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Abstract

Ram pressure stripping is a well-known galactic quenching mechanism capable of re-
moving star-forming gas from a galaxy as it falls into a group or cluster. However,
prior to stripping, ram pressure can induce brief periods of enhanced star formation
by compressing the gas on the leading side of an infalling galaxy. Studies of this
phenomenon have focused primarily on a unique population of galaxies for which
a stripped tail of gas opposing the direction of motion is visible, known as jelly sh
galaxies. The role of this e ect in galaxy evolution overall is currently unknown. This
thesis investigates the importance of ram pressure-induced star formation across all in-
falling galaxies to generalize our understanding of the e ect. We use several metrics to
measure the star formation asymmetries of a large sample of group and cluster galax-
ies in the Sloan Digital Sky Survey usingi-band imaging from the Canada-France
Imaging Survey as a tracer for star formation rate. We nd that the distributions of
star formation asymmetries of satellite galaxies are indistinguishable from those of a
control sample of isolated eld galaxies. Subdividing the sample by host halo mass
and time since infall, we still nd no environmental dependence of ram pressure as an
enhancer of star formation. We conclude that any statistical star formation enhance-
ment is small for infalling galaxies, suggesting that this e ect is either uncommon or

short-lived.



Acknowledgements

Thank you rst and foremost to my parents, Mom, Dad, and Kev, for always encour-
aging me to do what makes me happy, and for raising little Lauren into a scientist
who never lost her whimsy. Thank you to my (what feels like 1000) siblings, Ryan,
Kory, Keira, and Adam, for always driving me crazy within 10 minutes of coming
home but making me smile nonetheless. Thank you Grandma and Papa for being the
most supportive grandparents a girl could ever ask for. | love you all with my entire
heart.

The friends I've made at McMaster have made my time here more fun than |
could have ever imagined. Each of you has enriched my life and | am a better person
for it. Dylan, Hannah, Megan, Celine, and Blake - thank you for dancing with me
at parties, screaming along to Taylor Swift songs, countless little treats, and most
importantly, for making me laugh every single day.

My biggest thank you goes to Laura, who has been an incredible supervisor over
the past two years. | am inspired every day by not only your drive, scienti ¢ intuition,
and intellect, but also your kindness, generosity, and patience, and how unapologet-
ically you mesh these characteristics as a scientist. I'm never ashamed to tell you
things like how much | loved the Barbie movie or what | baked over the weekend,

and I'm so grateful to have a supervisor who doesn't make me feel weak for doing so.

iv



Thank you for your invaluable guidance, and for always building me back up when
I've been discouraged by a null result. 1 am so excited to continue our work over the
next four years.

Finally, and this is expected from me by any person who has spoken to me for
longer than half an hour, thank you to Taylor Swift for being the soundtrack to my
life since | was 13. My coding is way more e cient when | have reputation blasting

in my earbuds, so yes, she does deserve this thank you.



Table of Contents

Abstract
Acknowledgements

1 Introduction
1.1 Galaxy Properties. . . . ..
1.1.1 Stellar Mass . . . ..

1.1.2 Star Formation Rate

1.1.3 Colour . ... .. ..
1.1.4 Morphology . . . ..
1.2 Galaxy Environments . . . .

1.2.1 Groups and Clusters

1.2.2 TheField ... . ..
1.3 Galaxy Evolution . . . . ..
1.3.1 Internal Eects . . ..

1.3.2 Environmental E ects

1.4 Outline of This Thesis . . .

Vi



2 No Evidence of Asymmetrically Enhanced Star Formation in In-

falling Galaxies 28

2.1 Introduction . . . . . . . . . 29

22 Data . . ... 33
2.2.1 Yang Group and Cluster Catalog . . ... ........... 33
2.2.2 GALEX-SDSS-WISE Legacy Catalog . . . . .. ... .. ... 34
223 Sersicmodels ... 35
224 CFISimaging . . . . . . . . i 35

2.3 Methods . . . . . . . . 37
2.3.1 Projected phasespace . .. ..... .. ... .. .. ..., 37
2.3.2 Star-forming main sequence . . . .. .. ... ... ... 39
233 Sersicmodels . ... 39
2.3.4 Star formation asymmetry measures . . . . ... ... . ... 41

24 Results. . . . . . . 48
2.4.1 Test case on Coma Cluster ram pressure stripped sample . . . 48
2.4.2 Star formation asymmetry distributions. . . . . .. ... ... 51
2.4.3 Subsample of galaxies likely to be experiencing RPS . . . . . . 54

2.5

2.6

2.4.4 Properties of galaxies with the strongest star formation asym-

Metries . . . . . . . 55
DISCUSSION . . . . . . . 57
2.5.1 Signi cance of the Coma Cluster sample . . . ... ... ... 57
2.5.2 Comparisontothe eldsample . ... ... .......... 60
2.5.3 What causes high star formation asymmetries?. . . . . . . .. 62
Summary and Conclusions . . . . . .. ... .. ... 64

Vil



3 Further Examination of Star Formation Asymmetries

3.1 Additional Asymmetry Measures . . .. ... .. ...
3.1.1 Description of Measurement . . . . .. .. ...
3.1.2 Results and Interpretation . . . .. ... .. ..

