
i

Evolution of Galaxy Morphology in
the Field and Cluster Environment Since z∼ 1

by

Angelo George

A Thesis Submitted to Saint Mary’s University, Halifax, Nova Scotia in Partial Fulfillment
of the Requirements for the Degree of Master of Science in Astronomy

(Department of Astronomy and Physics)

August, 2020, Halifax, Nova Scotia

c© Angelo George, 2020

Approved:
Dr. Marcin Sawicki

Supervisor

Approved:
Dr. Ivana Damjanov

Supervisor

Approved:
Dr. Robert Thacker

Examiner

Approved:
Dr. Vincent Hénault-Brunet

Examiner

Date: AUGUST 13, 2020.



ii

Acknowledgements

Firstly, I thank my supervisors, Dr. Marcin Sawicki and Dr. Ivana Damjanov, for

guiding me constantly in my research with patience. I have learned from them what it takes

to be a good Astronomer during the last two years. I extend my thanks to Dr. Thibaud

Moutard and Anneya Golob for the catalogues they made for galaxies studied in this thesis.

I also wish to acknowledge the help provided by Harrison Souchereau towards my research.

A special thanks to the extra-galactic group in the department for the weekly ArXiv

meetings. I would also like to express my great appreciation to the group of HSC col-

laborators worldwide for their valuable inputs. I acknowledge Dr. Masamune Oguri and

Dr. Jubee Sohn for the membership details of cluster galaxies in HSC and HST data re-

spectively. I also thank Dr. Robert Thacker and Dr. Vincent Hénault-Brunet for their

suggestions to improve my thesis. I am particularly grateful for the assistance given by

Compute Canada support team to run my algorithm efficiently.

I would like to express my deep gratitude to the Department of Astronomy for welcom-

ing me as one of them and assisting me throughout my Master’s programme. I wish to

acknowledge the peer support of all graduate students in the department. I also thank CCO

group on the campus for their comradeship I enjoyed.

I am also grateful to my family and my best friend, Charles Cruz, for their constant

support and encouragement. Last but not least, I thank Almighty God, the faith in whom

has helped me overcome the obstacles I faced.



Contents

1 Introduction 2

1.1 Evolution of Galaxy Morphology . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Processes Driving the Structural Evolution of Galaxies . . . . . . . . . . . 8

1.2.1 Star-Forming Galaxies . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.2 Quiescent Galaxies . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.3 Environment and Galaxy Morphology . . . . . . . . . . . . . . . 12

1.3 Motivation and Goal of this Thesis . . . . . . . . . . . . . . . . . . . . . . 16

2 Data 19

2.1 CLAUDS+HSC-SSP Survey . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.1 Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.2 Available Data Products . . . . . . . . . . . . . . . . . . . . . . . 28

2.2 HST CLASH Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.1 Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

iii



CONTENTS iv

2.2.2 Available Data Products . . . . . . . . . . . . . . . . . . . . . . . 35

3 Sample Selection 38

3.1 CLAUDS+HSC-SSP Survey . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.1 Redshift and Stellar Masses . . . . . . . . . . . . . . . . . . . . . 39

3.1.2 Classification into Star-forming and Quiescent . . . . . . . . . . . 40

3.1.3 Clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 HST CLASH Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Methodology 51

4.1 GALFIT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
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4.8 Distribution of best-fitting Sérsic model parameters in CLAUDS+HSC-SSP

bands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.9 Wavelength correction CLAUDS+HSC-SSP i-band to rest-frame 5000 Å
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Abstract

Evolution of Galaxy Morphology in

the Field and Cluster Environment Since z∼ 1

by Angelo George

The study of galaxy morphology can provide important information about how galax-
ies evolve. In this thesis, we study size and concentration of light profiles for ∼15000
star-forming galaxies (SFGs, M∗&109.5 M�) and ∼5000 massive quiescent galaxies (QGs,
M∗&1010 M�) in the COSMOS/UltraVISTA region using CLAUDS+HSC-SSP griz bands
at 0.1<z<0.9. We find a slow evolution in the characteristic sizes of SFGs, Re∝(1+z)−0.45,
which is consistent with the growth of their bulges. In contrast, the characteristic size of
QGs grows faster, Re∝(1+z)−1.06, driven by several physical processes including progen-
itor bias, adiabatic expansion, and merging. Analysis of 75 cluster galaxies does not show
any significant difference from the field galaxies. However, a separate analysis of ∼130
spectroscopically confirmed members of five cluster cores from the HST CLASH survey
provide evidence for the effects of the densest environments on QG size.

August 13, 2020
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Chapter 1

Introduction

Galaxies are fundamental building blocks of structure in the Universe. They are formed

at the centres of the potential wells of dark matter halos through gravitational collapse of

matter (Ratra & Vogeley 2008; Benson 2010; Somerville & Davé 2015). The continuous

changes in abundance and physical properties of systems in two major galaxy populations

- star forming and quiescent - reflect the processes that drive galaxy evolution in the ageing

Universe (Shen et al. 2003; Ravindranath et al. 2004; Blanton & Moustakas 2009; Kor-

mendy et al. 2009; Szomoru et al. 2011; Bezanson et al. 2012; Conselice 2014; van der Wel

et al. 2014; Feldmann et al. 2017).

Star-forming galaxies (SFGs) are characterised by high gas fractions and associated

high star formation rates (e.g., Brinchmann et al. 2004; Feldmann et al. 2017). The light

from these galaxies is dominated by young massive stars, which make them blue, although

2
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the dust present in them can redden them by absorbing light at shorter wavelengths and

re-emitting in longer wavelengths (Xiao et al. 2012). At z ∼ 0, star formation is confined

in disks that dominate galaxy light profiles. At z ∼ 2, however, vigorous star formation

activity is concentrated in large, bright clumps (e.g., Genzel et al. 2011). Observational

studies show that star formation rates in SFGs have been decreasing with time since z∼ 1.5

(e.g., Lilly et al. 1996; Sawicki et al. 1997; Daddi et al. 2007; Reddy et al. 2012; Madau &

Dickinson 2014; Pannella et al. 2015).

In contrast, quiescent galaxies (QGs) represent a galaxy population where star forma-

tion activities are either suppressed or minimal (Renzini 2006; Valentino et al. 2020). They

have limited cold gas in them and their light profiles are dominated by red, low-mass, older

stars (e.g., Fabello et al. 2011; Huang et al. 2012). QGs have a more centrally concentrated

morphology compared to SFGs (e.g., Mowla et al. 2019b). As the Universe ages, the frac-

tion of QGs is increasing; at higher masses (M∗ & 1010 M�), QGs dominate the galaxy

population in the local Universe (e.g., Blanton & Moustakas 2009).

Star formation activity in individual SFGs ceases eventually as they evolve (galaxy

quenching, Fang et al. 2013) and thus, there is a clear evolutionary connection between

SFGs and QGs. Depletion of gas reservoirs and/or heating of gas can quench star for-

mation in galaxies and there are several processes that can contribute to these quenching

mechanisms. Feedback processes from active galactic nuclei (AGNs) and supernovae can

expel cold gas from galaxies (e.g., Hopkins et al. 2006). AGN feedback can also heat the
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surrounding gas which will prevent star formation in galaxies (Croton et al. 2006).

Alternatively, bulge formation and growth in the centres of galaxies can aid quenching.

For gas in a galaxy to collapse and form stars, it should satisfy Toomre’s stability criterion,

Q < 1, where the Toomre Q parameter is proportional to epicyclic frequency (κ), which

is connected to the depth of the gravitational potential (Toomre 1964). Because the stel-

lar population in the bulges are centrally concentrated, bulges have a deeper gravitational

potential well than disks. Thus, growth of bulges increases the value of the Toomre Q pa-

rameter, which can prevent gas from collapsing and forming stars in galaxies (Martig et al.

2009; Fang et al. 2013).

Star formation can also be suppressed through collisional and non-collisional galaxy

interactions (Gabor et al. 2010). Collisional interactions (galaxy mergers) occur when the

orbital energy of the interacting galaxies is lower than their internal velocity dispersions,

and such interactions can induce AGN activity that heats the gas. Mergers generally happen

in galaxy groups and outskirts of galaxy clusters where the number density of galaxies is

high and the orbital energy of galaxies is lower than their internal energy. High speed

non-collisional interactions such as harassment and tidal stripping can deplete the cold gas

reservoirs of galaxies thereby preventing star formation (e.g., Farouki & Shapiro 1981;

Ferguson & Binggeli 1994). Such interactions are common in the dense cores of clusters

where the galaxies move fast. Furthermore, environmental processes such as ram pressure

stripping and strangulation can also deplete galaxies’ cold gas reservoirs (van de Voort et al.
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2017).

One of the most accessible tracers of the physical properties of a galaxy is its mor-

phology - the distribution of galaxy light projected on the sky in a given range of wave-

lengths (i.e., galaxy appearance in astronomical images). Studying the morphologies of

galaxies helps us understand these underlying physical properties and the processes that

drive the change in physical properties (i.e., evolution) of galaxies. For example, disky

SFGs are rotationally supported whereas elliptical or bulgy QGs are dynamically hot with

relatively high internal velocity dispersions compared to SFGs (van der Kruit & Freeman

2011; Bezanson et al. 2012). Moreover, all the processes that quench galaxies will also

affect galaxy morphology.

There are two approaches to the analysis of galaxy light profiles in general: paramet-

ric and non-parametric. In parametric methods, one or more analytic functions are used

to model the light profiles of galaxies (e.g., de Vaucouleurs 1953; Sersic 1968; Peng et al.

2010a). In contrast, the non-parametric approach quantifies galaxy morphology by mea-

suring structural properties of galaxies such as asymmetries and clumpiness without the as-

sumption that a galaxy can be represented by an analytic function (e.g., Petrosian 1976; Lotz

et al. 2004). Both methods have their advantages and disadvantages. The non-parametric

approach is highly useful to study the morphological features of irregular galaxies as well

as merging systems, because such features are difficult to model using standard analytic

functions. However, the robustness of the non-parametric methods depends on the depth
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of the image. On the other hand, parametric methods can model a galaxy even to galaxy

surface brightness levels that are fainter than the background sky value by extrapolating the

observable fraction of galaxy light profile with the aid of analytic functions. Such extrap-

olation is important to study the evolution in galaxy morphology since galaxies at higher

redshift have lower apparent surface brightness than those in the local Universe. Hence,

a number of studies focused on the evolution in galaxy morphology utilise the parametric

approach (e.g., Williams et al. 2010; Peng et al. 2010b; van der Wel et al. 2014; Faisst et al.

2017; Mowla et al. 2019a,b).

