction which decreases with
increased distance from the closest massive galaxy. The fraction of dwarf galaxies at
closest separations (< 250 kpc) that are quenched was found to be between 21 - 32%,
and drops to 0 - 5% for separations larger than 1.5 Mpc. By examining Figure 3.6 one
can see a consistency between the separations where the quenching occurs and those
given by Geha et al. (2012), namely that the cause of the suppression observed in
Figure 3.6 may be attributed to suppression in lower mass galaxies due to interactions
with a more massive galaxy.

This hypothesis is tested in Figure 3.7, where the paired galaxies are split into two
categories: galaxies with a more massive companion(mass ratio > 1), and galaxies
with a less massive companion (mass ratio < 1). By splitting the pairs by their
mass ratios, a few differences in behaviour become apparent. Looking at the closest
separations, it is quite clear that the enhancement in SFR for the higher mass galaxies
in the pairs are far larger than those seen for the lower mass paired galaxies, and this
is seen for all environments. Individually, the higher mass paired galaxies in the
field show the highest rate of enhancement in SFR, while the higher mass pairs in
clusters show the least enhancement at r, < 50 hz; kpc, which is consistent with the
findings in the past section. As for the lower mass paired galaxies at 7, < 50 hz,
kpc, SFR enhancement is only seen in field paired galaxies and at almost half the
enhancement seen for their higher mass counterparts. Within the uncertainty limits,
there are no SFR enhancements seen for lower mass paired galaxies in the higher
density environments at the smallest separations.

The second region in Figure 3.6 at separations of 100 < r, < 400 hzs kpc, which
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exhibits quenching in SF for paired galaxies in all environments, is seen in Figure 3.7
to behave differently for higher mass paired galaxies than their lower mass compan-
ions. The higher mass paired galaxies show no evidence for quenching in this region
for all environments. In fact, they show no differing activity from their controls for all
rp > 120 h-s kpc in all environments. On the other hand, the lower mass companions
are consistently suppressed relative to their controls, with a higher rate of suppression
for field and poor group galaxies than for rich group and cluster galaxies. The sup-
pression seems to start at r, ~ 400 hzs kpc for all environments, and stops at where
the majority of studies in this area define as the maximum projected separation for
interacting galaxy pairs (r, ~ 100 hzy kpc). At separations greater than 400 ho kpc,
the lower mass companions show SFRs that are consistent with their controls (i.e., no
enhancement or quenching) for all environments except for those in clusters. An en-
hanced SFR is seen in the lower mass companions that reside in cluster environments
at separations greater than 400 ho; kpc relative to their controls. This phenomenon
is most likely due to false pairs, where the individual galaxies in pairs at separations
greater than 400 hoy kpc in a cluster environment are not individual but have other
companions closer by that are too faint to pick up on. This explanation is justified
by the fact that it is extremely unlikely for a galaxy to reside in the densest possible
environment (i.e., the cluster) and be more than 400 h;, kpc from its closest com-
panion without having any galaxies in between. Looking back at Figure 2.4 in §2.2,
we see that even though the halo mass increases slightly with redshift, the number
of members decreases dramatically from an average of ~ 25 galaxies at z = 0.01 to
~ 6 galaxies at z = 0.05 and then to ~ 1 — 2 at z > 0.1. This dramatic decrease

in the number of galaxies observed combined with the lack of decrease in halo mass
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shows that many galaxies are being missed in the catalogue due to either being too
faint (low mass), too distant (high redshift), too close to another larger companion,
or a combination of all factors. Therefore, the reliability of the information obtained
for paired galaxies at those separations in dense environments decreases as the pair
separation increases due to the increased likelihood of having undetected companions.
This is less likely to happen in more isolated environments since it is quite possible to
have galaxy pairs at those separations without any undetected companions in between

due to the low environmental densities.
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Figure 3.6: Mean SFR enhancement (ratio of pair SFR to control SFR) is plotted
versus 7, for the pairs in different environments. The colour scheme fol-
lows that of Figure 3.1, with the dashed horizontal line denoting zero
enhancement. All error bars show the standard error in the mean.
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Figure 3.7: Mean SFR enhancement (ratio of pair SFR to control SFR) is plotted
versus 7, for the pairs in different environments. The plot on top shows
the lower mass paired galaxies, while the higher mass paired galaxies are
plotted on the bottom. The colour scheme follows that of Figure 3.1,
with the dashed horizontal line denoting zero enhancement. All error
bars show the standard error in the mean.
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3.6 Discussion & Conclusion

3.6.1 Discussion

Using a sample of galaxy pairs with wide separations selected from the SDSS DR7,
together with their SFRs obtained from Brinchmann et al. (2004) and stellar masses
from Mendel et al. (2014), I have examined the effects of interactions on star formation
in different environments (field, poor and rich groups, and clusters). I found evidence
of the dependence of the SFRs and sSFRs of galaxies on the environment in which
they reside. However, due to the differences in stellar mass and redshift distributions
between the different environments, where the lower density environments have a
higher fraction of low mass and low redshift galaxies than denser environments, the
comparison of the samples in each environment becomes nontrivial. Any differences
in enhancements observed between two environments could be due to environmental
effects, sample selection bias, or a combination of both. SFR and sSFR values are cor-
related with stellar mass, but with different degrees of dependence. Therefore, seeing
similar enhancements in all environments in SFR and sSFR, as well as the expected
behaviour of mean sSFRs for galaxies in different environments (e.g, Kauffmann et al.
2004; McGee et al. 2011; Scudder et al. 2012) provides confidence in the SFR values
used in this thesis as well as the environment selection criteria and control matching.

As for the galaxy interaction effects in different environments, it is found that
enhancements in SFR and sSFR for galaxy pairs can be found in all environments,
but to varying degrees. The largest boost in star formation and star formation ef-
ficiency is found in galaxy pairs in the field with 7, < 40 h;, kpc. Paired galaxies
in rich groups and clusters are found to have the lowest levels of enhancement, while

poor group pairs show moderate enhancements between those of the field and denser
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environments. Therefore, it can be concluded that paired galaxies show statistically
significant enhancements in SFR and higher star forming efficiency than controls in
all environments. Moreover, the maximum separation at which enhancements can be
seen is found in this study to be largest for field paired galaxies (at 7, ~ 80 h7g kpe),
and lower for paired galaxies in groups and clusters. Patton et al. (2013) showed
that the SFR enhancement in their wide separation sample extends to 7, ~ 150 hz
kpc. The findings in this study do not necessarily point towards an inconsistency,
especially when the restrictions on the SFRs in Patton et al. (2013) are taken into
account. In this thesis, there are no restrictions applied to the SFR of the pairs or
controls, while Patton et al. (2013) only considered star-forming galaxies in their sam-
ple. The lack of a SFR cut is motivated by the need to investigate the full range in
star forming properties, with the overestimation of low SFRs posing an insignificant
effect on the mean SFRs in the sample. This means that there are more low SFR
galaxies in the sample used in this thesis, which causes the average star formation rate
enhancement to balance out due to this population of passive galaxy pairs lowering
the mean enhancements.