3.2 The E ect of Signal-to-Noise . . . . .. ... ......

3.3 Additional Star Formation Tracers . . ... . ... ..
3.31 GALEXNUV . ... ... ... ... .......
3.32 MaNGAH . ... .... .. ... .. ......

4 Summary and Future Work

4.1 Future Work . . . . . . . . . .

A Supplementary Plots

viii



List of Figures

11
1.2
1.3
1.4
15
1.6
1.7
1.8
1.9
2.1
2.2
2.3
2.4
2.5

2.6
2.7

Galaxy SFR versus StellarMass . . . . . ... ... ... ....... 5
Galaxyu r Colour versus StellarMass . . . ... ... ... .... 7
The Hubble Tuning Fork . . . . . .. .. ... ... ... ....... 9
CAS Parameter Schematic . . . . ... ... ... .. ... ...... 13
CAS Relations . . . . . . . . . 15
CAS Parameters as a Function of Wavelength . . . . ... ... ... 16
Phase Space Trajectory Diagram . . . . .. ... .. ... ...... 20
Jellysh Galaxies . . . .. ... ... .. .. .. .. ... .. .. ... 25
Jelly sh Galaxy Tail Directions in Groups versus Clusters . . . . .. 25
Projected Phase Space Divisions . . . . ... ... ... ........ 38
SFRversus StellarMass . . . . . . ... ... . ... 40
Star Formation Asymmetry Measurement Schematic . . ... .. .. 43
KDE Distributions of the Asymmetry Measures for the Coma Cluster 50

KDE Distributions of the Asymmetry Measures for the Satellite and

Field Samples . . . . . . . . . . . . . . . 52

A versus Stellar Mass, Halo Mass, and Phase Space Region . . . . .. 53
KDE Distributions of the Asymmetry Measures for the Ram-Pressure-

Likely Subsample . . . . . . . . . ... 54



2.8

2.9

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Al

A.2

A.3

A4

A5

Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies ilA . . . . ... ... .. 56
Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space

Region for the Most Asymmetric Galaxies in the Combined Measure . 58

KDE Distributions of the Supplementary Asymmetry Measures for the
Satellite and Field Samples. . . . . . . ... ... ... ... ..... 71
Corner Plot of all Star Formation Asymmetry Measures . . . . . . .. 72
RMS Asymmetry versus Signal-to-Noise Ratio . . . . .. .. ... .. 74
CAS and RMS Asymmetry versus Redshift . . . . . ... ... .. .. 74
CAS Asymmetry and Smoothness versus Signal-to-Noise Ratio . . . . 76
Comparison of GALEX, MaNGA, and CFIS imaging . . . . ... .. 77
normcent  VErsus Stellar Mass, Halo Mass, and Phase Space Region for
the GALEX sample . . . . . . . . . ... . 78
normcent  VErsus Stellar Mass, Halo Mass, and Phase Space Region for
the MaNGA sample . . . . . . . . . . .. ... .. ... 79
norm:max  Versus Stellar Mass, Halo Mass, and Phase Space Region for
the MaNGA sample . . . . . . . . . . . . . . e 79
normcent  VErsus Stellar Mass, Halo Mass, and Phase Space Region . . 86
norm:max  Versus Stellar Mass, Halo Mass, and Phase Space Region . . 86
( u modelen versus Stellar Mass, Halo Mass, and Phase Space
Region . . . . . . 87
( u modelnax Vversus Stellar Mass, Halo Mass, and Phase Space
Region . . . . . . . e 87
(U r)ent versus Stellar Mass, Halo Mass, and Phase Space Region 88



A6 ( U r)max Versus Stellar Mass, Halo Mass, and Phase Space Region
A.7 As versus Stellar Mass, Halo Mass, and Phase Space Region . . . . .
A.8 Agms Versus Stellar Mass, Halo Mass, and Phase Space Region
A.9 S versus Stellar Mass, Halo Mass, and Phase Space Region . . . . . .
A.10 A; versus Stellar Mass, Halo Mass, and Phase Space Region . . . ..
A.11 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies in norm:cent « « « - « - « - - 91
A.12 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies in normmax ~ « « - « « - - - 92
A.13 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies in (u  modeleent - . . . 93
A.14 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies in (u mode)max . . . . 94
A.15 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies in (U Neent « « « « - . . 95
A.16 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxiesin (U  MNmax « - « « .« . . 96
A.17 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies il . . . . . ... .. .. 97
A.18 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space
Region for the Most Asymmetric Galaxies iMgms  « -« « « . . . . . 98
A.19 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space