1.1 Evolution of Galaxy Morphology

In parametric studies, parameters of the analytic functions that describe galaxy light profiles

are related to the key morphological indicators: size of galaxies and the concentration of

their light profiles. Observations show that galaxy size and concentration vary with star

formation activity, stellar mass and redshift (e.g., Shen et al. 2003; Williams et al. 2010; van

der Wel et al. 2014; Morishita et al. 2014; Lange et al. 2015; Faisst et al. 2017; Damjanov

et al. 2019; Mowla et al. 2019b; Matharu et al. 2019, 2020). These studies have also shown

that SFG and QG populations evolve differently and the difference in evolution is reflected

in their morphologies. Generally, QGs have more centrally concentrated morphology and

are comparatively smaller in sizes than SFGs at a given stellar mass and redshift. Within

the SFG or QG population, massive galaxies in general are larger in size than low mass
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galaxies while galaxies at lower redshift are larger than those at higher redshift.

The relation between size and stellar mass differs for SFGs and QGs (e.g., Shen et al.

2003; Williams et al. 2010; van der Wel et al. 2014; Mowla et al. 2019b). These studies

show that this relation between size and mass for SFGs can be described by a single power

law over the entire mass range. In comparison with SFGs, QGs have a more complex

relation between size and mass: low mass QGs (M∗ . 1010.3 M�) show a weak relation

similar to SFGs, but high mass QGs (M∗& 1010.3 M�) show a significantly stronger positive

correlation between size and stellar mass.

Furthermore, SFGs and QGs show different dependencies between average galaxy size

for a given stellar mass and redshift. The pace of the redshift evolution of average size for

the SFG population decreases with cosmic time; SFGs at earlier epochs grew in size faster

than those at later epochs (Ferguson et al. 2004; Oesch et al. 2010; Mosleh et al. 2012;

Franx et al. 2008; Williams et al. 2010; van der Wel et al. 2014; Mowla et al. 2019b; Lilly

et al. 1998; Ravindranath et al. 2004; Barden et al. 2005). The average size of massive

QGs grows at a faster rate than the size of SFGs and this size growth rate for QGs does not

change with redshift (e.g., van der Wel et al. 2014; Mowla et al. 2019b).

Evolution in the concentration of galaxy light profiles with redshift is also evident as

both SFGs and QGs change their shapes with cosmic time. At higher redshifts (z ∼ 2),

SFG morphology is in general highly irregular with star-forming clumps (Law et al. 2007;

Bournaud & Elmegreen 2009) whereas SFGs have disky structure at lower redshifts (Shen
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et al. 2003). The concentration of the QG population evolve from a disk dominated (less

concentrated) at early epochs (z∼ 2, van der Wel et al. 2011) to bulge dominated or elliptical

(more concentrated) galaxies today (Shen et al. 2003).

1.2 Processes Driving the Structural Evolution of Galaxies

The growth of galaxy size depends on the history of mass assembly in galaxies. Therefore,

by studying the growth in galaxy size and the evolution in the relation between size and

stellar mass we can provide constraints to the processes that drive galaxy evolution and

associated morphological transformation.

1.2.1 Star-Forming Galaxies

Since the formation of galaxy disks is coupled to the evolution of dark matter halos, a fast

evolution in the average sizes of SFGs is expected (Mo et al. 1998). Such fast evolution

in SFG sizes in pace with the growth of halos is supported by the observations at higher

redshifts (2 < z < 6, Ferguson et al. 2004; Oesch et al. 2010; Mosleh et al. 2012). However,

the slow evolution or lack of evolution at lower redshifts (z < 1) points towards a more

complicated evolutionary scenario (Lilly et al. 1998; Ravindranath et al. 2004; Barden et al.

2012; van der Wel et al. 2014). Hence, a more comprehensive investigation into this redshift

range (z < 1) is required to understand the physical mechanisms driving the size evolution

of SFGs.
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A possible reason for the change in the pace of the size evolution of SFGs is the growth

of bulges with cosmic time (e.g., Oser et al. 2010; Hopkins et al. 2010; Tacchella et al.

2015; Sachdeva et al. 2017). Since bulges are more centrally concentrated than disks, they

are relatively smaller in size. Thus, the size (radius) of an SFG at a fixed mass decreases as

it becomes more bulge dominated. Bulge growth in galaxies can happen internally (secu-

lar or slow evolution, Kormendy & Kennicutt 2004; Athanassoula 2005; Kormendy 2008;

Ceverino et al. 2010; Sellwood 2014) and/or can be induced externally through galaxy in-

teractions (e.g., Naab et al. 2006; Hopkins et al. 2010).

1.2.2 Quiescent Galaxies

Several processes can contribute towards the evolution of quiescent galaxy sizes and the

size-mass relation of the quiescent population. A significant contributor is the progenitor

bias, which refers to the fact that newly quenched galaxies are larger in size than those

quenched at earlier epochs. This difference is due to the upsizing or the increase in the

median size of their progenitor SFGs with time (Franx et al. 2008; Carollo et al. 2013;

Fagioli et al. 2016; Damjanov et al. 2019).

Fading of disk once a galaxy is quenched can also affect the size evolution of QGs. As

the star formation in a galaxy ceases, its disk component gradually fades away (Christlein

& Zabludoff 2004; Carollo et al. 2016). This fading of disks happens as massive stars in

the former star-forming regions die and the bulge dominance increases during this fading
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process. The bulge dominance caused by the fading of disks in the galaxy light profile

results in smaller effective sizes of galaxies.

Another internal process that affects the morphological evolution of QGs is the adia-

batic expansion of galaxies. In the adiabatic expansion (puffing-up) model, feedback pro-

cesses destabilise the inner regions of galaxies where baryons dominate. These feedback

processes include AGN feedback (Fan et al. 2008, 2010) and stellar feedback (e.g., super-

novae, Baumgardt & Kroupa 2007; Damjanov et al. 2009; Lapi et al. 2018). As a galaxy

loses mass through a feedback mechanism, its gravitational potential becomes shallower.

Consequently, the baryonic matter, including stars, rearranges itself to a more relaxed sta-

ble configuration. This rearrangement of baryonic material results in puffing up of galaxies.

Several numerical simulations show that a galaxy loses a fraction of its mass through stellar

feedback processes, which results in the adiabatic expansion (Boily & Kroupa 2003; Good-

win & Bastian 2006; Baumgardt & Kroupa 2007; Damjanov et al. 2009; Moeckel & Bate

2010).

Galaxy mergers can efficiently increase the size of QGs with time (Toomre & Toomre

1972; Di Matteo et al. 2005; Cox et al. 2006). Mergers can be either wet (gas rich) or

dry (gas poor). A wet merger can rejuvenate star formation in galaxies and thus, does

not contribute to the size growth of QGs. Dry major mergers, where the masses of the

interacting galaxies are similar, are known to produce larger QGs (Kaviraj et al. 2014).

Such mergers can yield an increase in size proportional to the increase in mass (eg., Boylan-
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Kolchin et al. 2006; Naab et al. 2007; Bezanson et al. 2009). However, dry major mergers

may not be significantly affecting the size-mass relation of massive QGs as the number of

such events observed since z ∼ 1 is low (Bundy et al. 2009; López-Sanjuan et al. 2010a,b;

Kaviraj et al. 2014).

At the same time, minor mergers, where the ratio of masses of the interacting galaxies is

more than 10:1, and accretion of ex-situ stellar population through tidal stripping of satellite

galaxies, happen more frequently than major mergers (Newman et al. 2012). Theoretical

studies and simulations show that massive QGs grow in size through minor mergers and

accretion (e.g., Khochfar & Silk 2006; Naab et al. 2009; Oser et al. 2010, 2012; Hilz et al.

2012; Rodriguez-Gomez et al. 2016), which is supported by observations (e.g., Bezanson

et al. 2009; van Dokkum et al. 2010; Trujillo et al. 2011; Fagioli et al. 2016; Sawicki

et al. 2020). These processes add material to the outskirts of galaxies resulting in a large

increase in size and a modest increase in mass: the growth in size due to minor mergers

is proportional to the square of the mass added (Bezanson et al. 2009; Naab et al. 2009;

Coccato et al. 2011). Assuming a short merger timescale (∼ 1 Gyr) based on numerical

simulations, Newman et al. (2012) argue that the minor mergers can explain most of the

size evolution of massive QGs at z < 1 using observations of galaxy pairs to estimate the

number of minor mergers and constrain their effects on the size growth of QGs.
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1.2.3 Environment and Galaxy Morphology

Galaxy morphology and the number density of galaxies are related; for example, quiescent

spheroidal galaxies are a larger fraction of galaxy population in denser regions than in the

field. Thus, environment is understood to play a vital role in the evolution of galaxies (e.g.,

Dressler 1980; Farouki & Shapiro 1981; Rettura et al. 2010; Muzzin et al. 2012; Lani et al.

2013; Scoville et al. 2013; Peng et al. 2010b, 2015; D’Onofrio et al. 2015; Balogh et al.

2016; Carollo et al. 2016; Kawinwanichakij et al. 2017; Schaefer et al. 2017; Golden-Marx

& Miller 2019; Chartab et al. 2020). There are mainly two ways a dense environment can

affect galaxy evolution and associated morphological transformation: enhancing quenching

of star formation in galaxies and aiding galaxy-galaxy interactions.

Environment contributes towards the progenitor bias in the size-mass relation of the

QGs by suppressing star formation activities in galaxies. Several processes related to the

environment can halt (quench) star formation in galaxies. Ram pressure stripping is thought

to be a common process that quenches star formation in galaxies residing in clusters. As

an SFG falls into a cluster environment, its interstellar medium (ISM) is stripped away

by the pressure exerted by intracluster medium (ICM), forming a tail of gas behind the

galaxy (Gunn & Gott 1972; Mayer et al. 2006; Jáchym et al. 2007; D’Onofrio et al. 2015;

Mehmood 2017; Sohn et al. 2019). Although ram pressure can sometimes cause a starburst

event by extreme compression of the ISM (Ebeling et al. 2014), quenching of star formation

is accelerated as the ISM is either removed or heated by ram pressure. This ram pressure
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experienced by an in-falling galaxy is

Pram ≈ ρICMv2, (1.2.1)

where ρICM is the density of ICM and v is the velocity of the galaxy relative to the ICM

(Sohn et al. 2019). Therefore, the efficiency of ram pressure stripping depends heavily

on the local density. Since the density of ICM increases towards the cluster centre, we

expect increased impact of ram pressure stripping on galaxies observed in the cluster cores.

The stripping of gas from galaxies occurs only if the ram pressure exceeds the restoring

gravitational force in galaxies,

F = Σgasv2
rotR
−1
disk, (1.2.2)

where Σgas is surface gas density, vrot is rotational velocity of the disk and Rdisk is the

radius of the disk (Sohn et al. 2019). Because the restoring gravitational force per unit area

decreases with radial distance from the galaxy centre, ram pressure stripping is stronger

towards galaxy outskirts. Ram pressure stripping also depends on the morphology and the

angle of inclination of the infalling galaxies. For example, the effect of ram pressure will

be stronger for a disky galaxy if it falls face-on compared to an edge-on infall.