In order to explain the differences in enhancement factors together with the dif-
ferences in maximum separation at which enhancements are visible one must consider
whether the effects are due to mechanisms affecting the identical galaxies in different
environments due to overdensities (e.g., ISM-ICM interactions, and Galaxy-Cluster
interactions), or whether the galaxy populations in the different environments are
inherently different. In the latter case, the galaxies in both isolation and overden-
sities are reacting to the same set of mechanisms and evolutionary processes, and

the only reason their enhancements are different is due to their populations reacting
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differently to the same processes. One such mechanism is known as assembly bias
(e.g., Croton et al. 2007; Cooper et al. 2010), which states that galaxies in high mass
halos tend to be older as a result of merging and clustering at an earlier epoch and
with greater frequency that more isolated galaxies. Therefore, in rich groups and
clusters, one might expect to find a larger fraction of old, ‘red and dead’ galaxies,
which have encountered many mergers and interactions, and have been affected by
the quenching mechanisms described previously for a longer period of time. If galax-
ies in rich groups and clusters are simply older than their more isolated counterparts
in poor groups and the field, then they would be further along in their evolution and
gas consumption. Therefore, when galaxies interact in dense environments, due to
their age and the extent of all the environmental effects acting on them, they are
preferentially gas poor, which causes the triggering of SFR enhancement to become
more difficult. On the other hand, galaxies in the field contain a larger fraction of
gas due to the lack of interactions and environmental effects during their lifetimes in
comparison with cluster galaxies, and therefore have a far easier task of triggering
SFR during interactions. This mechanism does not require the star formation rates
to be triggered differently in different environments, but rather the efficiency of the
formation is changed due to the lack of gas in denser environments. Since the star
formation enhancement mechanism can be identical for all environments under this
formalism, then the triggering of it is essentially the same in all environments but at
varying rates depending on the gas fraction.

This case was tested by extending the pair sample from r, < 300 h7o kpc to in-
clude paired galaxies with r, < 1000 h;ol kpc, and splitting the paired galaxies sample

into two categories: galaxies with a more massive companion, and galaxies with a less
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massive companion. At separations greater than 400 h;ol kpc, the paired galaxies are
unaffected by their companions in all environments. The behaviour of both the low
mass and the high mass galaxies at the largest separations matches that of their con-
trols. For paired galaxies at intermediate separations, at 100 < r, < 400 hzo kpc the
paired galaxies with the lower mass exhibit signs of suppression, which are more ap-
parent for lower density environments (field and poor groups) than higher density
environments (rich groups and clusters). The suppression can be possibly explained
by Geha et al. (2012) who show that dwarf galaxies experience quenching when in
the proximity of a more massive galaxy at those separations. This quenching can be
due to the reservoirs of gas in the smaller galaxy being depleted by the gravitational
effects of the incoming more massive galaxy companion, or it could also be caused by
a previous encounter with the more massive galaxy that consumed the star forming
gas, leaving the lower mass galaxy with suppressed SFR. The more massive galaxy
in the pair exhibits no suppression or enhancement until the smaller companion is
within ~ 100 h;ol kpc. The rate of suppression in the lower mass companions is
seen to be larger for lower density environments than higher density environments.
A justification for this phenomenon is seen in Figure 3.4, where it is evident that all
the galaxies residing in higher density environments such as rich groups and clusters
have, on average, significantly lower sSFRs than lower density environments. There-
fore, the lower mass paired galaxies in higher density environments exhibit lower levels
of quenching in comparison with their controls at intermediate separations than lower
mass galaxies in the field and poor groups because in denser environments the galax-
ies are “pre-quenched”. Since higher density environments cause galaxies residing

within them to have inherent lower SFRs per unit mass then the suppression due
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to a close massive companion is not expected to be dramatic since the galaxies are
already stripped of their star forming gas reservoirs. As the companions approach
one another, at smallest separations (r, < 100 h7, kpc), the interaction boosts the
galaxies’ SFRs. However, since the lower massed companions have a suppressed SFR,
the enhancement in their SFRs is far lower than the enhancements seen in their
more massive companions. The SFR enhancements seen in field pairs are higher than
those in denser environments, which can also be attributed to the initial increased
suppression of all galaxies in denser environments relative to those in isolation. By
maintaining their star forming gas reservoirs before the close encounter takes place,
the more massive field paired galaxies experience the largest SFR enhancement of all

the other paired galaxies.

3.6.2 Conclusion

The differences in the levels of enhancement in SFRs of paired galaxies at separations
rp < 40 h;ol kpc appear to be the result of assembly bias rather than differing inter-
action mechanisms in the different environments. As expected from previous works,
the SFR enhancement for closest separations was seen to be largest for field paired
galaxies, and smallest for cluster paired galaxies. To be able to differentiate whether
this result is driven by interaction mechanisms differing by environment, or simply
the consequence of having different galaxy populations in different environments, the
average suppression seen in all environments at separations between 100 < r, < 400
hzy kpc is investigated. Following the work of Geha et al. (2012), by splitting the
paired galaxy by mass ratio, the behaviour of paired galaxies with a more massive

companion can be compared to that of paired galaxies with a less massive companion
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of the same environment. The lower mass companions show systematic mean sup-
pression in SFRs in all environments, while their higher mass companions show no
evidence of suppression at 100 < 7, < 400 h7, kpc. This result is also accompanied
by significantly decreased SFR enhancements at r, < 40 hzo kpc for lower massed
companions in comparison with their more massive closest neighbours in all environ-
ments. In fact, lower mass paired galaxies in groups and clusters show enhancements
consistent with zero at r, < 40 h7_01 kpc, while the more massive cluster paired galaxies
show similar average levels of enhancement as the lower mass field paired galaxies.
Clusters contain galaxies that are redder than field galaxies and are generally more
gas poor due to the effects of ISM-ICM and galaxy-cluster interactions on galaxies
residing in those dense environments as discussed in more detail in §1.2. Lower mass
cluster paired galaxies experience another mechanism of gas depletion from their more
massive counterpart, which is shown in the suppression experienced at 100 < r, < 400
hzy kpc, and is likely the cause of the lack of SFR enhancement at r, < 40 ho; kpc.
Since field galaxies are generally more gas rich than galaxies in denser environments,
the mean SFR enhancements are greater in comparison. However, lower mass field
paired galaxies show mean SFR enhancements that are consistent with those seen
in the higher mass cluster paired galaxies at smallest separations. Since lower mass
field galaxies experience suppression prior to the interaction, and show similar mean
enhancements to cluster paired galaxies that experience quenching from their envi-
ronment but no suppression from their lower mass companion, it can be deduced that
the interaction mechanism affecting both populations in the different environments

is producing galaxies with similar properties. This result points towards identical
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interaction mechanisms producing galaxies with varying properties in different envi-
ronments mainly due to the initial galaxy populations being inherently different due

to environmental effects.
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Chapter 4

Asymmetry

4.1 Introduction

Galaxy morphology is a classical subject with a rich history in astronomy. Morphol-
ogy and classification were the first steps in the study of galaxies and their evolution,
and as eloquently noted by Peng et al. (2002): “clues to galaxy formation lay hidden
in the fine details of galaxy structure”. Edwin Hubble (1889 - 1953) first observed
that the majority of galaxies can be classified into two main categories: ellipticals and
spirals (Hubble, 1936). Due to the intrinsic simplicity of this system, Hubble’s classi-
fication with modifications remains in use to this day as the standard morphological
classification of galaxies.