Region for the Most Asymmetric GalaxiesirS. . . . . ... .. ... 99

Xi



A.20 Distributions of Asymmetry, Stellar Mass, Halo Mass, and Phase Space

Region for the Most Asymmetric Galaxies ilA; . . . .. .. ... .. 100

Xli



Chapter 1

Introduction

The night sky has fascinated humankind for centuries, inspiring ancient cultures to
connect stars to stories, allowing travellers to navigate using constellations, and en-
couraging creatives to make art inspired by what they feel when they look up. While
the study and science of astronomy dates back thousands of years, it was not until
Edwin Hubble measured the distance to the Andromeda Galaxy in 1925 that it be-
came clear that the Milky Way is not the only galaxy in the universe (Hubble, 1925).
Thus began the eld of extra-galactic astronomy, which has been revolutionized over
the past century with modern technology allowing us to image galaxies across the
entire sky and through cosmic time. We can now measure the properties of galaxies
and study how they change over time, disentangling the mechanisms driving their

evolution.
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1.1 Galaxy Properties

Galaxies are complex, continuously evolving objects composed of stars, gas, dust, and
dark matter. They vary widely in their properties and can be grouped into di erent
classes of galaxies as | will discuss below. In this section, | review some key observable

properties of galaxies, how they are measured, and how they are related.

1.1.1 Stellar Mass

Galaxy mass is the primary driver of a galaxy's evolution and scales with many of
its properties (Kau mann et al., 2003; Noeske et al., 2007; van den Bosch et al.,
2008; Peng et al., 2010b; Woo et al., 2013), making it crucial for understanding a
galaxy's history. However, a galaxy's total mass is a di cult property to measure,

as most of its mass is made up of dark matter which we cannot directly observe. A
galaxy's total mass including dark matter can be inferred indirectly by methods such
as rotation curves (e.g. Rubin & Ford, 1970) and gravitational lensing (e.g. Hudson
et al., 2015), but these measurements are not feasible for large samples of galaxies
due to the extensive observations required. Stellar mass is often used as a tracer of
galaxy mass since it is easier to estimate and has been shown to correlate well with
halo mass (e.g. Hudson et al., 2015).

Stellar mass is typically estimated using spectral energy distribution (SED) t-
ting. SEDs are a measure of how much light a galaxy gives o as a function of
wavelength through a wide range of Iters. These observations can be t to model
stellar populations to extract physical properties. Contained in an SED is informa-
tion on a galaxy's entire stellar population and its history, making it an extremely

valuable measurement. With an understanding of a galaxy's stellar population, its
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stellar mass can be inferred. SED tting codes (e.gCIGALEBoquien et al. (2019),
ProSpect; Robotham et al. (2020), etc.) create synthetic spectra by stacking stellar
population synthesis models to match the input galaxy spectrum. The stacked syn-
thetic spectra make up the assumed galaxy stellar population, and provide estimates
of many properties, such as stellar mass and star formation rates. SED tting codes
di er by their initial assumptions (e.g., star formation histories, active galactic nuclei
(AGN) models, initial mass functions, etc.) and can thus produce di erent results

(e.g. Hunt et al., 2019; Paci ci et al., 2023).

1.1.2 Star Formation Rate

The star formation rate (SFR) of a galaxy, typically given in solar masses per year
(M yr 1), is a measurement of how quickly or e ectively a galaxy is transforming
gas into stars. As a galaxy evolves, it undergoes numerous internal and external
processes that a ect its ability to form stars (see Section 1.3), making SFR crucial
for understanding galaxy evolution. There are many ways to compute the SFR of a
galaxy, which can trace di erent timescales (Kennicutt & Evans, 2012). Here | detail
the two measures used in this thesis.

First, in addition to stellar mass, SED tting (see Section 1.1.1) provides estimates
of SFR. Fitting to the ultra-violet (UV) spectrum can provide an excellent indicator
of recent SFR, as emission for young stars peaks in the UV (Kennicutt & Evans,
2012). However, UV emission is signi cantly impacted by dust absorption and is
re-emitted in the infrared (IR) (Kennicutt & Evans, 2012). Thus, tting to both the
UV and IR spectra provides the most accurate SFR estimate, as done in GSWLC-2

(GALEX-SDSS-WISE Legacy Catalog; Salim et al. (2018)), which covers almost all
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of SDSS (Sloan Digital Sky Survey; York et al. (2000)) (90% in the master catalogue),
and uses SED tting in the UV-optical-mid IR to provide estimates of stellar mass
and dust-corrected SFR.

Well-constrained SED tting requires data over a wide range of wavelengths which
are not always available. SFR can also be estimated using a single band, such as the
u-band. This enables quick estimation of SFR across di erent areas of the galaxy,
rather than a single measurement for the entire object. Many relations between
band luminosity and SFR are available (e.g. Hopkins et al., 2003; Moustakas et al.,
2006; Davies et al., 2016), which are all linear. The calibration using data most
similar to ours is from Moustakas et al. (2006), which used 120846 galaxies with

z 0:1inSDSS to nd:

L u-
— . . 43 -u-band 1
SFRypand = (1:4 1:1) 10 WM yr (1.1.1)

where L pang IS the u-band luminosity of the galaxy. Theu-band traces emission
from young stars, and is less a ected by dust absorption than the UV, but can be
more contaminated by the older stellar population, with stars older than 100Myr
leading to an over-estimate of SFR by 36-39% (Boquien et al., 2014; Figueira
et al., 2022). Another benet of using theu-band is that it can be easily obtained

from ground-based telescopes, such as the Canada-France-Hawaii Telescope (CFHT).