Another environmental galaxy quenching process that works along with ram pressure

stripping is strangulation or cosmological starvation, in which galaxies are devoid of their

cold gas reservoirs. Dense environments can hinder the inflow of cold gas into galaxies
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because the outer gas reservoirs are stripped off from a galaxy (Balogh et al. 2000; Peng

et al. 2015). Without the inflow of gas, star-forming activities are quickly suppressed as

a galaxy consumes remaining cold gas left within the system (over-consumption, Balogh

et al. 2016). Studies show that this quenching process becomes more prominent with cos-

mic time (e.g., van de Voort et al. 2017).

Additionally, dense environments rich in galaxies promote galaxy-galaxy interactions.

In highly dense environments such as clusters, the average velocities of galaxies are larger

than their internal velocity dispersions. Hence, most of the interactions are high speed non-

collisional galaxy encounters. Galaxy harassment is a cumulative effect of frequent high

speed galaxy encounters (Farouki & Shapiro 1981; Aguilar & White 1986; Moore et al.

1996; Mehmood 2017). Such frequent encounters can result in significant mass loss in

galaxies. Moreover, if the galaxy-galaxy interaction is strong, it will perturb the galaxy

disks. In such scenarios, the disk will become dynamically hot and stellar orbits will be

rearranged into random fashion resulting in a spheroid or an elliptical galaxy with a puffed

up morphology. Harassment is more efficient in puffing up galaxies with lower masses (and

thus shallower potential wells). Consequently, harassment, in general, yields low mass

dwarf spheroidal galaxies. In galaxies with larger disks, the harassment often results in

the funnelling of the baryonic material towards the centre of the galaxy, contributing to

the formation and growth of bulges in these systems. This growth of bulges will yield a

reduction in galaxy sizes and more concentrated light profiles.
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Tidal stripping, another type of non-collisional galaxy interactions, also causes mass

loss and morphological change in galaxies (Ferguson & Binggeli 1994; Mayer et al. 2006;

Oser et al. 2010, 2012). In this process, a host galaxy gravitationally pulls out stellar ma-

terials from the outer regions of its satellite, which often results in tidal debris left behind.

Depending on the masses of the host and the satellite galaxies and the distance between

them, the process can strip a galaxy of its disk and outer regions completely, only leaving

behind a red bulge at the centre. Similar to harassment, tidal stripping also yields spheroidal

morphology in galaxies due to bulge dominance. Furthermore, the stripping process can

also cause puffing up of galaxy as it loses mass.

Some dense environments can also support collisional galaxy interactions - mergers.

Considering that the galaxies in the denser regions are generally QGs, most of the merging

events in rich environment are dry mergers. Merger events are common in galaxy clusters

at higher redshifts (z & 1; e.g., Contini et al. 2016; Sawicki et al. 2020) and galaxy groups

but rare in cluster cores at lower redshifts (z . 1) because of the larger orbital velocity of

galaxies in the cluster cores. However, a particular type of minor mergers does happen in

the cluster cores at lower redshifts (z . 1): galaxies in the core merge with brightest cluster

galaxies (BCGs) by spiralling into it as they lose orbital energy due to dynamical friction.

This type of minor mergers, galactic cannibalism, causes the disappearances of galaxies

as they move towards the cluster centre (Hausman & Ostriker 1978; Duncan et al. 1983;

Blakeslee & Tonry 1992; Weinberg 1997; Nipoti et al. 2003, 2004; Chen 2019).
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To estimate the impact of environment on galaxy morphology and its evolution, we

must study galaxy clusters. Within clusters, the effects of many processes listed above

are expected to become more prominent as the density of the environment increases. Sev-

eral studies that focus on cluster cores support the role of the densest environments in the

quenching mechanism and morphological evolution of galaxies (e.g., Gutiérrez et al. 2004;

Burke et al. 2013; Monna et al. 2015; Castignani et al. 2020). Since cores of galaxy clus-

ters represent extremely dense regions in the Universe, morphological study of galaxies in

cluster cores along with galaxies residing in less dense regions (field) is required to distin-

guish between the effects of different physical processes that affect galaxy transformation

in different environments.

1.3 Motivation and Goal of this Thesis

We intend to investigate the morphological evolution of SFGs and QGs and the effects of the

environment using data from CFHT Large Area U-band Deep Survey (CLAUDS; Sawicki

et al. 2019) and the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara et al.

2019) over a large sky area of 18.6 deg2 in six broadbands, U , g, r, i, z and y that cover the

wavelength range of∼ 3000−10000 Å. We focus our study on galaxies in the redshift range

0.1 < z < 0.9. This dataset is a unique combination of wavelength coverage and depth that

enables us to study details of galaxy morphological transformations and their connection

to the physical processes that drive galaxy evolution over a time period which covers half
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of the cosmic history. Such a large-scale study of galaxy morphology and evolution over

this redshift range will be unprecedented. Moreover, we study cluster members as well

as galaxies in the field, testing the processes that drive morphological transformation of

galaxies in different environments.

This thesis is a pilot study that focuses on 1.6 deg2 of the COSMOS/UltraVISTA region

in CLAUDS+HSC-SSP data using the HSC g, r, i and z bands. We investigate how the rela-

tion between galaxy stellar mass and size evolves for both SFGs and QGs since z = 0.9 and

test a suite of processes that may drive this evolution. We address the environmental effects

by looking at the morphology of galaxy cluster members in this region on the sky and by

incorporating the morphology of galaxies from the cores of five clusters at 0.18 < z < 0.29

using data from Cluster Lensing And Supernova survey with Hubble (CLASH, Postman

et al. 2012), a Hubble Space Telescope (HST) based programme. Spectroscopic informa-

tion on these HST CLASH galaxies provides us with the confirmation that galaxies are true

members of cluster cores and the proxy for the average age of their stellar populations.

Galaxy morphology in cluster cores should be particularly affected by physical processes

that dominate in the densest regions of the cosmic web. Thus, our spectro-photometric

sample enables us to probe morphological transformation of galaxies and the processes that

drive it at the high-density tail of the local galaxy density distribution.

We structure this thesis as follows. We describe the data images and the data products

used in Chapter 2, and the sample selection in Chapter 3. Chapter 4 describes the methods
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used to measure the galaxy morphology from data images. We describe the estimation of

uncertainties in the measured structural parameters using simulations in Chapter 5. We

show the results from this study and compare our results with previous studies in Chapter

6. Chapter 7 is a discussion of some of the features of the results and the physical processes

that cause these features. Chapter 8 gives the conclusions of this thesis. Throughout this

thesis, we assume a ΛCDM cosmology with present-day ΩM = 0.3, ΩΛ = 0.7 and H0 = 68

km s−1 Mpc−1.



Chapter 2

Data

2.1 CLAUDS+HSC-SSP Survey

Several factors have influenced the selection of data for this study. Firstly, it is necessary

to have a deep survey in order to carry out this study effectively. A deep survey helps to

constrain the measurement of morphology of a galaxy such as its size. The survey depth

is also a major factor which determines the lower limit in galaxy stellar mass above which

our sample is complete (Section 3.1.1). Secondly, the availability of multi-wavelength data

is important. Since various physical parameters (stellar mass, redshift, etc.) of galaxies are

derived from the multi-wavelength data, it is better to use a survey with wide wavelength

coverage. Thirdly, choosing a widely studied survey region in the sky is beneficial as we

can compare the results of this thesis with those of previous and parallel studies. This

19
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Figure 2.1: u band depth and areal coverage of CLAUDS E-COSMOS field. The colours
indicate the depth of u band in AB. Black circles represent the areal region covered by
HSC-SSP grizy data. Dashed lines show the extent of the CLAUDS Deep data and also the
extent of the current study. Image credits: Sawicki et al. (2019, used with permission).

approach aids us not only to ensure quality control of certain steps implemented in this

project, but also to draw scientific conclusions regarding the physical processes driving the

observations with better certitude.

Additionally, a survey region with rich ancillary data including spectroscopy is indeed

an asset towards our scientific goals. Firstly, spectroscopic data alone can provide precise

information about galaxy distance that is critically important for selecting cluster members.

Secondly, spectroscopic measurements such as velocity dispersion and line indices provide

the information about the depth of galaxy potential well, and break the degeneracy between

estimates of various stellar population properties (e.g., age and metallicity, Vazdekis 2008).

Considering the above mentioned factors, we choose to concentrate our study on Cos-
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mic Evolution Survey (COSMOS) field, a well studied region in the sky for galaxy mor-

phology and evolution. It covers an area of∼ 2 square degree equatorial field with extensive

multi-wavelength data ranging from X-rays to infrared region of the electromagnetic spec-

trum coming from various major telescopes such as the Hubble Space Telescope (HST), the

Chandra X-ray Observatory, the XMM-Newton Observatory, the National Optical Astron-

omy Observatory (NOAO), the Canada–France–Hawaii Telescope (CFHT) and the Subaru

Telescope (Scoville et al. 2007).

We use the multi-wavelength (U +grizy) imaging data from CFHT Large Area U-band

Deep Survey (CLAUDS; Sawicki et al. 2019) and the Hyper Suprime-Cam Subaru Strategic

Program (HSC-SSP; Aihara et al. 2019). Subaru’s HSC-SSP survey consists of three layers

of data: wide, Deep and UltraDeep, in five broadband filters (g, r, i, z, y) and four narrow-

band (NB) filters (λ = 387, 816, 921, 1010 nm). The Deep layer covers an area of 26 deg2 in

four fields: XMM-LSS, E-COSMOS (Extended-COSMOS), ELAIS-N1, DEEP2-F3. The

UltraDeep layer covers a region of 4 deg2 in two fields: COSMOS and the Subaru/XMM-

Newton Deep Survey (SXDS). Since Deep and UltraDeep data are both deep and wide,

they are optimal for the study of galaxy properties and their evolution over cosmic time

and in different environments. However, one of the drawbacks of HSC-SSP survey is that

it lacks U-band data, which is important for constraining photometric redshifts and other

galaxy properties. For example, U-band photometry is essential for bracketing the Balmer

and 4000 Å breaks in order to estimate photometric redshifts (photo-z’s) accurately for
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Table 2.1: CLAUDS+HSC-SSP filter details. CLAUDS U-band consists of filters u and u∗

and their depth is given for the Deep layer. For the HSC-SSP filters, Deep+UltraDeep depth
achieved so far is shown. As the survey completes HSC-SSP bands will have better depths.
All of these are 5σ depths for extended sources within 2′′ apertures.