The definition for what constitutes an “environment” in an extra-galactic sense
is not clearly defined and may seem arbitrary, however it has been long recognized
that galaxy morphology is dependent on the environment (Hubble and Humason,
1931). One of the earliest quantitative measurements of systematic differences in
morphology with local environment was shown in the morphology-density relation in

nearby clusters (Dressler, 1980; Postman and Geller, 1984). The relation is defined as
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the observed variation of the proportion of different Hubble types with local density,
with ellipticals being more common in high-density environments, and spirals being
more common in low-density regions. As explained in greater depth in Ch. 1, the
morphology-density relation can be produced through many different mechanisms
ranging from ISM-ICM interactions such as ram pressure stripping (Gunn and Gott,
1972; Nulsen, 1982), thermal evaporation (Cowie and Songaila, 1977; Nipoti and
Binney, 2007), and starvation (Larson et al., 1980; Balogh et al., 2000; van den
Bosch et al., 2008), to galaxy-cluster interactions such as tidal interactions (Byrd
and Valtonen, 1990; Bekki et al., 2001; Gnedin, 2003; Coziol and Plauchu-Frayn,
2007), as well as galaxy-galaxy harassment (Moore et al., 1996; Fujita, 1998; Moore
et al., 1999; Gnedin, 2003; Park and Hwang, 2009). Since ellipticals are generally
more symmetrical than spirals, the morphology-density relation points towards having
lower asymmetries in denser environments than in isolated systems.

Morphological differences are not just the product of environment. Hubble also no-
ticed that ~ 3% of the extra-galactic nebulae cannot be classified as either ellipticals
or spirals due to a lack in rotational symmetry and dominating nuclei. Therefore, he
created a new category for those outliers and called them “irregular”. Some of those
irregular galaxies showed signs of long bridges and tails, and were often distorted. It
was not until the 1950’s that Fritz Zwicky described those filaments connecting the
galaxies as tides and countertides and guessed correctly that the light emanating from
them comes from stars. Zwicky also proposed a sequence of events leading to the cre-
ation of those “intergalactic bridges” (Zwicky, 1956, 1959). However, it took another
couple of decades for a real breakthrough in understanding the possible impact of

galaxy interactions on galaxy morphology to take place. This was achieved in 1972
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by brothers Alar and Juri Toomre who correctly reproduced available observations of
four interacting local galaxy pairs with their numerical models (Toomre and Toomre,
1972). They also made predictions that two strongly interacting disc galaxies would
merge and produce a remnant that would become an elliptical galaxy. This discov-
ery led to a new understanding of galaxy mergers and interactions and their impact
on the global galaxy populations, especially on the effects of mergers and interac-
tions in changing the galaxy morphologies. It is now known that the efficiency of
galaxy-galaxy harassments (Moore et al., 1996) and mergers (Barnes and Hernquist,
1991) correlates with local density but decreases significantly with increasing relative
velocities that lead to low interaction cross sections. Therefore, both mergers and
interactions are considered very likely to contribute significantly to the morphology-
density relation found in low to intermediate local density (e.g., Goto et al. 2003; Ma
and Ebeling 2011).

Using the Galaxy Zoo 2 (Lintott et al., 2008) visual classification, Casteels et al.
(2013) studied the morphological signatures of interactions for galaxy pairs in the
SDSS. They show that many observable features in interacting galaxy pairs correlate
with the projected separation between the pairs. The features included the obvious
indicators of merging, such as disturbance and tidal tails, as well as regular features,
such as spiral arms and bars. They report an enhancement in spiral features for galaxy
pairs with r, < 70 hzo kpe, together with a decrease in the likelihood of identifying
a bar at r, < 30 hyy kpe. Moreover, they show that loosely wound spiral arms can
be used as a reliable signal of an interaction for pairs with 7, up to ~ 100 hz, kpc.
In terms of asymmetry, De Propris et al. (2007) used a volume limited sample of

galaxies drawn from the Millennium Galaxy Catalogue (MGC; Liske et al., 2003) in
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order to compare the use of galaxy asymmetry and pair proximity for measuring
the galaxy merging fraction. They defined dynamically close pairs in their sample
as galaxy pairs with projected separation r, < 100 hz, kpc and relative velocity
difference Av < 500 km s™! and showed that galaxies in close pairs are generally
more asymmetric than their isolated counterparts, with the degree of asymmetry in
the pairs increasing for closer pairs. For pairs with r, < 20 h7y kpc, at least 35%
showed significant asymmetry, and among asymmetric galaxies, 80% were found to
be either interacting systems or merger remnants.

Therefore, it is clear that the large-scale environment in which galaxies reside
has a substantial effect on their morphologies, and at the same time, the small-scale
interactions also have a significant effect on the interacting galaxy pairs’ morpholo-
gies. Plauchu-Frayn and Coziol (2010a,b) studied the influence of environment on the
formation and evolution of galaxies in the nearby universe. In their work they used
three different density environments: galaxies in compact groups, galaxies in isolated
pairs, and isolated galaxies. They found no evidence of asymmetry in isolated galax-
ies, but significant asymmetries in isolated pairs and compact group galaxies. The
key difference between the compact group galaxies and the isolated pairs was found
in the lack of star formation in compact group galaxies, as opposed to the intense
star formation produced in the isolated paired galaxies. This was also independently
shown in Ellison et al. (2010), where paired galaxies in the lowest density environ-
ments showed the largest changes in SFR and asymmetry, while the closest pairs in
the highest local densities only showed enhancements in asymmetry. These results
indicate that even though interactions and mergers occur in all environments, the

difference in the properties of the interacting galaxies can be attributed to the higher
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density environments containing a larger fraction of gas poor galaxies. This causes
higher density environments to contain a larger fraction of dry mergers and interac-
tions than lower density environments. This is partially seen in the previous chapter
in Figures 3.6 and 3.7, where the enhancement in SFR is largest for field galaxy pairs
and non-existent for galaxies in denser environments with a more massive companion.

In order to establish that the results obtained in Ch. 3 are physically meaningful,
this chapter deals with the difference in asymmetries between paired galaxies and
their controls in each environment. The asymmetric residuals of Simard et al. (2011),
based on the definitions of Simard et al. (2002) (which will be discussed in more detail
in §4.2.1) are used to quantify the asymmetry of galaxies. By using carefully chosen
controls, the effect of the interactions on the asymmetry of the paired galaxies can be
observed independent of the effect of the environment. This allows for the comparison
of the effect of the interaction on the paired galaxies in different environments to probe
the differences in interactions within the various environments. In this chapter, I start
with describing the sample in §4.2, and describing the properties used to quantify the
asymmetry and morphology of the galaxies in the literature in general, and in this
thesis in particular. In §4.3 T show the comparison between the paired galaxies’
asymmetries and their controls for the different environments, and as was done in
the previous chapter, split the sample into the paired galaxies with mass ratio > 1,
and paired galaxies with mass ratio < 1 in order to provide further indications that
the results obtained in the previous chapter are indeed physical. In §4.4 I provide a
summary of the results and discuss possible physical causes and consequences, and

provide a conclusion in §4.4.2.
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4.2 Sample Description

The sample used in this chapter is obtained from the SDSS DR7, with the pair
selection, environment definitions, and control sample finding described in detail in
Chapter 2. The galaxies in the sample have redshifts within 0.01 < z < 0.20, with
total stellar masses obtained from the catalogue of Mendel et al. (2014). The paired
and control galaxies are chosen using an adapted version of the method of Patton
et al. (2013). The various environments in which galaxies reside are defined using the
dark matter halo masses of Yang et al. (2007), with the definitions given in Table
2.3. In the end the sample contains ~ 113,000 paired galaxies, with an average of 106
controls per paired galaxy (and a median of 29 controls per paired galaxy) that are

matched in redshift, stellar mass, isolation, local density, and dark matter halo mass.