The Star-Forming Main Sequence

With an estimate of the SFR, it is possible to separate galaxies into populations
that are either active and currently star-forming, or quenched and no longer forming

stars. As stellar mass is the primary driver of galaxy evolution, typically a relation
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Figure 1.1: Galaxy SFR as a function of stellar mass for my parent sample of SDSS
galaxies. Galaxy stellar masses and SFRs are obtained from GSWLC-M2 (Salim
et al., 2018). The top "blue cloud' of galaxies is the SFMS, and the bottom ‘red

sequence’ of galaxies is quenched.
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between SFR and stellar mass known as the star-forming main sequence (SFMS) is
used to distinguish the populations. As shown in Fig. 1.1, there is a clear bimodality
between galaxies with high SFRs and low SFRs. Typically a linear relation, the
SFMS, between stellar mass and SFR is de ned (e.g. Renzini & Peng, 2015; Popesso
et al., 2019). More massive galaxies are more star-forming simply because they are
bigger, but measuring the SFMS allows the separation of quenched and star-forming
galaxies as a function of stellar mass.

The SFMS changes depending on the indicator used and evolves with redshift
(Popesso et al., 2019, 2023), with star formation peaking at 2 (Madau et al.,
1998; Hopkins & Beacom, 2006; Madau & Dickinson, 2014); therefore it is important
to use an SFMS de ned for the particular sample. It is generally accepted that
galaxies start on the SFMS, and eventually transition to the quenched population.

The galaxies residing in between the populations are known as "green valley' galax-
ies. There are very few galaxies in the green valley, suggesting that the transition
from star-forming to quenched happens rapidly (e.g. Salim, 2014; Schawinski et al.,
2014). It has also been observed that a small number of galaxies transition from being
guenched to actively star-forming, a process known as ‘rejuvenation' (e.g. Rampazzo

et al., 2007; Cleland & McGee, 2021).

1.1.3 Colour

Galaxy colour is one of the easiest directly observable galaxy properties to compute.
It is simply calculated as the magnitude di erence between bands: for example,
the u r colour is given bym, m,. Bluer and redder colours are associated

with smaller and larger values respectively. Like SFR, galaxy colours are seen to be



M.Sc. Thesis | Lauren M. Foster| McMaster University, Physics and Astronomy| 2024

Figure 1.2: Fig. 2 in Schawinski et al. (2014). Galaxy r colour versus stellar mass
for a sample of nearby galaxies in SDSS. The distribution of the total sample is given
in the top left corner, and the distribution of early-type (red sequence) and late-type
(blue cloud) galaxies are given in the top and bottom right respectively. In all panels,
the green valley is shown by the green lines. A clear bimodality in r colour can
be seen, and there is a clear correlation with galaxy morphology.
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bimodal (e.g., Strateva et al. (2001); Schawinski et al. (2014): see Fig. 1.2), with blue
galaxies actively forming stars, known as the "blue cloud' on a colour-mass or SFR-
mass diagram, and red galaxies being passive and “dead', known as the ‘red valley'.
Transitional galaxies lie in the “green valley'.u r colour, in particular, is a good
tracer for speci c star formation rate (sSFR), which is SFR normalized by galaxy

stellar mass (Kau mann et al., 2003; Salim et al., 2007).

1.1.4 Morphology
Hubble Type

Galaxy morphology can be quanti ed in numerous ways, including by eye and by
guantitative measures of the light pro les. The rst galaxy classi cation system, the
Hubble Tuning Fork (shown in Fig. 1.3), created by Edwin Hubble in 1926, is still
largely used today and relies on visual inspection (Hubble, 1926). Galaxies are divided
into three broad categories: ellipticals, spirals, and irregulars. Elliptical galaxies (E)
have smooth, evenly distributed light distributions, and are further subdivided by
their ellipticities, with circular galaxies being denoted EO, and the most elliptical
galaxies being denoted E7. Spiral galaxies (S), made up of a stellar disk containing
spiral arms and a central bulge of old stars, have two further classi cations. If they
have a prominent barred centre, they are denoted as SB, with unbarred galaxies simply
being denoted as S. Another letter is given to re ect how tightly wound the spiral arms
are. Sa/SBa galaxies have very tightly wound arms, and Sc/SBc galaxies have very
loosely wound arms. A special case in the classi cation scheme are lenticular galaxies
(S0) which are galaxies with disks and central bulges but without any spiral arms.

Galaxies that do not fall into any of these galaxies are classi ed as irregulars (Irr).
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Figure 1.3: Fig. 1 in Masters et al. (2019). The Hubble Tuning Fork (Hubble, 1926)
illustrated using SDSS images. Left out of the schematic are Irregulars (Irr).