Filter Survey Layer
Central Wavelegth

[nm]
Seeing
[arcsec]

Depth
[AB mag]

U CLAUDS Deep 353.8 0.92 27.1
g HSC-SSP Deep+UltraDeep 475.4 0.81 27.0
r HSC-SSP Deep+UltraDeep 617.5 0.74 26.6
i HSC-SSP Deep+UltraDeep 771.1 0.62 26.4
z HSC-SSP Deep+UltraDeep 889.8 0.63 26.0
y HSC-SSP Deep+UltraDeep 976.2 0.71 25.0

galaxies at intermediate redshifts (0 < z <∼ 0.7, Sawicki et al. 2019). At these intermedi-

ate redshifts, U-band data also plays a vital role in constraining star formation rates (SFRs)

of galaxies (Sawicki 2012). As a solution to these problems, CLAUDS survey, using the

MegaCam Imager of CFHT, covers 18.6 deg2 in the HSC-SSP Deep layer in U-band with

a median depth of 27.1 AB (5σ in 2′′ apertures). The depth reaches 27.7 AB for a region

of 1.36 deg2 in the UltraDeep layer. The MegaCam has two U-band filters: u and u∗. The

main advantages of the new u filter over the old u∗ filter are better throughputs and larger

collecting area (u filter is physically larger and can illumine more CCDs). Thus, we have

data from all five HSC-SSP broadband filters and CLAUDS u band filter from the overlap-

ping regions in E-COSMOS as shown in Figure 2.1. Figure 2.2 shows the broadband filters

available in CLAUDS+HSC-SSP Survey and their details are given in Table 2.1.
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Figure 2.2: System transmission curves of filters available in CLAUDS+HSC-SSP. Image
credits: Sawicki et al. (2019, used with permission).

2.1.1 Images

Aihara et al. (2019) and Sawicki et al. (2019) describe in detail the data reduction processes

for HSC-SSP and CLAUDS respectively. HSC-SSP data are divided into tracts (∼ 1.5×1.5

deg2) and each tract consists of 9× 9 patches. Each image patch consists of 4200× 4200

pixels where each image pixel covers ∼ 0.168′′× 0.168′′ of the sky. These image patches

are processed using the HSC Pipeline (Bosch et al. 2018) which involves image coaddition,

source detection and global sky subtraction. The algorithm also clips the artefacts detected

before creating image coadditions.

CLAUDS uses the MegaPipe data pipeline (Gwyn 2008) at the Canadian Astronomical

Data Centre (CADC) with some modifications. The charge-coupled device (CCD) detectors

in MegaCam measure 2048×4612 pixels with each pixel corresponding to 0.187′′×0.187′′

on the sky. Therefore, the pipeline re-scales the data images to conform to the HSC data.
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Figure 2.3: CLAUDS+HSC-SSP images of patch: 4,3 from tract: 9814 in u, g, r, i, z and
y. Top row: u, g; middle row: r, i; bottom row: z, y. Each image has a dimension of
∼ 1.5o×1.5o and have the same intensity stretch.
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Figure 2.4: CLAUDS+HSC-SSP images of a galaxy at coordinates (α: 150.17897, δ :
2.03213) in u, u∗, g, r, i, z and y. Image cutouts are of dimensions ∼ 25′′× 25′′ and have
the same intensity stretch.

The rest of the processing is performed similarly to the HSC pipeline. Figures 2.3 and 2.4

show images of a CLAUDS+HSC-SSP tract and a sample galaxy respectively in different

broadbands.

Sources in the images have been detected by Sawicki et al. (2019) using SExtractor

(Source Extractor) algorithm (Bertin & Arnouts 1996). Additionally, we adopt star-galaxy

separation results from Golob et al. (submitted to MNRAS), who identified foreground

stars in the images using an algorithm based on machine learning they have developed.

This algorithm makes use of photometric and morphological information on detected ob-

jects. The algorithm uses a gradient boosted tree (GBT) machine classifier trained on the

HST COSMOS morphological catalogue by Leauthaud et al. (2007) to classify objects

in CLAUDS+HSC-SSP using their U + grizy magnitudes, colours, central surface bright-

nesses, and effective radii corrected for PSF (Section 4.3, Moutard et al. 2020). We identify



CHAPTER 2. DATA 26

any object for which the classifier returned a value greater than 0.89 as a star.

The image of a point source is blurred out due to the diffraction of light and other

factors like atmospheric turbulence (seeing). A point-spread function (PSF) describes this

blurring of an image of a point source. It describes the shape of the brightness profile of

astronomical point sources like stars as seen on the detector of a telescope. Thus, the full

width at half maximum (FWHM) of the PSF is an indicator for the resolution of the image;

the smaller the size/width of a PSF, the better the resolution of an image.

The HSC Pipeline uses the PSFEx algorithm1 (Bertin 2011) to describe the PSF of

data images and these PSFs are made using the stars identified from the data. The PSFex

adaptation in the HSC Pipeline models PSF from the images of these stars in an iterative

way to remove the influence of contamination from neighbouring objects (Bosch et al.

2018). PSFs of any position in the data images are available through the PSF picker2 utility

in the Public Data Release by HSC-SSP. PSF images obtained from PSF picker for all five

broadbands at coordinates (α : 150.1989,δ : 1.9957) are shown in Figure 2.5. These PSF

images have dimensions ∼ 7.2′′× 7.2′′ which are big enough to contain the wings of the

PSF (∼ 10× FWHM, Table 2.1).

Although PSFs for every sky coordinate are available through PSF picker, fetching PSFs

for every galaxy would be computationally expensive. Hence, we divide every patch into

36 sub-regions of dimensions 117.6′′×117.6′′. For all galaxies within a sub-region, we use

1http://ascl.net/1301.001
2https://hsc-release.mtk.nao.ac.jp/psf/pdr2/

http://ascl.net/1301.001
https://hsc-release.mtk.nao.ac.jp/psf/pdr2/
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Figure 2.5: PSF images of coordinates (α : 150.1989,δ : 1.9957) which falls in tract: 9814
& patch: 4,3 in g, r, i, z and y bands as obtained from PSF picker. The final panel shows
the 1-D profile of the i-band PSF.
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Figure 2.6: i-band image of tract-9813 & patch-4,3 divided into 36 sub-regions of size
117.6′′× 117.6′′ (700 pixels × 700 pixels). The positions of PSFs picked for each sub-
region is shown as black stars.

the PSF image at the centre of this region. An example of how this is done in a patch is

demonstrated in Figure 2.6.

2.1.2 Available Data Products

We have access to spectroscopic redshifts of only ∼ 5000 galaxies which consists less

than 20% of the current data (Lilly et al. 2009). Therefore, we use photometric red-

shifts from a Ks-selected catalogue (Muzzin et al. 2013a) covering 1.62 deg2 in the COS-

MOS/UltraVISTA field. This catalogue is based on PSF-matched photometry in 30 pho-
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tometric bands ranging from 0.15 µm to 24 µm based on GALEX, Subaru, CFHT, VISTA

and Spitzer data. The catalogue has 90% completeness limit at Ks = 23.4 AB. Photometric

redshifts (photo-zs) in the Ks-selected catalogue are calculated using the EAZY software

(Brammer et al. 2008), a spectral energy distribution (SED) fitting algorithm. The detailed

process of photometric redshift estimation is given in Skelton et al. (2014). The peak of the

probability density distribution of the photometric redshift obtained from EAZY by fitting

the SED of a galaxy with a linear combination of galaxy stellar population synthesis model

templates is used as the photo-z of a galaxy. Since some of the galaxies have spectroscopic

redshift measurements from zCOSMOS (Lilly et al. 2007, 2009), EAZY measurements are

tested and calibrated by matching to 5105 highest-confidence spectroscopic redshifts.

Stellar masses of galaxies are taken from the Ks-selected catalogue (Muzzin et al. 2013a)

for the COSMOS/UltraVISTA field. Galaxy stellar masses in this catalogue are estimated

using the FAST code (Kriek et al. 2009) through SED flux fitting using two stellar popu-

lation synthesis model sets (Bruzual & Charlot 2003; Maraston 2005) assuming exponen-

tially declining star formation history (SFH, star formation rate ∝ e−t/τ ), solar metallicity,

a Chabrier initial mass function (IMF, Chabrier 2003) and a Calzetti dust extinction law

(Calzetti et al. 2000). An advantage of FAST is that it can be used in combination with

EAZY whereupon it returns best-fitting stellar mass and redshift along with other parame-

ters such as SFR. If the redshift is provided, it fixes the redshift to the closest value in the

grid during the fitting process. FAST uses χ2 statistics to estimate the parameters (Section
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Figure 2.7: Region of the sky studied in this Thesis. COSMOS/UltraVISTA field is shown
in red. Photometric redshifts and mass measurements from Muzzin et al. (2013a) are used
for the analysis in this region. On the background, we have shown CLAUDS+HSC-SSP
COSMOS field (green) and the whole HSC COSMOS field (blue). White circles in the im-
age are regions around bright stars in which photometric measurements are compromised.

4.1).

Thus, we limit this pilot study to the COSMOS/UltraVISTA region in the sky where we

have redshift and mass estimations from the Ks-selected catalogue. Figure 2.7 shows the

COSMOS/UltraVISTA field in comparison with with the CLAUDS+HSC-SSP region. We

also restrict the redshift range of this study to 0.1 < z < 0.9. We cannot probe galaxies at

z > 0.9 due to mass incompleteness issues described in Section 3.1.1.

We can study the effects of environment on galaxy morphology, by analysing galaxies
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in clusters separately. So, we use an optically-selected cluster catalogue (Oguri et al. 2018)

based on HSC data to identify clusters in the survey. This catalogue is made using the

CAMIRA (Cluster finding Algorithm based on Multi-band Identification of Red-sequence

galaxies) algorithm (Oguri 2014). Details of the cluster selection process are described in

Section 3.1.3.

2.2 HST CLASH Survey

Cores of galaxy clusters are typically densely populated extreme environments where the

effects of environment on galaxy morphology are enhanced. Nevertheless, galaxies in the

cluster cores are difficult to study, because their light profiles are contaminated by the light

from neighbouring galaxies and intracluster light. The position of the brightest cluster

galaxy (BCG) ideally coincides with the centre of a dynamically relaxed cluster. This

makes the study of the cluster core all the more difficult because the light from the BCG

dominates over other galaxies. Hence, a high resolution data is necessary to study and anal-

yse the morphology of galaxies in these extreme environments. Space-based telescopes

such as the HST would be better compared to ground-based telescopes to resolve galaxy

light profiles in the cluster centres because, unlike space-based observations, ground-based

observations are affected by atmospheric seeing which reduces resolution. HST has a dedi-

cated program to observe cluster cores with significant lensing properties at z< 0.9. Named

Cluster Lensing And Supernova survey with Hubble (CLASH), it is a deep 16-band HST
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Table 2.2: Details of HST CLASH clusters studied in this paper. R200 and M200 are from
Geller et al. (2014) for A383 and of the rest are from Lemze et al. (2013) for the other
clusters.