4.2.1 Morphology and Asymmetry Measurements

Describing galaxy structure has been a topic of debate since the discovery of galaxies.
Currently the methods for measuring and quantifying galaxy structure can be split
into two main categories: visual methods and quantitative methods. The apparent
visual morphology classification is the classical approach towards understanding the
structures of galaxies. The system of classification in use today has been developed
using the works of Hubble (1926), de Vaucouleurs (1959), and Sandage (1961, 1975).
Visual methods has had a recent resurgence due to citizen science projects such as
Galaxy Zoo (Lintott et al., 2008), and Galaxy Zoo 2 (Willett et al., 2013), which
provide online tools for non-scientists to visually classify over a million galaxies.
Visual morphology is a qualitative method for describing galaxy structure. One of

the first quantitative approaches was done through the use of integrated light profiles.
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These profiles are determined simply by measuring the average intensity of light at
a given radius in a galaxy, and then finding how this intensity changes as a function
of radius. The first detailed description of this was done by de Vaucouleurs (1948)
using the measurements of light from photometry at different apertures for elliptical
galaxies. Later, Sérsic (1963) found a more general form that better explains surface

brightness profiles for different galaxy types, as seen in the following equation:

I(R) = Iy x exp(=b(n) x R/RY"™ — 1) (4.1)

where I(R) is the intensity at a projected distance R from the center of the galaxy, I,
is the intensity at R = 0, and b(n) is a constant whose value is determined such that
the effective radius, R., contains half of the light within the galaxy and depends on
the value of n. The shape of this profile is described generally by the Sérsic index, n,
where the de Vaucouleurs profile is given by n = 4, and exponential disks by n = 1.
With the advent of large galaxy surveys, codes such as GALFIT by Peng et al. (2002),
and GIM2D by Simard et al. (2011) allow for a quick method of measuring the light
profiles of many galaxies. Moreover, these codes are able to fit two dimensional profiles
of galaxies with various forms such as the Sérsic, exponential, and de Vaucouleurs
profile.

Fitting profiles is a parametric measurement of structure, however more recent
measurement techniques involve non-parametric methods of measuring light distri-
butions in galaxies. The first attempt at quantifying light concentration was done
by Morgan (1962), although extensive and generally accepted quantitative measures
were not done until the mid-1990s. The first deep images of the Hubble Space Tele-

scope were the driver behind the earnest development of the non-parametric methods
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(Schade et al., 1995; Abraham et al., 1996). Currently the most common methods for
measuring galaxy structure in a non-parametric way are those designed to capture
the major features of the underlying structures of galaxies. An example of some of
the widely used non-parametric measurements are the CAS (concentration, asymme-
try, clumpiness) system and the Gini/Myy parameters (see Bershady et al. (2000);
Conselice et al. (2000); Conselice (2003), and Lotz et al. (2008) for more detail). The

following is a brief description of some of these parameters:

e Concentration

Defined as the ratio of two circular radii which contain 20% and 80% of the total
galaxy flux. Concentration is then a measure of the intensity of light contained
within a central region in comparison to a larger region in the outer-parts of a
galaxy. Higher values of concentration indicate that larger amounts of light are

contained in the central regions.

e Asymmetry

Defined as the measure of how asymmetric a galaxy is after rotating along the
center of the galaxy by 180 degrees (Conselice, 1997). It is one of the most
commonly used indices among non-parametric methods, and can be thought of
as an indicator of the fraction of the light in a galaxy that is emanating from

non-symmetric components. The asymmetry is calculated using the following

. Z|fo—f180|) . <E|BO_BI8O|>
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formula:

where [ represents the original galaxy image, and I gy represents the rotated

image. The second term in this equation is used to correct for any background
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noise.

e Clumpiness

Clumpiness (or smoothness) is a parameter that describes the fraction of light in
a galaxy which is contained in clumpy distributions. Conselice (2003) calculate
it by blurring the original image of the galaxy, then subtracting the blurred
image from the original, leaving a residual map that contains only the high

frequency structures in the galaxy.

e (Gini coeflicient

The Gini coefficient (G) is a statistical tool that is a measure of the evenness
of the distribution of light in a galaxy. G is calculated by ordering the pixels
of a galaxy based on their brightness and then counting them as part of the
cumulative distribution. A high Gini value indicates a very unequal distribution
(G = 1 indicates all the light is in 1 pixel), while low Gini values indicate a more
equal distribution of light in the galaxy (G = 0 indicates that all pixels have
equal brightness). A galaxy is then considered as a collection of n pixels, where
each pixel has the flux f; (where i ranges from 0 to n), whose Gini coefficient

is calculated using the following equation

n

LS @i—n-1)lf) (43)

G- -
|fln(n —1) =

where f is the average pixel flux value.

[ J MQO

The My, parameter is similar in concept to the concentration parameter, but
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calculated differently. The value of My, is the moment of the fluxes of the
brightest 20% of light in a galaxy normalized by the total light moment of all
pixels. A very negative Myy value indicates high concentration but, unlike the
Concentration parameter, it does not imply a central concentration as the light

could be concentrated anywhere in the galaxy.

The most appropriate measure of galaxy structure for the use of this thesis is the
asymmetry of galaxies due to its sensitivity to the most common structural features
of interacting galaxies (e.g, tidal tails and bridges). Therefore, in order to quantify
the asymmetries of galaxies in the sample, the residuals (introduced by Schade et al.
(1995) and expanded on by Simard et al. (2002) using GIM2D) are used. The calcu-
lation of the residuals of a galaxy are done by first constructing a symmetric model
of the galaxy. A best-fit model of the galaxy is created using GIM2D, which uses the
properties and parameters obtained from the symmetrical image of the galaxy. This
best-fit model is then subtracted from the original image to obtain the residual R;;,
which is repeated again but with the image rotated by 180 degrees about the galaxy

180

center to obtain the residual R;;”. The total and asymmetric residuals (Rt and Ra

respectively) are then defined as:

Sy (1/2)|Bi; + Rl 55(1/2)|By + Bij*
Eijlij Eij[ij

(4.4)

T =

R. — Sy(1/2)|Rij — Rij°|  545(1/2)| By — Bij* (4.5)
: ijlij ijlij '

where, I;; is the original image, and B;; and Biljgo are the background residuals used

to correct for the background noise. Figure 4.1 shows a sample of galaxies from the
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SDSS together with their bulge+disk GIM2D model, and the residual image as seen

in Simard et al. (2011).
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Figure 4.1: Mosaic of r-band GIM2D bulge+disk decompositions obtained from
Simard et al. (2011). Three images are shown for each galaxy from left
to right: galaxy cutout from SDSS corrected image, galaxy bulge+disk
GIM2D model convolved with its point-spread function, and the GIM2D
residual image. Each corrected image cutout is labeled by objID, appar-
ent GIM2D model magnitude, GIM2D model half-light radius in arcsecs,
and its SDSS redshift. Each GIM2D model image is labeled by GIM2D
model rest-frame absolute magnitude, GIM2D model half-light radius in
kiloparcsecs, and GIM2D model bulge fraction. Each GIM2D residual
image is labeled by three asymmetry indices: R, Ra, and Rt 4+ Ra.
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Therefore, the total (Rr) and the asymmetric (Ry) residuals are the total and
residual fluxes respectively, expressed as fractions of the total galaxy flux. The for-
malism used in equations 4.4 and 4.5 indicates that R represents the fraction of
all structures in a galaxy that deviate from its GIM2D symmetric model, including
features such as enhanced spiral arms and bars, as well as tidal tails and bridges.
On the other hand Ry represents the fraction of asymmetric structures in a galaxy,
which are more indicative of an interaction. Therefore, the Ry values obtained from
the Simard et al. (2011) catalogue are used to quantify the asymmetry of galaxies for

the remainder of this thesis.