Determining Hubble types is time-consuming for large samples of galaxies. Machine
learning algorithms (e.g. Martin et al., 2020; Vavilova et al., 2021) and citizen science
projects (e.g., Galaxy Zoo; Lintott et al. (2008, 2011); Willett et al. (2013)) are

innovative ways to tackle the seemingly impossible task of classifying thousands of

galaxies in large surveys.

Srsic Pro les

Hubble types are a visual classi cation scheme, but an alternative method for mea-
suring galaxy shapes is to quantify their light distribution. A common measure of
galaxy morphology is the Sersic pro le (Sersic, 1968):

( " _ #)
(N =1(rdexp b — 1 (1.1.2)
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wherel is the surface brightnesst is the distance from the galaxy's centem is the

Sersic index, re is the half-light radius, and the constantbis given by the solution to:

(2n)=2 (2n;b) (1.1.3)

where is the gamma function and is the incomplete gamma function. The Sersic
index is the key morphological parameter here, as it corresponds to the galaxy's
central concentration and luminosity: galaxies with highen tend to be brighter and
more concentrated. Sersic indices thus roughly correspond with Hubble type, with
elliptical galaxies being t with higher n (e.g., a de Vaucouleurs pro le has = 4 (de
Vaucouleurs, 1948)) and spirals being t with lowem. It is important to note that

as a Sersic pro le is a simple, smooth distribution, it cannot capture distinct features
such as spiral arms or clumpy star formation. In practice, Sersic pro les can be t
to a galaxy's light distribution in any band using existing codes (e.gimfit (Erwin,

2015), GALFIT(Peng et al., 2002, 2010a)).

Bulge-to-Total Ratio

Additional information can be obtained from a Sersic pro le by tting to the bulge
and disk components of a galaxy separately. Typically, the bulge is t using a de
Vaucouleurs pro le (n = 4), and the disk is t using a perfectly exponential pro le
(n =1). The bulge-to-total ratio (B/T) is computed by taking the ratio of the bulge
ux to the total galaxy ux, obtained by integrating the best-t Sersic proles. A
galaxy with no disk component will have B/T = 1, while a galaxy with no bulge
component will have B/T = 0. Early-type galaxies typically have higher B/T, as

they tend to be bulge-dominated, while late-type galaxies have B/T closer to 0 (e.g.

10



M.Sc. Thesis | Lauren M. Foster| McMaster University, Physics and Astronomy| 2024

Khochfar et al., 2011). Two-component Sersic ts can be done using the same software

as for a single Sersic t.

CAS System

Another numerical classi cation method is the Concentration-Asymmetry-Smoothness
(CAS) system (Conselice, 2003, 2014). With three parameters working in tandem,
the CAS system provides more information than the Hubble type or the Sersic index
alone, and works for all types of galaxies. The concentration parametérquanti es
how much of the galaxy light is emitted from the centre versus the outskirts of the
galaxy:

C=5 log & (1.1.4)
I'20

wherer,g and rgg are the radii which enclose 20% and 80% of the light respectively.
A higher value ofC indicates that the light is more centrally concentrated. A visual
representation of howC is measured is shown in the third row of Fig. 1.4.

Next, the asymmetry parameterA quanti es how symmetric the light distribution

of a galaxy is:

p=_Jp lied (1.1.5)

Iy
wherel is the galaxy image| 159 is the galaxy image rotated by 18Q and Agg is the
asymmetry of the background. The sums are taken over all pixels in the galaxy image,
and the background component is computed in the same way using an image of a
nearby empty region of sky. A high value oA indicates a highly asymmetric galaxy
and a value of 0 would represent a perfectly symmetric galaxy. A visual representation

of how A is measured is shown in the rst row of Fig. 1.4.

11
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Modi ed versions of asymmetry exist that attempt to resolve biases of the origi-
nal parameter. Shape asymmetnAs, (Pawlik et al., 2016) uses the original equation
but replaces the galaxy image with a segmentation map of the galaxy. This is ben-
e cial when looking for asymmetries in faint features, as the originad parameter
is biased towards bright, prominent features. Root-mean-square (RMS) asymmetry,
Arwms , (Conselice, 1997; Conselice et al., 2000; Sazonova et al., 2024) follows a similar
equation, but instead of taking the absolute value, it takes the RMS:

sp—
A= —(lF%BO)Z Asc (1.1.6)
This parameter is bene cial as it is independent of noise, and corrects the original
CAS asymmetry in cases where noisy images would give arti cially low values &f
Finally, the smoothness/clumpiness paramete6 quanti es how much light is

emitted from clumpy areas of a galaxy:
P |
S= _% Sec (1.1.7)

wherel is again the galaxy image] is a smoothed version of the image, an8zc

is the smoothness of the background. The width of the smoothing kernel depends on
the physical size of the galaxy and the distance to the galaxy, and thus varies between
applications, but should be consistent within individual studies. A high value 0§
indicates a galaxy is very clumpy, and a value of 0 would represent a perfectly smooth
galaxy. A visual representation of howS is measured is shown in the second row of
Fig. 1.4.