Cluster RAJ2000 DecJ2000 zclust
R200 (caustics)
[h−1 Mpc]

M200 (caustics)
[1015h−1 M� ]

A383 02:48:03.36 -03:31:44.7 0.187 1.22±0.01 0.51±0.01
A611 08:00:56.83 +36:03:24.1 0.288 1.70±0.26 0.80±0.32
A1423 11:57:17.26 +33:36:37.4 0.213 1.23±0.23 0.28±0.16
A2261 17:22:27.25 +32:07:58.6 0.224 1.36±0.25 0.38±0.23
RXJ2129 21:29:39.94 +00:05:18.8 0.234 1.45±0.22 0.46±0.21

photometric dataset aimed at using the gravitational lensing properties of 25 galaxy clus-

ters to accurately constrain their mass distributions (Postman et al. 2012). The observations

were performed using HST’s Advanced Camera for Surveys (ACS) and both the UVIS and

IR channels of the Wide-Field Camera 3 (WFC3) over a 2.7 year period (Nov 2010 - July

2013). The boadbands of this survey spanning the near-UV to near-IR help us study the

cluster cores in wavelengths similar to CLAUDS+HSC-SSP broadbands.

For this study, we choose 5 clusters at cluster redshifts (zclust) ranging from∼ 0.2 to 0.3:

A383, A611, A1423, A2261 and RXJ2129. The choice of clusters is due to the availability

of spectroscopic data of their members as described in Section 2.2.2. These five clusters

have been selected for spectroscopic followup because at least one of them can be observed

anytime throughout the year from the MMT Observatory in Arizona. This is illustrated in

Figure 2.8 with the aid of a web based program named Staralt3 by the Isaac Newton Group

of Telescopes. Using the Hectospec multifiber spectrograph on MMT, it is possible to get

3http://catserver.ing.iac.es/staralt

http://catserver.ing.iac.es/staralt


CHAPTER 2. DATA 33

spectra of the member galaxies in the entire cluster in a single observation because Hec-

tospec has 300 optical fiber probes with a total field of view (FOV) of ∼ 1 deg2 (Fabricant

et al. 2005).

All five clusters are dynamically relaxed systems. A relaxed cluster has not undergone

mergers in the recent past, and in such a cluster, gas and galaxies are both virialised: 2K =

−U , where K is kinetic energy and U is potential energy. An important cluster scale is the

virial radius of a cluster, which is often approximated to R200. R200 denotes the radius of a

galaxy at which its density equals 200 times the critical density of the Universe at its redshift

and M200 is the mass enclosed within R200. Table 2.2 gives the details of the five chosen

clusters, their sky coordinates, redshifts and cluster scales (M200 and R200). The cluster

scales are estimated using the caustic method (Diaferio & Geller 1997). In a phase space

defined by projected distance from the cluster centre and line-of-sight velocity relative to the

centre, cluster galaxies form sharply defined patterns in the shape of a trumpet. The caustics

boundary of this trumpet shape is defined by the escape velocity of galaxies from the cluster.

Because the escape velocity depends on the cluster mass which provides gravitational pull,

we can utilize caustics to estimate the mass of a galaxy cluster. Unlike the projected mass

technique, caustic mass is insensitive to line-of-sight superposed structures (Geller et al.

2013). Although caustic technique makes an assumption of spherical mass distribution for

galaxy clusters, this assumption may be justified for the five clusters included in this study

as they are relaxed systems.
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2.2.1 Images

We use observations in the f814w band from ACS with a scale length of 0.03′′. It has a 5σ

magnitude limit of 27.7 AB for a circular aperture of 0.4′′ in diameter. The details of the

data reduction process is described in the CLASH survey paper by Postman et al. (2012).

In short, these data images are created by co-aligning and co-adding the observational data

using drizzle algorithms (MultiDrizzle pipeline; Koekemoer et al. 2006). Each cluster is

observed in two different orientations with a rotation of ∼ 30o.

PSF images are available through Tiny Tim (Krist et al. 2011), a software package for

generating HST PSFs written in the C language. Incorporating the known aberrations and

obscurations of the HST instruments, Tiny Tim simulates a PSF model through diffrac-

tion calculation combined with the effects of obscuration and optical aberrations. The

software considers the time and date of observation, because HST experiences time-and-

altitude-dependent aberration changes resulting in defocus. In this study, we use a 5 times

subsampled PSF generated by Tiny Tim with a pixel scale of ∼ 0.01′′ and dimensions

∼ 7.15′′× 7.15′′ for HST CLASH clusters. Figure 2.9 shows the f814w PSF produced by

the Tiny Tim software.

2.2.2 Available Data Products

Photometric redshifts of all galaxies in the HST images are available through HST CLASH

cluster catalogues (Postman et al. 2012). Redshifts are provided for galaxies detected us-
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Figure 2.9: Subsampled f814w PSF used for HST CLASH clusters’ data. Left: 2-D image
of the PSF. Right: Blue shows the 1-D profile along the horizontal axis passing through the
centre of the 2-D image and orange is along its diagonal.

ing SExtractor. These redshifts and associated uncertainties are calculated using Bayesian

Photometric Redshift (BPZ; Benı́tez 2000; Benı́tez et al. 2004; Coe et al. 2006) estimates.

We have spectroscopic redshifts for a subset of galaxies in selected HST cluster cores mea-

sured using data obtained with the MMT Hectospec multifiber spectrograph (Fabricant et al.

1998). Damjanov et al. (2018) describes the data reduction and redshift measurement pro-

cedure in detail. In short, data reduction is performed with HSRED v2.04, developed by the

Telescope Data Center, which is a revision of the original IDL pipeline by Richard Cool.

Spectroscopic redshifts are then estimated by fitting the observed spectra of galaxies using

the template spectra library from Kurtz & Mink (1998), which returns a relative amplitude

of the cross-correlation peak (r-value; Tonry & Davis 1979), as a measure of the quality of

the redshift. These r-values are used to determine whether to use the spectroscopic redshift

4http://www.mmto.org/hsred-reduction-pipeline/

http://www.mmto.org/hsred-reduction-pipeline/
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of a given galaxy.

We also have membership details of some of the galaxies (for which we have spec-

troscopic data) in the images of these five cluster cores based on a friends-of-friends (FoF)

algorithm developed by Sohn et al. (2018). Using HectoSpec survey data, Sohn et al. (2018)

adopt a standard FoF algorithm which connects neighbouring galaxies with separate spatial

and radial velocity linking lengths. If these lengths are smaller than a fiducial length, the

algorithm identifies them as friends (neighbours). The FoF algorithm identifies a total of

1605 member galaxies across these clusters out of which we study 139 galaxies that are at

the cluster cores covered by the CLASH survey.

Additionally, we have stellar masses of galaxies that are spectroscopically confirmed

cluster members. The mass estimation procedure is described in Damjanov et al. (2018).

In short, the LePhare code (Arnouts et al. 1999; Ilbert et al. 2006) is used to estimate the

stellar mass of a galaxy by fitting its observed photometry applying Bruzual & Charlot

(2003) population synthesis models, assuming a Chabrier IMF and Calzetti dust extinction

law. Three different metallicities (Z = 0.004, 0.008, and 0.02) and exponentially declining

SFHs with e-folding times of τ = 0.1, 0.3, 1, 2, 3, 5, 10, 15 and 30 Gyr are assumed while

fitting the data. The code constrains the stellar mass-to-light (M/L) ratio using SED shape

obtained from observed photometry and converts luminosity to stellar mass.



Chapter 3

Sample Selection

3.1 CLAUDS+HSC-SSP Survey

Since we study galaxy morphology as a function of stellar mass, we need to ensure that

the mass distribution of the sample selected in the current work represents the distribution

for the real galaxy population (mass completeness). The completeness of the sample can

be studied by addressing the selection bias present in the detection of objects in the sur-

vey. In magnitude-limited observations, intrinsically brighter objects are over-represented

(Malmquist bias, Malmquist 1922, 1925). As the distance increases, the apparent magni-

tude of the objects becomes fainter. Hence, we lose an increasing number of objects fainter

than the magnitude limit of the survey with increasing distance/redshift. This loss of fainter

objects also affects the mass distribution of galaxies in the sample, because galaxy stel-

38
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lar mass and luminosity are closely related (M/L ratio, Schechter 1980; Schombert et al.

2019). Consequently, the sample may not reflect the real distribution of galaxies in the field

covered by the survey. So, it is important to identify a limit in the stellar mass of galaxies

above which our sample is complete.

3.1.1 Redshift and Stellar Masses

We examine the completeness of the survey as a function of stellar mass of galaxies at differ-

ent redshifts for both star-forming galaxies (SFGs) and quiescent galaxies (QGs) separately.

A separate analysis for SFGs and QGs is required because SFGs and QGs have different

M/L ratios (e.g., Schechter 1980; McGaugh & Schombert 2014). The upper panel in Figure

3.1 shows the mass completeness of SFGs and QGs at 0.2 < z < 0.4 and 0.8 < z < 1.0. The

curves in the figure are obtained by fitting a Sigmoid function to the completeness obtained

by Golob et al. (in prep.) through simulations. At z ∼ 0.3, the SFG sample is 90% com-

plete at ∼ 108.6 M� and above, whereas at z ∼ 0.9, 90% completeness limit is at ∼ 109.3

M�. Similarly, this limit is at ∼ 109 M� and ∼ 1010.2 M� for QGs at z ∼ 0.3 and z ∼ 0.9

respectively. Hence, to ensure mass complete data, we first limit our analysis to galaxies

with M∗ > 109.5 M� for SFGs, M∗ > 1010 M� for QGs at z ≤ 0.75 and M∗ > 1010.2 M�

for QGs at z > 0.75. Thus, we have assumed that the completeness limit in masses esti-

mated by Golob et al. (in prep.) is also true for the sample studied in this thesis. A direct

comparison between galaxy stellar masses used by Golob et al. (in prep.) and those used
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in this study shows a good agreement in mass estimates (lower panel in Figure 3.1). Be-

cause of the mass completeness limit of QGs, we also limit the redshift range of this study

to 0.1 < z < 0.9. Moreover, even if the galaxy sample appears complete at z > 0.9, we

cannot constrain their stellar mass well due to limitations in available wavelength coverage

to bracket several spectral features like 4000 Å break. Additionally, we restrict the sample

to 24th magnitude in each band. This magnitude-based constraint is due to limitations in

the algorithm we use for morphology analysis while measuring the structural parameters at

fainter magnitudes (Chapter 5). This magnitude cut results in the exclusion of more galax-

ies from our final sample, preferentially at higher redshifts and lower masses (Figure 3.2).