4.3 Rs Enhancement

With the asymmetry of galaxies quantified using the asymmetric residuals (hereafter,
Ra) of Simard et al. (2011), the comparison between the asymmetries of paired galax-
ies and their controls in the various environments can begin. Figure 4.2 shows the
mean asymmetries of paired galaxies and their respective controls as functions of the
paired galaxies’ projected separations 7, (up to r, < 300 h7—01 kpc). It is worth noting
that at large separations (r, > 150 h7o kpc) the average values of asymmetry in the
paired sample should be similar to those in the control sample for each environment.
This is seen in both plots in Figure 4.2, where at large separations the mean asym-
metry in pairs in all environments is consistent with the mean asymmetry of their
respective controls. This is due to the fact that at large separations the paired and
control samples are both probing similar large-scale environmental effects, while at
small separations, the small-scale interactions become evident as seen in the deviation

between the mean asymmetries of paired galaxies and their controls. Moreover, it is
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clear from both plots that the environment does indeed have a significant effect on the
asymmetry of its residing galaxies, namely that lower density environments contain
on average more asymmetric galaxies than higher density environments. This can
be attributed to the morphology-density relation (Dressler, 1980), where the more
symmetric ellipticals are more common in high-density environments, whereas lower

density environments contain more spirals with larger R values.
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Figure 4.2: Plot showing the mean R of paired galaxies (top plot) and their associ-
ated control galaxies (bottom plot) as function of projected separation r,,
in different environments. The colour scheme follows that of Figure 3.1.
All error bars show the standard error in the mean.
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In order to compare the paired galaxies’ asymmetries to their respective controls, a
similar procedure is used as with Ch. 3, in which the offset in the asymmetry is defined
as the ratio of the paired galaxy’ asymmetry to its controls’ average asymmetry. This
ratio can then be seen as:

RA,pairs

ARy = (4.6)

RA controls
The enhancement in asymmetry is then plotted for paired galaxies in all environ-
ments in Figure 4.3, with the results summarized in Table 4.1. Unlike what was
seen in the previous chapter with SFR enhancement, it can be clearly seen that the
close pairs (r, < 20 hzy kpc) in clusters and rich groups experience a larger asym-
metry enhancement than close pairs in poor groups and the field. Galaxies in denser
environments tend to be exposed to a larger array of mechanisms that strip their
gas reservoirs off prior to any interaction, which results in suppressed star formation
during the interactions as opposed to field galaxies that maintain their gas reser-
voirs and thus experience a larger SFR enhancement during interactions. Therefore,
even though SFR enhancements are generally accompanied by asymmetry enhance-
ments since both are the products of galaxy interactions, if a galaxy’s gas reservoirs
were depleted prior to an interaction, it is expected that the galaxy may not exhibit
a large SFR enhancement, while its asymmetry enhancement would remain signif-
icantly visible. Therefore, this could explain the fact that the SFR enhancements
seen in the previous chapter are not translated into asymmetry enhancements as seen
in Figure 4.3. Interactions cause the galaxies to develop asymmetrical features thus
increasing their Ry values. Considering the morphology-density relation, denser envi-

ronments tend to have a larger fraction of more elliptical galaxies, which have low R
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values, while the field contains more spirals which have higher R values. Moreover,
as seen in Figure 2.7, cluster galaxies have higher masses than field galaxies, and
higher mass galaxies tend to be ellipticals rather than spirals, which indicates that
there is a selection bias towards more symmetrical galaxies in clusters. Figure 2.6
also shows that clusters have preferentially higher redshifts than field galaxies, and
the more distant galaxies tend to appear more symmetrical due to the lower resolu-
tion at greater distances, which also provides another source of bias in the sample
towards lower asymmetry values in higher density environments. Therefore, the rela-
tive change from elliptical (low Ry ) to interacting asymmetrical (higher R, ) is larger
than a change from spirals with inherently higher Ry to interacting asymmetrical.
Figure 4.4 uses the difference in Ry values between the paired galaxies and their
controls in order to quantify the offset in asymmetry. This difference is calculated in

the following manner:

RA,diff - RA,pairs - 1%A,controls (47)

With this formalism, it is clear from Figure 4.4 that at closest separations (r, < 20 ho,
kpc) the Ry differences are similar to within the uncertainty for paired galaxies in all
environments. This indicates that the change in asymmetry caused by interactions
at close separations may be independent of the environment for the closest paired
galaxies.

In both Figures 4.3 and 4.4 and Table 4.1, it is clear that signs of asymmetry are
evident in paired galaxies in the field with separations r, < 130 h;ol kpc, while paired
galaxies in rich groups and clusters only show an offset in asymmetry at separations

rp < 90 hzo kpc with no evidence of enhancement for more widely separated paired
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galaxies. This difference may be caused by environmental effects on the control galax-
ies rather than the paired galaxies. In dense environments such as rich groups and
clusters, many mechanisms affect the morphology of the residing galaxies, some of
which have similar consequences to interactions on the morphologies of galaxies. Due
to the increased density of rich groups and clusters, harassment is a common occur-
rence. Paired galaxies in dense environments have ry values that are only slightly
larger than their r, values since denser environments are by definition more crowded.
Since control galaxies’ 1, values are matched with the 75 values of the paired galaxies,
the controls’ , values are similar to the paired galaxies’ r, values, and therefore, are
susceptible to the same mechanisms that alter their morphologies causing the asym-
metries of pairs and controls to be similar. However, as the paired galaxies’ separation
decreases, the influence of the interaction on the asymmetry of the interacting galax-
ies starts to overcome the effects from the larger-scale environment, and the difference
between the paired and control galaxies’ asymmetries becomes apparent.

All-in-all, the results obtained in this chapter are compatible with those from
the previous chapter. The difference in the enhancements may be attributed to the
gas fractions left in the galaxies prior to the interactions, where galaxies in denser
environments had their gas reservoirs depleted and therefore experienced little SFR
enhancement relative to galaxies in the field. In this section the asymmetry enhance-
ment in close paired galaxies is seen to be independent of the environment, with the
only difference occurring in the maximum separation at which an enhancement is vis-
ible and this can be attributed to the difference in the galaxy populations for different

environments rather than a difference in the mechanism of the interactions.
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Figure 4.3: Mean R, enhancement (ratio of pair Ra to control Ry) is plotted versus
rp for the pairs in different environments. The colour scheme follows that
of Figure 3.1, with the dashed horizontal line denoting zero enhancement.
All error bars show the standard error in the mean.

Table 4.1: Ry Enhancement

Environment | Enhancement for r, < 20 hy, kpc | r, for zero enhancement
All 1.73 £0.03 ~ 70 hoy kpc
Field 1.54 +0.07 ~ 130 hz kpc
Poor Group 1.60 = 0.04 ~ 70 hoy kpc
Rich Group 1.83 4 0.04 ~ 50 h-y kpc
Cluster 1.90 + 0.06 ~ 50 ho kpe
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Figure 4.4: Mean R, difference (difference between pair R and control Ry) is plot-
ted versus 7, for the pairs in different environments. The colour scheme
follows that of Figure 3.1, with the dashed horizontal line denoting zero
enhancement. All error bars show the standard error in the mean.

4.4 Mass Ratio Dependence

In §3.5 we find evidence of interactions affecting the lower mass galaxy in a pair dif-
ferently than the higher mass galaxy. Specifically, it is apparent that on average the
lower mass galaxy in an interacting pair begins exhibiting signs of SFR suppression
at separations of 7, < 400 hyy kpc, while the higher mass galaxy shows no sign of
interaction until closer separations (1, < 100 hyy kpc) where SFR enhancements are
evident. At close separations, galaxies in interacting pairs (high and low mass) on
average show signs of enhanced SFRs with varying degrees of enhancement that seem
to be dependent on the amount of suppression experienced prior to the close interac-

tion. Even though this SFR enhancement and suppression in paired galaxies provides
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crucial information about the interaction, one cannot determine the physical mecha-
nism driving those changes using the SFR information alone. Asymmetry probes a
different set of parameters than SFRs; therefore, it provides a complimentary set of
information that, combined with the SFR information, can provide evidence for the
mechanism driving the changes in the interacting galaxies.