The typical values of these parameters for each galaxy Hubble type vary with

12
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Figure 1.4: Fig. 2 in Conselice (2014) used with permission. A schematic showing how
the CAS parameters are calculated on an example nearby spiral galaxyrepresents
the galaxy image R represents the rotated version of the image, ar8l represents the
blurred/smoothed version of the image. Note that the subtracted background term
has been left out of the equations in the schematic, but the full equations are given
in the text.

13
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what band they are measured in, but there is a correlation between the CAS system
values and classical galaxy morphology (Conselice (2003); Lotz et al. (2004); Conselice
(2014); see Fig. 1.5). For individual galaxies, the CAS parameter values will change
according to what band they are measured in. Fig. 1.6 shows the CAS parameters
as a function of wavelength for 9 spiral galaxies, from Baes et al. (2020). These
parameters also have a dependence on resolution and noise (Lotz et al., 2004; Giese
et al., 2016; Bignone et al., 2020; Thorp et al., 2021; Sazonova et al., 2024). Therefore,
comparison of CAS parameters should only be made for galaxy images of similar
guality and wavelength.

The CAS parameters can be used to infer physical properties of galaxies. For
example, the concentration parameter correlates well with B/T (Conselice, 2003),
and when measured in the-band, the smoothness parameter correlates well with
H equivalent width, an indicator of star formation (Conselice, 2003). Perhaps most
useful is the ability to detect mergers (see Section 1.3.2) automatically using the

conditions (Conselice, 2014):

(A> 0:35) & (A>S) (1.1.8)

which requires no visual inspection and relies only on two simple measurements. The
contamination from non-mergers is low, but this method misses 50% of mergers
as merging galaxies are only asymmetric for 1=3 of the process (Conselice, 2003,

2014).

14
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Figure 1.5: Fig. 3 in Conselice (2014) used with permission. CAS parameters mea-
sured in ther-band plotted against one another, with point shapes corresponding to
galaxy morphology. Panel (a) show#& vs C with points coloured according to their

S values: galaxies withS < 0:1 are red, 01 < S < 0:35 are green, andS > 0:35
are blue. Panel (b) showsA vs S with points coloured according to theirC values:
galaxies withC > 4 are red, 3< C < 4 are green, andC < 3 are blue. Panel (c)
showsS vs C, with points colours according to theirA values: galaxies withA < 0:1

are red, 01 <A< 0:35 are green, andA > 0:35 are blue.
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Figure 1.6: Top 2 rows of Fig. 3 in Baes et al. (2020) used with permission. CAS
parameters of 9 spiral galaxies measured across di erent bands. Top left: half-light
radius normalized by theR s, the radius which contains 25% of the light in the optical.
Top right: concentration C. Bottom left: asymmetry A. Bottom right: smoothness
S.

Lopsidedness

Finally, galaxy lopsidednessA;, uses Fourier decomposition to search for large-scale
asymmetries in the galaxy (Block et al., 1994; Rix & Zaritsky, 1995; Zaritsky & Rix,
1997). In practice,A; is computed by taking the ratio between the amplitude of the

rst Fourier mode and the zeroth Fourier mode:

Al = BlzBo (119)

whereB, and B, are the amplitudes of the rst and zeroth Fourier modes respectively.
In the r-band, Bo corresponds to a normalization by total stellar mass (Dol et al.,
2023). Typically, a galaxy is said to be “lopsided' in its stellar mass distribution if

it has A; > 0:1, de ned by the mean observational value (Bournaud et al., 2004).
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Galaxy lopsidedness has been found to trace interactions such as accretion, mergers,
and tidal interactions, providing another automatic detection method for these events

(Reichard et al., 2008, 2009).

1.2 Galaxy Environments

Galaxies exist in a wide range of environments, ranging from dense groups and clusters
to relative isolation in the eld. An understanding of a galaxy's environment is critical

to understanding its evolution, as complex interactions with the intracluster medium
(ICM) and nearby galaxies can have a signi cant e ect on its life cycle. In this section,

| overview how these environments are de ned in practice, and which galaxies tend

to reside in them.

1.2.1 Groups and Clusters

Galaxies live in a continuum of environments and there is no clear dividing line
between galaxy groups and clusters, but typically galaxy groups are de ned by (e.g.

Mamon, 2007):
"~ Host halo mass of 1 <M ,=M < 10"
" > 3 group members
~ Virial radius of 0:3<r y90=Mpc< 1
" Velocity dispersion of 146< ,=km s ! < 450

and clusters have host halo masses 10*M . Galaxy groups are the most common

host environment in the local universe (Geller & Huchra, 1983; Eke et al., 2005), and
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therefore understanding how galaxies evolve in this environment is critical for under-
standing galaxy evolution overall. Clusters are the most extreme host environments
and provide an excellent laboratory for understanding environmental e ects.