For example, when we use i-band data with a magnitude cut i < 24 at 0.1 < z < 0.9, we

lose 1.7% of the mass complete SFG sample (at M∗ > 109.5 M�). The loss is 1.1% for QGs

with M∗ > 1010 M� at the same redshift range.

3.1.2 Classification into Star-forming and Quiescent

The morphology of SFGs and QGs evolves differently due to differences in the processes

that drive their evolution (van der Wel et al. 2014; Matharu et al. 2019; Mowla et al. 2019b).

Therefore, it is important to separate them before performing the analysis. We primarily

use UVJ colour-colour diagrams (Wuyts et al. 2007; Williams et al. 2009; Brammer et al.

2011) based on rest-frame U−V and U−J colours to classify galaxies into SFGs and QGs.

The QG population generally occupies redder regions in U −V , since they are populated
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Figure 3.1: Upper: Mass completeness of the CLAUDS+HSC-SSP Survey for QGs and
SFGs in two redshift intervals. The horizontal dotted line represents 90% completeness.
The image is reproduced from Golob et al. (in prep.). Lower: Comparison between galaxy
stellar masses used by Golob et al. (in prep.) and galaxy stellar masses in the Ks-selected
catalogue used in this study. The orange line indicates the 1:1 relation between galaxy
masses.
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Figure 3.2: Stellar mass of galaxies as a function of redshift. Grey points represent all
galaxies while red dots show fainter galaxies (i > 24) excluded from the study. SFGs are
shown in the left panel and QGs in the right panel.

predominantly by old red stars. However, a young dusty galaxy also appears red and can be

misclassified as an old passively evolving galaxy. An advantage of the UVJ diagram is that

it helps to distinguish a dusty SFG from a QG because a range in V − J colours exists for

a given U −V colour. And also, the U −V colour brackets the 4000 Å break, a prominent

feature in old galaxies. QG colours are bluer beyond the 4000 Å break (and thus, QGs have

bluer V − J colours), but a dusty young galaxy will be redder in both U −V and V − J

colours. Therefore, we use UVJ rest-frame colours from Muzzin et al. (2013a) to separate

QGs from SFGs in the COSMOS/UltraVISTA region by applying a selection criterion,

(U−V )> 0.88× (V − J)+0.69. (3.1.1)

This equation assumes a static colour-colour relation at 0 < z < 1. Although several

studies (Muzzin et al. 2013b; Carnall et al. 2018) use this static selection, others rely on

various evolving UVJ selections for the quiescent sample (Moresco et al. 2013; Williams
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Figure 3.3: Classification of galaxies into SFGs (blue) and QGs (red) in the UVJ diagram.
UVJ colours are taken from Muzzin et al. (2013a). The upper panel gives the UVJ selection
at 0.1< z≤ 0.5. The middle and lower panels show the UVJ selection at z> 0.5 using static
and evolving selection criteria respectively (Section 3.1.2).
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Table 3.1: SFGs and QGs selected using UVJ diagrams in the COSMOS/UltraVISTA re-
gion. SFGs in the sample have stellar mass > 109.5 M�. QGs have stellar mass > 1010 M�
at z≤ 0.75 and stellar mass > 1010.2 M� at z > 0.75. Static selection is based on Equation
3.1.1 and evolving selection is based on is based on Equation 3.1.2.

Population Static Evolving

SFG 16936 16013

QG 6829 7434

All 23765 23447

et al. 2009; van der Wel et al. 2014). Hence, we also apply evolving selection criteria from

Williams et al. (2009) to isolate QGs from SFGs in the UVJ diagram, which is given by

(U−V )> 0.88× (V − J)+0.69 [0.0 < z < 0.5],

(U−V )> 0.88× (V − J)+0.59 [0.5 < z < 1.0]. (3.1.2)

We also introduce an additional restriction in the U −V colour in both static and evolving

criteria: U −V > 1.3. We utilise the Ks-selected catalogue to obtain rest-frame U −V and

V − J colours. Figure 3.3 shows the UVJ diagrams for our sample overlapping with the

COSMOS/UltraVISTA field and Table 3.1 provides the number of galaxies selected from

UVJ diagrams in CLAUDS+HSC-SSP i-band. The plots suggest that the evolving UVJ

selection criteria by Williams et al. (2009) misclassify some of the galaxies (∼ 10%) from

the blue cloud (star-forming galaxies in the UVJ diagram) as QGs at z > 0.5. Hence, we

use the static UVJ selection (Equation 3.1.1) to separate QGs from SFGs in this thesis.



CHAPTER 3. SAMPLE SELECTION 45

Figure 3.4: Galaxy cluster members identified from the HSC Cluster Catalogue (Oguri et al.
2018). Red dots represent cluster members from the overlapping region with the COS-
MOS/UltraVISTA field which are analysed in this study. Orange dots denote other cluster
members from the the CLAUDS+HSC-SSP field. The boundary of the CLAUDS+HSC-
SSP is shown in blue.
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3.1.3 Clusters

Clusters represent dense environments in the Universe. Studying the morphology of galax-

ies in clusters will help us understand the role environment plays in the evolution of galaxies

(Section 6.3). We identify clusters in our sample using the HSC-based optically-selected

cluster catalogue by Oguri et al. (2018). This cluster catalogue utilises the CAMIRA algo-

rithm (Oguri 2014) to locate clusters in HSC data. The CAMIRA uses the stellar population

synthesis (SPS) models by Bruzual & Charlot (2003), calibrated using galaxies with spec-

troscopic redshifts, to predict colours and stellar masses of the red sequence galaxies. The

red sequence is a tight relation in the colour-magnitude diagram of cluster galaxies (Bower

et al. 1992b,a) and it is a well-used method in the literature to identify clusters in surveys

(Gladders & Yee 2000; Martinet et al. 2017). The red sequence has a slightly negative slope

(tilt) as the galaxy colours bracketing the 4000 Å break change with magnitude. The tilt is

a result of mass dependence of metallicity (Kauffmann & Charlot 1998; Kodama & Ari-

moto 1997; Stanford et al. 1998). For each galaxy in the observed sample, the CAMIRA

algorithm computes the likelihood of it being a red-sequence galaxy at a give redshift by

comparing its observed colour and magnitude with the colours and magnitudes of model

galaxies that form red sequence at that redshift. Every galaxy is then assigned a non-integer

number parameter as a function of redshift originating from these likelihoods. The sum of

these number parameters at a given redshift and position on the sky provides the richness

parameter. Then, Oguri et al. (2018) identify clusters from the peaks of three-dimensional
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Table 3.2: Details of HST CLASH cluster members studied.

Cluster Cluster Members Red Sequence
Tilt

FoF Red Sequence Total
A383 35 4 39 -0.018 ±0.008
A611 44 20 64 -0.010 ±0.010

A1423 10 39 49 -0.018 ±0.008
A2261 14 35 49 -0.010 ±0.007

RXJ2129 36 26 62 -0.011 ±0.008
Total 139 124 263

richness maps. While selecting clusters from the cluster catalogue, we introduce a cut in

the richness parameter to be greater than 15 to select only rich galaxy clusters. Figure 3.4

shows the clusters selected from the HSC cluster catalogue. There are ∼ 80 member galax-

ies residing in 7 clusters identified at 0.1 < z < 0.9 in the COSMOS/UltraVISTA region.

3.2 HST CLASH Survey

Members of the five HST CLASH clusters are primarily identified with the help of the

FoF algorithm (Sohn et al. 2018) using spectroscopic data as described in Section 2.2.2.

The number of FoF identified galaxies totals 139 excluding BCGs. Since the sample size

is small, we use the red sequence method (Section 3.1.3) to identify additional quiescent

member galaxies in these clusters. We plot the f606w-f814w colour as a function f814w

magnitude (Figure 3.5). To avoid fainter galaxies, we limit our analysis to galaxies brighter

than 22nd magnitude in f814w and we show galaxies selected to estimate the red sequence

as green stars in the Figure. Once we estimate the cluster red sequence by performing a
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Figure 3.5: Red Sequence selection of CLASH cluster members. Green stars represent
galaxies selected for the red sequence fitting. The blue line is the red sequence obtained
and blue dashed lines denote ±0.3 mag width of the red sequence. Red dots are galaxies
identified as cluster members from the red sequence. Black dots are spectroscopically con-
firmed members while blue dots show the distribution of other galaxies from the catalogue
in the colour-magnitude diagram.



CHAPTER 3. SAMPLE SELECTION 49

linear fit (blue solid line) to these selected galaxies, we set the width of±0.3 mag in colour,

a widely used red sequence width in the literature (De Lucia et al. 2007; Martinet et al.

2017) to identify cluster members. We add a further cut in terms of photometric redshifts.

We only use galaxies whose 95% confidence interval of BPZ redshift covers the cluster

redshift. These galaxies selected using red sequence method are shown as red data points

in the Figure 3.5. Thus, we have, in total, 263 CLASH cluster galaxies selected using

both the FoF and the red sequence method, and the details are given in Table 3.2. Figure

3.6 shows these selected member galaxies in HST CLASH f814w images. We utilise the

CLASH cluster members to study how the evolution of galaxies in cluster cores differs from

the field (Section 6.3.2).
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Figure 3.6: f814w images of the five CLASH clusters. Black circles denote spectroscopi-
cally identified cluster members and red circles are those selected from the red sequence.



Chapter 4

Methodology

It is important to quantify the morphology of a galaxy to understand galaxy structure and

galaxy evolution. We apply the conventional approach by measuring the morphological fea-

tures of galaxies parametrically. Parametric studies measure the morphology by modelling

the light distribution of galaxies as projected into the plane of the sky with a prescribed

analytic function (Peng et al. 2010a). On the other hand, non-parametric measurements do

not require a model to extract morphological information of galaxies (e.g., Petrosian 1976;

Lotz et al. 2004). As non-parametric methods do not include analytic functions that can

be extrapolated down to and beyond fainter outer regions, they depend more heavily on the

depth of the survey than parametric methods do. Additionally, our parametric approach al-

lows us to compare our results with the literature because many studies that focus on galaxy

evolution measure galaxy morphology parametrically (e.g., Williams et al. 2010; van der

51
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Wel et al. 2014; Mowla et al. 2019b).

We can perform this analytic modelling through either one dimensional (1D) or two

dimensional (2D) profile fitting. One of the disadvantages of 1D against 2D is that non-

axisymmetric components (eg. bars) cannot be described as they are averaged out (de

Jong 1996). We may lose information when we use averaged 1D distributions of the 2D

projections of 3D objects (galaxies). In addition, convolution of models with the PSF is

much less reliable in the 1D than in the 2D (Ciambur 2016). A 2D profile fitting process

considers instead the whole projected light distribution of a galaxy on the sky. Therefore,

we take a 2D approach in the current study.