Just as was done in §3.5, the paired galaxy population is split into two categories:
the lower mass paired galaxies with mass ratios < 1 (i.e., the paired galaxies with
stellar masses that are lower than their companions’ stellar masses) and the higher
mass paired galaxies with mass ratios > 1. Figure 4.5 shows the asymmetry enhance-
ment for the lower mass and higher mass paired galaxies separately as functions of
projected pair separation r,. It is clear that the two populations exhibit different
behaviour in comparison with each other, as well as in comparison with Figure 3.7.

The following list draws attention to the important results obtained from Figure 4.5:

e Rich group and cluster paired galaxies show more enhancement in asymmetry
for the lower mass than the higher mass companions at closest separations (r, <
20 hoy kpe). This result is the opposite of what is seen with SFR enhancements,
where the lower mass companions show almost no SFR enhancements, while the
higher mass companions exhibit significant SFR enhancements. As previously
noted, the significant enhancement in asymmetry for denser environments may
be mostly driven by the larger change in asymmetry when low Ry elliptical
galaxies interact, as opposed to the lower density environments containing a
larger fraction of higher Ra spirals that show a relatively lower asymmetry
change when interacting. The increased enhancement in asymmetry for the

lower mass close companions accompanied by a lack in SFR enhancement can be
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interpreted as the result of the removal of gas reservoirs prior to the interaction.
During the interaction, even though the lower mass companion experiences
larger forces from its more massive companion, no SFR enhancement is present,

which may be due to a depleted gas reservoir in the lower mass companion.

e Field and poor group paired galaxies exhibit approximately similar asymmetry
enhancements at closest separations (1, < 20 hz, kpc) for both high and low
mass paired galaxies. Since this lack of difference in asymmetry enhancement is
accompanied by greater SFR enhancements in higher mass paired galaxies than
their lower mass closest neighbours, this result can also be seen as compatible
with the previous interpretation that the lower SFR enhancements seen in the
lower mass companions in the field are likely the consequence of the removal of

the gas reservoirs prior to the interactions.

e Asymmetry enhancement in higher mass paired galaxies in all environments is
on average the same for the closest separations (r, < 20 hoy kpc), while lower
mass paired galaxies exhibit higher rates of enhancement with increased local

density.

e No enhancement in asymmetry is seen for all paired galaxies (higher and lower
mass) in all environments at separations 7, > 150 hy; kpc, and at further
inspection of the asymmetry in pairs extending to r, < 1000 h;ol kpc, the
mean asymmetry enhancement is found to be consistent with zero for all paired
galaxies with r, > 150 hzo kpc. Therefore, the suppression in SFRs seen in
paired galaxies with separations 100 < r, < 400 h-g kpc is not accompanied by

enhancement or suppression in the asymmetry. This further indicates that the
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suppression is not caused by the removal of gas from within the galaxies since
this mechanism would affect the morphology of the galaxies, but rather the
removal of the gas reservoirs feeding into the galaxies that maintain their SFRs,
which has no effect on the asymmetry of those galaxies. However, it could also
indicate that the mechanism causing the suppression seen at 100 < 7, < 400 h,
kpc has occurred far enough in the past that any enhanced asymmetries are no
longer detectable. This suppression could then be due to a past interaction with
the more massive galaxy that caused starbursts to deplete the gas content of
the lower mass galaxies, and given sufficient time any asymmetrical features
caused by the interaction would have settled. The duration and timing of
the various steps in an interaction that cause observed morphological changes
depend heavily on the various properties of the interaction including galaxy
orientations, orbital parameters, gas properties of the initial galaxies, and the
presence of dust. However, it is generally agreed upon that the duration between
the various interaction steps is of the order of 0.5 - 1.0 Gyr (Lotz et al., 2008).
Given this time, and an average relative velocity between 200 - 800 km s™!, the
galaxies would be expected to have a separation between 100 - 400 h-; kpc,

which is the same separation where SFR suppression is observed.
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Figure 4.5: Mean R, enhancement (ratio of pair Ra to control Ry) is plotted versus
rp for the pairs in different environments. The plot on top shows the lower
mass paired galaxies, while the higher mass paired galaxies are plotted
on the bottom. The colour scheme follows that of Figure 3.1, with the
dashed horizontal line denoting zero enhancement. All error bars show
the standard error in the mean.



4.5. DISCUSSION & CONCLUSION 106

4.5 Discussion & Conclusion

4.5.1 Discussion

To further probe the effects of interactions in different environments, a sample of
galaxy pairs with wide separations from the SDSS DR7 was used in this chapter.
The sample included a carefully chosen control sample and asymmetries quantified
using the GIM2D Ry values described in Simard et al. (2002) and summarized in
§4.2.1. Similar to the results obtained in the previous chapter with star formation
rates, the environments seem to have a visible effect on the average asymmetry values
of their residing galaxies. Namely, galaxies in denser environments are on average
less asymmetrical than galaxies in lower density environments. This is expected from
the morphology-density relation, where spirals are more common in the field, while
ellipticals are more common in rich groups and clusters. It is also the product of
the higher density environments containing galaxies with higher redshifts and stellar
masses than the field environment. This bias causes higher density galaxies to appear
more symmetrical than galaxies in lower densities.

It is evident that for close interacting galaxies in all environments, signs of asym-
metry enhancement are visible with varying degrees. Unlike SFR enhancement, the
largest difference in asymmetry between paired galaxies and their controls is seen
in close paired galaxies in clusters, followed by paired galaxies in rich groups, poor
groups, and lastly in the field. This difference in the rate of enhancement can be at-
tributed to the inherent low asymmetry of galaxies in higher densities without a close
neighbour versus the inherently higher asymmetry of galaxies in the field. The low
asymmetry of ellipticals causes any changes in shape due to an interaction to be more

easily distinguished and to have a greater difference relative to the control than with
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spirals. Since spirals are more abundant in the field environment, control galaxies
will tend to contain more spirals with higher Ry values than the control galaxies for
clusters that contain more ellipticals. Therefore, when comparing the asymmetry of
interacting galaxies with r, < 20 hzo kpc to their respective average control Ry, the
difference is expected to be larger for cluster than for field paired galaxies. In fact,
when the enhancement in asymmetry is defined as the absolute difference between
the paired galaxies’ R values and those of their controls, close paired galaxies in all
environments showed the same level of enhancement regardless of the environment in
which they reside.