Groups and clusters are typically identi ed using group- nding algorithms. Most
commonly used is Friends-of-Friends (FoF) (Davis et al., 1985). Given a linking length
| (either a single physical size in simulations where accurate 3D positions are known,
or a 2D vector with a line-of-sight linking length and a projected linking length),
galaxies are connected if within and of each other. Groups are then created by
collecting all connected galaxies, i.e., directly linked galaxies are “friends', and groups
are created out of “friends of friends'. Typically, a threshold is also placed on how
many members are considered a group. Other group nders exist, for example, the
Cylindrical Grouping Method (Okumura et al., 2017), phase-space based methods
(e.g., Rockstar; Behroozi et al. (2013)), and machine-learning based methods (e.g.
Stothert et al., 2019). FoF is typically used due to its high e ciency and accuracy
(see Knebe et al. (2011) for a comparison of group nding algorithms).

In this thesis, we use the Yang et al. (2007) SDSS group and cluster catalogue.
Yang et al. (2007) improve upon the typical FoF algorithm by accounting for lumi-
nosity. They rst run FOF to de ne group centres and compute the “characteristic
luminosity' of each group, de ned as the sum of member luminosities that exceed
a magnitude threshold. With this luminosity, the halo mass, extent, and velocity
dispersion of the group are calculated based on scaling relations, and galaxies are
assigned to groups using these properties. This algorithm is also able to identify eld
galaxies, by choosing galaxies with halo mast, < 10**M and no signi cant nearby

neighbours.
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Groups and clusters have higher fractions of red (Blanton & Berlind, 2007; Baldry
et al., 2006; Bamford et al., 2009; Skibba et al., 2009), quiescent (Hashimoto et al.,
1998; Balogh et al., 1998; McGee et al.,, 2011; Wetzel et al., 2012), and elliptical
(Dressler, 1980; Postman & Geller, 1984; Bamford et al., 2009; Skibba et al., 2009)
galaxies than the eld. All these properties are associated with ‘red and dead' galaxies
that are no longer actively star-forming. This is due to the additional environmental
e ects that galaxies experience in groups and clusters, that provide additional path-
ways to galaxy quenching, as discussed in detail in Section 1.3.2. Within groups and
clusters, there are trends with time since infall, i.e., how long a galaxy has been living
in a dense environment, determined observationally using projected phase space (e.g.
Rhee et al., 2017; Pasquali et al., 2019). Projected phase space is de ned using a
galaxy's projected distance from the centre of its group or cluster and its line-of-sight
velocity. Galaxies typically follow a zig-zag trajectory through phase space as they
fall into a group or cluster, as shown in Fig. 1.7 (Rhee et al., 2017). Using simulations
where the time since infall is known, phase space can be divided into regions with
similar average time since infall, enabling observational classi cation and the search
for trends with time since infall. For example, as time since infall increases, galaxies

become less star-forming and more elliptical (e.g. Oxland et al., 2024).

1.2.2 The Field

The eld contains the highest fraction of blue, active, and spiral galaxies due to the
fact that they do not interact with neighbouring galaxies or the ICM. Isolated galaxies
provide an ideal laboratory to study the e ects internal processes have on galaxy

evolution, as discussed in detail in section 1.3.1. Field galaxies are also useful as a
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Figure 1.7: Fig. 1 in Rhee et al. (2017) used with permission. A diagram illustrating
the typical trajectory of a galaxy through phase space (solid red line). The dashed
black line shows the escape velocity of the cluster. Galaxies begin at point A and
move through phase space until virialized at point D. Back-splash galaxies are galaxies
that are outside the cluster but have already made at least one passage.

comparison control population when studying the e ects of environment on galaxy
evolution, as they can represent the unchanged state of a galaxy before it enters the

group/cluster environment.

1.3 Galaxy Evolution

It has been outlined thus far that galaxies are complex objects that evolve over time.
Their evolution is driven by a number of internal and external environmental processes
that can either enhance or reduce star formation. In the subsections that follow, |

outline the main internal and external e ects that drive galaxy evolution.
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1.3.1 Internal E ects
Stellar Feedback

Stars can inject energy into the galaxy interstellar medium (ISM) as they evolve
through ionizing radiation, stellar winds, and supernovae. These processes can act
to either enhance or suppress star formation. Injecting energy into the ISM in gen-
eral reduces SFR by heating the ISM through any of the above processes (negative
feedback; Larson (1981); Mac Low & Klessen (2004)). Strong feedback from super-
novae can even cause out ows from the galactic disk (Tomisaka & Ikeuchi, 1986). In
other cases, momentum injected into the ISM by these processes pushes the material
outwards to create voids/bubbles around recently formed stars (Tenorio-Tagle & Bo-
denheimer, 1988). The surrounding ISM can be compressed, increasing the density
and enhancing star formation (positive feedback; ElImegreen & Lada (1977); Shore

(1981); Elmegreen (1998)).