A single analytic function may not suffice to describe the morphology of a galaxy com-

pletely. A multi-component profile fitting is necessary to extract the disk and bulge com-

ponents of galaxies as well as to describe their complex structures such as bars and spiral

arms. However, a single component profile fitting would suffice in our study because the

objective of the study is to analyse global features of galaxies (e.g., size). This chapter de-

scribes in detail the process we follow to extract information (size, shape and concentration)

on galaxy structural properties.
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4.1 GALFIT

There are several galaxy light profile fitting softwares, e.g, GIM2D (Simard 1998), GAL-

FIT1 (Peng et al. 2002, 2010a), GASPHOT (Pignatelli et al. 2006), BUDDA (de Souza

et al. 2012) and ProFit (Robotham et al. 2017). Although GIM2D and GALFIT, widely

used softwares in the literature, are similar fitting processes, their performance differs. One

of the main advantages of GALFIT over GIM2D is that GALFIT can fit more than one

galaxy simultaneously whereas the latter can do it only one at a time. When using GIM2D,

one needs to mask out all neighbouring objects in the image, which may also affect the

light profile of the galaxy being studied. This results in a poor fitting for strongly blended

galaxies (Häussler et al. 2007). Consequently, we deploy GALFIT in this research.

GALFIT is a two-dimensional parametric light profile fitting software tool. This im-

age analysis algorithm is a stand-alone program written in the C language. It can model

the brightness profiles of galaxies, stars and other celestial light sources in digital images.

GALFIT can perform complex image decomposition tasks. It can simultaneously fit radial

profiles of more than one galaxy along with their substructures using a combination of var-

ious parametric functions: Sérsic profile (Sersic 1968, see Section 4.2), Nuker Law (Lauer

et al. 1995), empirical King profile (Elson 1999), Moffat profile (Moffat 1969), modified

Ferrer profile (Binney & Tremaine 1987), exponential disk profile, Gaussian profile and

edge-on disk profile (van der Kruit & Searle 1981).

1http://ascl.net/1104.010

http://ascl.net/1104.010
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Peng et al. (2002, 2010a) explain how to use GALFIT to model galaxy light profiles. In

short, GALFIT models the light profile of a galaxy with one or more analytic functions and

then convolves the model with the PSF along with a CCD diffusion kernel to reproduce im-

age smearing by Earth’s atmosphere, telescope optics and detector properties. GALFIT also

allows the users to mask bad pixels in the image. GALFIT uses the Levenberg–Marquardt

technique (Moré 1978) to find the optimum fit. This technique helps to fit the complex

images with multiple components and a large number of parameters. Finally, GALFIT uses

χ2 statistics to determine the goodness of fit and displays it in terms of reduced χ2. The

goodness of fit is indicated by reduced χ2 and is defined as

χ
2 =

1
NDOF

nx

∑
x=1

ny

∑
y=1

( fdata(x,y)− fmodel(x,y))2

σ(x,y)2 (4.1.1)

where fdata is input data, fmodel is model image, NDOF is the degree of freedom (number of

pixels - number of free parameters), nx and ny denote the number of pixels, and sigma is

the standard deviation of counts at each pixel (uncertainty or noise).

One of the disadvantages of GALFIT is that it is not designed or optimized for automa-

tion. Therefore, we need some external automation tools like GALAPAGOS (Barden et al.

2012). In this study, we automate the galaxy fitting process in PYTHON using GalfitPy-

Wrap2, a PYTHON wrapper for GALFIT, with some custom modifications. The detailed

fitting process is described in Section 4.3.

2https://github.com/Grillard/GalfitPyWrap

https://github.com/Grillard/GalfitPyWrap
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4.2 Sérsic Profile

The Sérsic power law (Sersic 1968) is a well studied and extensively used radial brightness

profile to quantify galaxy morphology (e.g., Trujillo et al. 2001, 2004; van der Wel et al.

2014; Zanella et al. 2016). Proposed by José Luis Sérsic, it is defined as

log
(

Σ(R)
Σe

)
=−bn

[(
R
Re

)1/n

−1

]
, (4.2.1)

where Re is the effective radius, Σe is the surface brightness at Re and n is the Sérsic index,

which defines the concentration of the profile. The coefficient bn is not a free parameter and

is defined in terms of n such that a region within Re encloses half of the total luminosity

of the galaxy. We can approximate the value of the coefficient to be bn ≈ 1.999n−0.3271,

if 0.5 < n < 10 (Graham et al. 2003). Gaussian profile, exponential disk profile and de

Vaucouleurs profile (de Vaucouleurs 1953) are special cases of the Sérsic profile with n =

0.5, 1 and 4 respectively. Figure 4.1 shows the Sérsic power law for different values of n.

For galaxies with larger n, light is concentrated in the central region, but also the surface

brightness is still significant at larger radii (extended wings). Consequently, galaxies with

higher n are sensitive to the estimation of background sky levels. On the other hand, profiles

with smaller n are flatter in the inner regions and have truncated wings. Sersic profiles

are also convenient for classifying galaxies morphologically. A galaxy with n ∼ 4 is an

elliptical (early type) galaxy while n∼ 1 denotes a disky (late type) galaxy.
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Figure 4.1: Sérsic radial profile for different values of n. Both Σe (=10) and Re (=5) are kept
fixed while calculating the surface brightness values at different radii. n = 0.5 indicates a
Gaussian profile, n∼ 1 denotes the light profile of a disky galaxy and n∼ 4 denotes a bulgy
galaxy.
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The total flux of a galaxy is estimated by integrating out the surface brightness to r = ∞

and is given by

Ftot = 2πR2
eΣen

ebn

(bn)2n Γ(2n)
q

R(C0;m)
, (4.2.2)

where the Gamma function

Γ(2n) = (2n−1)!,

q is the axis ratio and R(C0;m) is a geometric correction factor that takes into account the

deviation in the azimuthal shape of the galaxy light profile from a perfect ellipse. R(C0;m)

is defined as the ratio between the area of a perfect ellipse and the area of the ellipsoid of

galaxy light profile with the same q when the radius is unity, where C0 is free parameter that

controls diskyness/boxiness of the galaxy light profile and m is the Fourier mode. GALFIT

performs a Fourier transformation to describe this deviation from perfect ellipticity in pro-

files. However, we do not incorporate such deviations described by Fourier transformation

in our fitting process and therefore, GALFIT considers R(C0;m) to be 1. GALFIT gener-

ally uses the integrated magnitude as the flux parameter for Sérsic profiles, although one

can use surface brightness magnitudes at the centre (x0, y0) and at Re (Peng et al. 2010a).

This integrated magnitude is given by

mtot =−2.5log
(

Ftot

texp

)
+mZP, (4.2.3)
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where texp is the exposure time and mZP is the zero point magnitude3. Generally, a Sérsic

profile fitting in GALFIT can have seven classical free parameters: x0, y0, mtot , Re, n, q and

θPA. x0 and y0 denote the centroid of the light profile and θPA is the position angle of the

profile. The position angle is defined in such a way that if the semi-major axis is aligned

parallel to the y-axis, θPA = 0◦ and, θPA increases towards counter-clockwise direction.

4.3 Fitting Process

In this study, we fit the galaxy light profiles with a single Sérsic profile using GALFIT.

Although the details of the fitting process vary between CLAUDS+HSC-SSP data and HST

CLASH data, the fundamental structure remains the same. The fitting pipeline is illustrated

in Figure 4.2 and is explained in the following sections (Sections 4.3.1 and 4.3.2).

4.3.1 Cutouts and Masking

We identify galaxies in CLAUDS+HSC-SSP at 0.1< z< 0.9 with the help of the CLAUDS+

HSC-SSP catalogue by Moutard et al. (2020). Our simulations show that our fitting pro-

cedure does not estimate the structural parameters of galaxies fainter than 24th magnitude

accurately (Chapter 5). Therefore, we apply a magnitude cut of 24 in a given band.

We then make postage stamp cutouts of data with size 33.6′′× 33.6′′ centred at each

3A photometric zero point magnitude refers to the magnitude of an object which produces one count per
second in the detector.
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Figure 4.2: Sérsic profile extraction pipeline.
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target galaxy. The size of the cutout which is used for fitting is defined by two competing

requirements. Firstly, the size of the cutout minimise computational cost in the fitting pro-

cess. Secondly, the size of the image cutout also ensures that the cutout includes the profiles

of the target galaxy and its neighbouring galaxies in the sky.

When we fit the profile of a galaxy, we simultaneously fit its neighbouring galaxies in

the image as well. This is to avoid unnecessary bad pixel masking and subsequent loss of

data. This simultaneous fitting also allows to subtract the contribution of the wings of the

neighouring galaxies’ light profile from the light profile of the target galaxy. To perform

the simultaneous fitting efficiently, we select a sub-region within the cutout with dimensions

∼ 10.1′′× 10.1′′. Within this sub-region, we fit all galaxies whose brightness is within 5

magnitudes of the brightness of the target galaxy. Light profiles of any fainter galaxy cannot

affect the surface brightness profile fitting of the target.

We perform a similar procedure on HST CLASH data as well. We make image cutouts

with size 24′′× 24′′. We consider all galaxies within a distance of 7′′ from a given galaxy

to fit simultaneously with the target galaxy. We then select galaxies that are brighter than

23.5 magnitudes in f814w and not more than 5 magnitudes fainter than the target galaxy.

We mask out all other fainter galaxies and other objects including stars in both CLAUDS

+HSC-SSP and CLASH data. We use the Watershed segmentation technique with the aid of

the PHOTOUTILS package for PYTHON for this marking purpose. The watershed algorithm

treats pixel values in the image as an inverted local topography where the centroids of
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bright objects will be at local minima of this topography. The algorithm works in analogy

to water flooding a basin. It floods the image starting from minima and sets the boundaries

for objects where water spills over. Consequently, the algorithm generates a segmentation

map for the light sources in the image cutout. The algorithm then deblends all overlapping

regions and separates the objects in these regions. Finally, it creates an ASCII file containing

pixel coordinates belonging to the ‘watershed’ of all objects to be masked out.

We perform described masking procedure with every galaxy cutout in our two samples.

Some examples for masking are shown in the second panels of each row in Figures 4.3 and

4.4. Our masking schemes are at times severe; they mask some of the structural features

of extended galaxies. This drawback is prominent in HST images (see masked images of

galaxies A383 6237 and A1423 2741 in Figure 4.4). Nonetheless, such aggressive masks

cover only special features in the galaxy outskirts such as star-forming regions in its spiral

arms which constitute a small portion of the total light profile of a galaxy. Therefore, it

should not affect our effort to describe the overall light profiles of galaxies.