Looking at field galaxies, it is clear that paired galaxies in this environment ex-
hibit signs of enhanced asymmetry in comparison with their controls at separations
much larger than for paired galaxies in denser environments. Evidence of enhanced
asymmetry is visible in field paired galaxies at r, < 130 hy; kpc, while denser en-
vironments only exhibit enhanced asymmetry at 7, < 50 ho; kpc. This difference
between interactions is not necessarily the product of different mechanisms of inter-
actions depending on the environment, but can rather be the product of the choice
of controls for the paired galaxies in different environments. Among other proper-
ties, control galaxies are matched in local density, isolation, and environment class
(N3, 79, and halo mass) with their respective paired galaxy. Therefore, the control
galaxies chosen for field paired galaxies are far more isolated than the control galaxies
selected for cluster paired galaxies. It is then safe to assume that the control galaxies
of denser environments are continuously encountering various mechanisms that af-
fect their morphologies and causes them to have asymmetry values similar to paired

galaxies at wide separations (1, > 80 hy; kpc). On the other hand, control galaxies
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in the field encounter far less harassment and gravitational pulls since they are more
isolated, therefore small changes in the asymmetry of interacting galaxies even at
wide separations can be visible since their controls do not show similar changes.
These results support the interpretation of the previous chapter where the differ-
ences in the properties of interacting galaxies in different environments are attributed
to assembly bias, where the galaxy populations in the different environments are what
drives the differences in interactions rather than an interaction mechanism affecting
identical galaxies in different environments differently. Evidence that supports this
conclusion in the previous chapter was found by investigating the SFR enhancement
in paired galaxies with a stellar mass greater than their companion’s (referred to
here as higher mass galaxies), and comparing it to the SFR enhancements in paired
galaxies with stellar mass lower than their companion’s (lower mass galaxies). There-
fore, in this chapter, the sample is also divided by mass ratio and the enhancements
in asymmetry is investigated. It is found that the lower mass paired galaxies ex-
hibited larger asymmetry enhancements together with lower SFR enhancements in
comparison with their higher mass companions at closest separations. Moreover,
no evidence for asymmetry enhancement is seen for paired galaxies in all environ-
ments at wide separations, while star formation suppression is seen at separations
100 < r, < 400 h7—01 kpc. The lack of asymmetry enhancement at wide separations
indicates that the mechanism driving the suppression in star formation is either af-
fecting the gas reservoir outside the galaxy rather than the gas content of the galaxy
itself, or has occurred at a sufficiently earlier time such that any asymmetries caused
by the interaction would have settled. The depletion of the gas that feeds the star

formation in the galaxy can cause starvation to occur and reduce the SFR of the
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lower mass galaxy without affecting its asymmetry. At closer separations, little to no
SFR enhancements together with substantial asymmetry enhancements are seen for
the lower mass paired galaxies while the higher mass companions exhibit greater SFR
enhancements and lower asymmetry enhancements at r, < 50 h7o kpe. This goes to
further support the interpretation that the interaction mechanisms are independent
of the environment, and the differences in galaxy populations are what is causing the

various degrees of enhancements in interactions in different environments.

4.5.2 Conclusion

The comparison of the asymmetry enhancements of paired galaxies in different en-
vironments provides further support for the findings of the previous chapter, as
well as an indication to the physical mechanism that causes the SFR suppression
at 100 < r, < 400 h;ol kpc. As expected from the morphology-density relation,
galaxies in denser environments are found to have lower average asymmetry values
than galaxies in lower density environments, which provides confidence in the envi-
ronmental classification criteria as well as the asymmetry values used.

When comparing the asymmetry enhancements in paired galaxies in different en-
vironments, it is evident that paired galaxies in denser environments have on average
higher asymmetry enhancements than paired galaxies in less dense environments at
closest separations. However, when comparing the asymmetry offset (absolute dif-
ference) between the paired and control galaxies’ asymmetries, it is evident that the
asymmetry offset is independent of the environment since the mean asymmetry offset
for paired galaxies in all environments is the same to within the uncertainty. This

result points towards a common interaction mechanism for all environments with
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the difference in asymmetry enhancement possibly explained by the difference in the
populations of galaxies in different environments. Therefore, the findings in this chap-
ter are compatible with those from the SFR enhancements obtained in the previous
chapter, where it is found that assembly bias may be the most important contributing
factor in the difference in enhancements seen at the smallest separations in different
environments.

Suppression in SFRs was found in the previous chapter in the separation range
of 100 < r, < 400 hzo kpc; however, no difference in asymmetry between paired
and control galaxies was observed in this range of projected separations in all envi-
ronments. The lack of asymmetry enhancement or suppression at those separations
combined with a suppression in SFRs points towards a mechanism of interaction that
affects the gas content of the galaxy. This is also supported by the fact that at
closest separations (r, < 20 h7, kpc) paired galaxies with stellar mass lower than
their closest neighbours have on average higher asymmetry enhancements and lower
SFR enhancements than their more massive companion. This result supports the
conclusions of the previous chapter, whereby either a lower mass galaxy has its gas
reservoirs depleted by the more massive galaxy or that the lower mass galaxy had an

earlier interaction that caused its gas content to be consumed in early starbursts.
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Chapter 5

Summary and Conclusions

5.1 Summary of Results

In this thesis we examined the effects of interactions on the SFR and asymmetry of
paired galaxies in different environments. The aim of this research is to separate the
small-scale interaction effects from the large-scale environmental effects on galaxies.
This allowed us to determine whether varying interaction outcomes in different en-
vironments are caused by differing interaction mechanisms or whether they are due
to different galaxy populations inhabiting different environments. This question was
addressed in this thesis statistically by extending the pair selection to larger sepa-
rations, adequately defining the environments, and carefully matching controls. The
sample used here was extracted from the SDSS DR7 (0.01 < z < 0.20), where galax-
ies were required to have secure redshifts and be classified both photometrically and
spectroscopically as galaxies. Steps were taken to minimize the effects of biases and
incompleteness in the sample including limits on the extinction-corrected Petrosian
apparent magnitudes, a minimum limit on the distance to the boundary of the survey,

and statistical weights to correct for fibre incompleteness.
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The paired galaxies sample was selected by defining the closest neighbour to every
galaxy as the closest galaxy with a relative velocity of 1000 km s~! in order to avoid
projected pairs, and a mass ratio between 0.1 and 10 in order to avoid minor mergers.
In order to clean the sample of some of the projected paired galaxies, we developed a
method that utilizes the minimum binding energy of paired galaxies, calculated using
the projected separations, stellar masses, and relative velocities of paired galaxies.
This method allows for the removal of some of the projected paired galaxies that
are not interacting and contaminate the sample. The different environmental classes
(field, poor groups, rich groups, and clusters) were defined using the dark matter halo
masses. The control sample was matched with the paired galaxies in stellar mass
(within 0.1 dex), redshift (within 0.01), local density (N, within 10%), isolation (rs,
within 10%), and environmental class (dark matter halo mass, within 0.1 dex). A
minimum of 10 controls were required for each paired galaxy, and if 10 were not found
the limits were increased in a manner that never let them exceed twice the original
limits until 10 control galaxies were found. These methods result in finding ~ 321, 000
paired galaxies (out of an original sample of ~ 506,000 galaxies), with an average of
106 control galaxies per paired galaxy (and a median of 29).

The environmental definition and controls finding were tested by observing the
mean SFR and asymmetry of the paired and control galaxies as function of pair
separation in the different environments. The sSFR of field galaxies was found to
be the highest while cluster galaxies had the least mean sSFR, which is consistent
with previous findings. Moreover, as the morphology-density relation predicts, field
galaxies are found to be on average the most asymmetrical while cluster galaxies were

the most symmetrical. The similarity in the distributions of the various properties



5.1. SUMMARY OF RESULTS 113

between the paired and control sample, together with the flatness of mean SFR and
Ra of the control sample when plotted as functions of r,, and the similarity in the
properties of the paired sample and control sample at large r, provides confidence in
the control selection and the ability to distinguish the small-scale interaction effects
from the large-scale environmental effects.