AGN Feedback

The vast majority of galaxies host central supermassive black holes (SMBH) (Ko-
rmendy & Ho, 2013). If an SMBH accretes a signi cant amount of material from
the surrounding ISM, it is known as an active galactic nucleus (AGN) (Lynden-Bell,
1969). Energy from the accretion is released via strong winds, powerful jets, and
ionizing radiation (Fabian, 2012; Heckman & Best, 2014). Star formation can be
suppressed by heating of the surrounding ISM (e.g. Mullaney et al., 2015; Moun-
trichas et al., 2024), or enhanced by out ows of material driven back into the galactic
disk and compression of the ISM (e.g. Santini et al., 2012; Bernhard et al., 2016).

AGN feedback preferentially a ects high-mass galaxies, simply because higher-mass
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galaxies are more likely to host an AGN (Kau mann et al., 2003).

Morphological Quenching

Stars form by the collapse of cold molecular gas clouds, triggered by gravitational
instabilities in the disks of late-type galaxies. Early-type galaxies, which are largely
non-star-forming even if star-forming gas is present, are stabilized by their signi cant
central bulge component (Martig et al., 2009, 2013). In spiral galaxies, the presence
of bulges can stabilize the disk and prevent gas from collapsing, a process known
as morphological quenching. However, morphological quenching is not an isolated
process, as some additional mechanism is required to grow the central bulge. This
can occur through processes that drive material towards the centre of a galaxy, such
as merger events (e.g. Martin et al., 2018) or the formation of a central bar (e.g.

Kormendy & Kennicutt, 2004).

1.3.2 Environmental E ects

Many environmental processes can aect how galaxies transform over time. Some
of these processes are gravitational in nature, like mergers and tidal interactions,
while others are hydrodynamic, occurring when infalling galaxies interact with the
hot halo gas in a group or cluster. In this section, | will highlight some of the primary

environmental galaxy evolution mechanisms.

Mergers

In dense environments, galaxies are able to a ect the SFR and morphology of their

neighbours via gravitational interactions. In extreme cases, galaxies can collide with
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one another, eventually merging into one system. The outcome of the interaction is
determined by how massive the galaxies involved are. Major mergers involve galaxies
of similar mass, while minor mergers involve galaxies of signi cantly di erent mass,
with one galaxy> 3 larger than the other (e.g. Lotz et al., 2011). Major mergers
can induce strong bursts of star formation, by compressing the star-forming gas in
both galaxies (Barnes, 2004; Kim et al., 2009). Minor mergers can also temporarily
enhance star formation, but less strongly than a major merger event (Lambas et al.,
2012). These bursts of star formation can quickly exhaust a galaxy's star-forming
gas reserves, resulting in galaxy quenching (Pearson et al., 2019). Mergers are more
signi cant in group environments, where the galaxies are moving more slowly, allowing
for stronger galaxy-galaxy interactions (Pearson et al., 2024). In clusters, the typical

velocity dispersions are much higher, reducing the probability of mergers.

Starvation

As galaxies form stars, their cold molecular gas reserves are depleted. These reserves
are typically replenished by gas in the galaxy halo cooling down into the disk (Sancisi

et al.,, 2008). If by some other e ect this is prevented, for example, by removal

of the hot gas halo by ram pressure stripping (see Section 1.3.2) or heating of the
halo by the ICM (Trussler et al., 2020), the galaxy will quench once it has depleted

its current/remaining supply of cold disk gas. This quenching process, known as
starvation, takes place slowly as the galaxy can still form stars with its current gas

supply (Balogh et al., 2000; Peng et al., 2015).
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Ram Pressure

As a galaxy falls into a group or cluster, the ICM exerts a pressure on the galaxy

opposite the direction of motion. The pressure scales as:
Pram = 1o Vi (1.3.1)

where cv is the density of the ICM, andvg, is the speed at which the galaxy is
falling into the group/cluster. This means that typically ram pressure is strongest in
clusters, where the density is higher and galaxies are moving faster (Roberts et al.,
2021b). Ram pressure is also stronger during rst infall, when galaxies are moving
faster, and has a stronger e ect on low-mass galaxies, where gas is more loosely bound.
When ram pressure exceeds the strength of gravity, a galaxy can be stripped of its
gas, thereby quenching star formation.

Galaxies undergoing this process have characteristic tails opposite their direction
of motion, as seen in Fig. 1.8, known as jelly sh galaxies. The tail direction correlates
with the cluster centre direction for jelly sh falling into clusters, but not for groups,
as illustrated in Fig. 1.9. This means that galaxies falling into clusters are typically
stripped on rst infall, while galaxies falling into groups may be stripped after passing
pericentre, as ram pressure is weaker in groups and stripping may occur more slowly.

Ram pressure is not strong enough to have a direct e ect on the existing stellar
population (Boselli et al., 2022). Atomic gas is typically stripped rst, as it is more
loosely bound than the inner molecular gas, stripped second. Ram pressure stripping
takes < 1Gyr to quench a galaxy, making it one of the most e cient quenching

mechanisms (Quilis et al., 2000).
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