The enhancements in SFRs and asymmetries at close separations (r, < 40 hog kpc)
were mostly consistent with previous findings. Namely, field paired galaxies showed
the largest enhancement in SFR and the smallest in asymmetry, while cluster paired
galaxies showed the greatest enhancement in asymmetry and the lowest in SFR, (but
still showed a statistically significant enhancement) at 7, < 40 hz, kpc. However,
when considering asymmetry offsets rather than enhancements, paired galaxies at
7, < 40 h7y kpc showed similar differences in Ry in all environments in comparison
with the mean R, values of their respective controls. Moreover, suppression in mean
SFRs were observed in all environments at separation 7, > 100 h;, kpc, and when
the plots were extended to include paired galaxies at 1, < 1000 h7_01 kpc rather than
1, < 300 h7y kpe, it was found that the suppression is visible in paired galaxies with
100 < r, < 400 h7o kpc in all environments. Splitting the sample into the low mass
paired galaxies whose closest neighbour is more massive than they are (i.e., have mass
ratio < 1), and high mass paired galaxies whose closest neighbour is less massive than
they are (i.e., have mass ratio > 1), revealed that the suppression at 100 < r, < 400
hoy kpc is only visible in lower mass companions in all environments, but not in
their higher mass companions. Furthermore, this suppression is not seen in the mean
asymmetries of those galaxies.

Together with the SFR suppression at 100 < r, < 400 hzs kpe, the lower mass
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paired galaxies showed reduced SFR enhancements at closest separations (r, < 40
h7_01 kpc) in comparison with higher mass paired galaxies in the same environment. In
fact, lower mass paired galaxies in dense environments show enhancements consistent
with zero at r, < 40 hzy kpc, indicating the possibility of having the effects of the
interactions cancel out due to both more enhancement and more suppression in close
paired galaxies in dense environments. Moreover, unlike SFR enhancements, lower
mass paired galaxies showed larger Ry enhancements than higher mass paired galaxies

in the same environment classes.

5.2 Conclusions

The results of this thesis support a few possible interaction scenarios. The first pos-
sibility would be that in which galaxies interacting with more massive galaxies expe-
rience the effects of the interaction at large separations, which result in the depletion
of their gas reservoirs prior to the separation required for bursts of star formation to
occur. The SFR suppression experienced by lower mass paired galaxies is not accom-
panied by deviations in asymmetry at the same separations. This result indicates
that the gas outside the lower mass galaxies (i.e, the gas that is responsible for main-
taining the SFR in the galaxy, but is not considered when measuring the asymmetry
of the galaxy) is possibly removed by the interaction with the more massive galaxy
at large separations. This scenario results in decreased SFR enhancements at closer
separations due to the depleted gas reservoirs in comparison with the higher mass
galaxies that maintain their gas reservoirs prior to the close encounter. The results
obtained in this thesis support such a framework, which can be used to determine

the cause of varying interaction results in different environments.
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Another possible explanation for the results would be galaxies experiencing sup-
pression following bursts of star formation during a previous encounter with the more
massive companion at a time sufficiently distant in the past to allow the resultant
shape asymmetries to have settled out. Following an interaction with a massive
galaxy, the lower mass companion experiences intense bursts of star formation that
consume its star forming gas. As the galaxies separate after pericentre passage, the
lower mass galaxy at intermediate separations (100 < r, < 400 h7, kpc) would exhibit
signs of suppression in star formation due to the lack of star forming gas from the
previous encounter, but would show no signs of asymmetry enhancements as enough
time would have passed for the galaxy to settle into a symmetric shape. In fact, using
a reasonable range for the duration between the various stages of observed morpholog-
ical changes in an interaction of 0.5 - 1.0 Gyr, and average relative velocities between
200 - 800 km s~!, such galaxies would be expected to be found at separations between
100 - 400 hog kpe.

Both scenarios allude to the assembly bias being the more likely driver behind
the varying enhancements at small separations in different environments rather than
interaction mechanisms being different. This conclusion is mainly motivated by the
difference in SFR enhancements of the lower mass field paired galaxies in compari-
son with their more massive companions at smallest separations, together with the
similarity in enhancements with the higher mass cluster paired galaxies. Namely,
lower mass field paired galaxies experience suppression from their higher mass com-
panions due to a possible loss of gas from their reservoirs, while higher mass cluster

galaxies are suppressed by interactions with their dense environment which results in
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them being gas poor. Both of these populations produce similar levels of enhance-
ments during small-scale interactions. Therefore, it can be concluded that interaction
mechanisms are the same for all environments, and the various populations of galaxies
in different environments are likely what causes the interactions between galaxies in

those environments to produce different results.

5.3 Future work

In this thesis, contamination of the sample due to projection effects are one of the
major causes of error. In an attempt to reduce this contamination while maintaining
the ability to select paired galaxies at large separations, we developed the method
of using the minimum binding energy of pairs to remove some of those that are
not bound. This method suffers from a few downfalls that can be corrected for
given more time and resources. One such problem is the fact that some pairs are
removed from the sample due to their F,,;,, being greater than 0, but can still be
bound due to dynamical friction. This is beyond the scope of this thesis, but given
more time can be included in the calculation of the binding energy for better results.
Moreover, the removal of some projected pairs does not guarantee that the sample
is free of them. Many projected pairs remain selected as bound due to our inability
to measure tangential velocities, however this can be rectified with better future
technology. Furthermore, our inability to differentiate peculiar velocities from redshift
velocities cause us to lose information on the depth separation between galaxies. This
can also be corrected by more accurate measures of galaxy distances given better
technology in the distant future. It is worth mentioning that technology remains

a significantly long way from being able to achieve such goals. Currently with the
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most accurate technology available (i.e., the GAIA Mission), the positions of objects
brighter than magnitude 15 can be measured to an accuracy of 24 micro arc seconds
(Eyer et al., 2013). An object of magnitude 15 that is at redshift 0.1, would cover 24
micro arcsec in ~ 410 years if it had a tangential velocity of 1000 km s™1, or ~ 820
years if its tangential velocity is 500 km s~!. Therefore, significant improvements in
technology are required before measuring tangential velocities becomes a reality.

This thesis only dealt with the SFRs and asymmetries of the interacting galax-
ies; however there is a broad list of properties of galaxies that can also be studied
such as colours, AGN fraction, metallicities, etc. The examination of those properties
can provide further information on the difference between paired galaxies and their
controls in different environments. This would allow for more confidence in the con-
clusion that we arrived at in this thesis, as well as possible other details that might
be of interest.

We have only attempted to answer the main question of this thesis using a sta-
tistical approach to a large sample of galaxies. However, the results obtained in
such a manner will always be questionable due to biases and contamination of the
sample that are difficult to account for, as well as errors in the measurement of the
properties being tested due to technological limitations. This is usually rectified by
the use of numerical simulations of interacting galaxies in different situations that
can then support or confirm the conclusion obtained from the results. In this the-
sis, since the environment is a variable that cannot be ignored, simulations need to
account for all the different interactions and mechanisms that affect galaxies in dif-
ferent environments. Therefore, to truly separate the small-scale interaction effects

from the large-scale environmental effects, simulations need to include the large scale
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environment with enough accuracy to simulate the small-scale interactions between
the galaxies. This is extremely computationally expensive, and was quite difficult to
accomplish even with the availability of large simulations such as the Millennium Run
(Springel et al., 2005). However, new technology is making it possible to simulate
large-scale environments with the needed resolution to produce accurate small-scale
interaction simulations. As an example, the Illustris Project (Vogelsberger et al.,
2014) provides an unprecedented combination of high resolution, total volume, and
physical fidelity. Moreover, unlike previous large simulations that included only dark
matter particles, the Illustris simulation is hydrodynamical and, as a result, directly
traces star formation. Therefore, given the advancement in technology, it is possible
to test the conclusion of this thesis and arrive at more robust and physically supported

conclusions.
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