4.3.2 Sérsic Profile Fitting

Once cutouts creation and masking are performed, we run GALFIT to fit the light profile

of unmasked galaxies in the cutout using a single Sérsic profile for each galaxy. We do this

in two steps similar to a procedure followed by Matharu et al. (2019). In the first run, we

keep all seven classical GALFIT parameters free to obtain refined values of galaxy shape
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Figure 4.3: Panels in each row show the input cutout image (i-band), masked image, best-
fit models and residual image of some of the CLAUDS+HSC-SSP galaxies. Numbers in
red are galaxy IDs from the CLAUDS+HSC-SSP catalogue by Moutard et al. (2020). The
Sérsic parameters of the target galaxies are shown in the third panel of each row.
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Figure 4.4: Images of some HST CLASH galaxies. Panels are shown in the same way as
Figure 4.3.
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parameters: x0, y0, q and θPA. We provide the best-fit parameters obtained from the first

run as inputs to the second run. In this final run, we fix these refined shape parameters and

keep the remaining three structural parameters (mtot , Re and n) free. Although computa-

tionally expensive, this two-step approach helps to reduce failures in the fitting process. We

obtain the structural parameters of the target galaxy from the results of the second GAL-

FIT run while discarding the information of all other neighbouring galaxies. We repeat this

procedure for all galaxies selected (Chapter 3).

In each run, we provide several input files to GALFIT: image cutout, inputfile, mask,

PSF image, σ -image. The GALFIT inputfile specifies galaxies to be fitted and lists all

other input files and details. The mask file (from the Watershed procedure) provides the

pixel coordinates of all objects and artefacts in the image to be masked out. GALFIT avoids

these pixels while obtaining the best-fitting Sérsic parameters for galaxies. Selections of

PSF images for CLAUDS+HSC-SSP and HST CLASH galaxies are described in Sections

2.1.1 and 2.2.1 respectively. Since the HST PSF obtained from TinyTim is three times

oversampled, it is not convolved with the CCD diffusion kernel. Hence, we provide the

CCD diffusion kernel obtained from TinyTim as an input to GALFIT along with the HST

PSF image. GALFIT convolves the PSF with the diffusion kernel after rebinning the PSF

data. We provide the σ -image for HSC data, which describes the Poisson uncertainty of

data at the pixel level. We do not provide a σ -image for HST data but let GALFIT generate

one. This is possible only because we have pixel level information regarding its exposure
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time and using this information on the exposure time, we can convert the pixels units from

counts/s to counts. In the absence of a σ -image, GALFIT automatically generates one for

HST data internally based on the gain and read-noise parameters taken from the image

header provided that the units of pixel values are in counts.

Additionally, we provide a constraint file that defines the parameter space where GAL-

FIT can search for best-fit values in CLAUDS+HSC-SSP data. This constraint file restricts

the parameter space to

10≤ mtot ≤ 30,

0.1≤ Re ≤ 50 pixels,

0.1≤ n < 20,

0.02≤ q≤ 1.

We also limit the pixel coordinates of the centroid of the galaxies within±4 pixels from the

SEXTRACTOR estimated centroid given in the CLAUDS+HSC-SSP catalogue by Moutard

et al. (2020). Finally, we restrict the magnitude space to be within ±2 from the SEXTRAC-

TOR values in the CLAUDS+HSC-SSP catalogue. This constraint file ensures that GALFIT

does not wander far from the best fitting model and return unphysical parameters through

failed fits. However, we do not provide a constraint file while fitting HST galaxies because

we do not observe GALFIT wandering off in this case. The reason for this may be the better

resolution of the HST data. Alternatively, the better performance of GALFIT here may be



CHAPTER 4. METHODOLOGY 66

because the software creates its own σ -image.

Furthermore, we introduce an additional step when dealing with CLASH cluster cores.

Since these systems are relaxed and the image shows the core, the image is dominated by

the light from the BCG. Hence, it would be difficult to study the structure of galaxies close

to the centre of the clusters. So, we first fit the BCG with a single Sérsic profile and subtract

the BCG profile from the data before we run GALFIT on other target galaxies. Figure 4.5

demonstrates Sérsic models of BCGs obtained from the images. Residual images show how

the cluster images look after removing BCG models from the data. Although a BCG cannot

be fully modelled by a single Sérsic profile because of its complex structure, the residual

images show that a single Sérsic profile fitting of BCGs is sufficient to remove majority of

its light from the image and thereby, to study the light profiles of its neighbouring galaxies.

We have visually examined a subset of the GALFIT generated output images. Figure

4.3 shows the images of the Sérsic models of some of the galaxies in HSC i-band data

obtained from our pipeline. In some cases, our fitting results show a significant amount

of residuals because of the complex structures present in galaxy light profiles. A single

Sérsic profile is not sufficient to describe the details of galaxy morphology. For example,

modelling a galaxy with comparable disk and bulge components with a single Sérsic profile

will give a residual image with an an under-subtracted core and over-subtracted outer region

surrounding the core. This may be the case for the galaxy with ID: 3499697 (top row in

Figure 4.4). The presence of residuals is even more prominent in HST images (Figure
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Figure 4.5: Modelling BCGs in HST CLASH clusters. Panels in each row show the input
cutout image, best-fit model and residual image. Sérsic parameters of the BCGs are given
along with model images.
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4.4). One of the reasons for this is better resolution of HST. Nonetheless, our modelling

procedures yield satisfactory results to study global morphological features of galaxies such

as their sizes and shapes.

4.4 Measurements

We have extracted Sérsic parameters for bright galaxies (brighter than 24th magnitude in a

given band) covering 0.1 < z < 0.9 redshift range in the CLAUDS+HSC-SSP COSMOS

field using g, r, i and z bands. However, we identify galaxies with any of the parameters at

the extremes of the allowed parameter space as outliers and remove them from the analysis.

We do this refinement to ensure that the structural models describe the galaxy light profiles

as closely as possible. Hence, we only consider galaxies with estimated Sérsic parameters

that meet the following criteria:

|mtot(out)−mtot(in)|< 2,

0.2 < Re < 30 pixels,

0.2 < n < 15,

0.1 < q < 1,

where mtot(in) is the SExtractor derived magnitude from the CLAUDS+HSC-SSP catalogue

by Moutard et al. (2020) and mtot(out) is the magnitude of the best-fitting model. We
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Figure 4.6: Fraction of galaxy profiles considered as outliers according to the definition in
Section 4.4. The upper panel shows the distribution of magnitudes of the whole sample at
0.1 < z < 0.9 with M∗ > 109.5 M� in each band.

consider all others as outliers/bad fits. These outlier fractions are ∼ 14.1%, 11.9%, 10.1%

and 9.9% in g, r, i and z bands respectively (Figure 4.6). Figures 4.7 and 4.8 illustrate

how this outlier removal affects the overall parameter distributions. Red data points in the

figures represent the outliers while the blue data represent the rest.
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Figure 4.7: Comparison between input and output magnitudes of galaxies fitted in different
CLAUDS+HSC-SSP bands. Blue points represent good fits while red represent discarded
GALFIT derived galaxy models. See Section 4.4 for details.
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Figure 4.8: Distribution of best-fitting Sérsic model parameters obtained from GALFIT.
Discarded outliers (red) are stacked on top of good fits (blue).
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4.4.1 Wavelength Correction

Several studies find that the colour gradients and the evolution in these gradients affect

galaxy size measurements (Szomoru et al. 2011; Wuyts et al. 2012; Kelvin et al. 2012; van

der Wel et al. 2014). Galaxies tend to have larger sizes in bluer bands compared to redder

bands due to this colour gradient present in the radial light profiles of galaxies. Therefore,

it is important to estimate the sizes of all galaxies at the same rest-frame wavelength. Fol-

lowing other studies in the literature (e.g., van der Wel et al. 2014; Mowla et al. 2019b),

we correct our sizes to 5000 Å in rest-frame. Although van der Wel et al. (2014) provide

wavelength corrections for SFGs and QGs, we find that the wavelength dependence of size

measurements in their data does not represent the dependence present in our measurements.

Therefore, we introduce a different wavelength correction based on the colour gradient we

find in our data.

Figures 4.9 and 4.10 demonstrate how we estimate the wavelength correction to convert

the size measurements to sizes at rest-frame 5000 Å for SFGs and QGs respectively. We

use size measurements in the g and z bands to find the wavelength dependence of Re. We

avoid the y-band because its depth is shallower than other HSC bands. Similar to previous

studies (e.g., van der Wel et al. 2014), we also find that colour gradients increase with the

stellar masses of galaxies (Panel A in Figure 4.9). For SFGs, colour gradients also depend

on their redshift. We fit linear regression lines to describe the relation between the colour

gradients in size measurements and the stellar mass in three redshift bins. Colour gradients



CHAPTER 4. METHODOLOGY 73

Figure 4.9: A: Wavelength dependence of size measurements of SFGs in redshift and mass
bins. Colours indicate the redshift bins. Colour gradient of each galaxy is estimated using
their size measurements in g and z bands, and the median gradient in each mass bin is
shown as a data point. Errors on the median are estimated using bootstrapping. Dashed
lines represent the linear fits to the wavelength gradient curves. B: Redshift evolution of
the offsets from the linear fits given in Panel A. Best-fitting quadratic equation is shown in
black. C: Wavelength gradient regression lines (dashed lines) using Equation 4.4.1. The
slopes of these lines are from Panel A and intercepts are from Panel B. D: The wavelength
dependence of Re found in the study (solid lines) is shown along with the dependence found
by van der Wel et al. (2014, dashed lines).
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show similar mass dependence at different redshifts but the values of the colour gradients

(offset or the y-intercept of the linear relation) vary with redshift. We study the redshift

dependence of the colour gradients and find that a quadratic function can describe this

dependence (Panel B). Combining the slope of the colour gradient in the size measurements

from Panel A and the intercept/offset from Panel B, we express the colour gradient in SFGs

in terms of stellar mass and redshift as

∆ logRe

∆ logλ
= 1.2+0.14z2−0.05z−0.135log(M∗/M�). (4.4.1)

Panel C shows this relation against the observed colour gradients in SFG size measure-

ments. We compare this relation with the relation found by van der Wel et al. (2014) in

Panel D. We do not find a strong mass dependence of the gradients as van der Wel et al.

(2014) find. An added advantage in this study is that we use more than 11000 SFGs to

estimate the colour gradient against 777 galaxies used by van der Wel et al. (2014). Fur-

thermore, we have analysed galaxies in three redshift bins but van der Wel et al. (2014)

have only two redshift bins at z < 1. We then estimate the sizes of SFGs in rest-frame 5000

Å as

Re = Re,x

(
1+ z
1+ zp

)∆ logRe
∆ logλ

, (4.4.2)

where Re,x denotes the size measurement in a given band and zp is the pivot redshift in

that band. The pivot redshift in a given band refers to the redshift at which we observe the
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Figure 4.10: A: Wavelength dependence of size measurements of QGs in redshift and mass
bins. We do not find any significant mass or redshift dependency. B: Average colour gradi-
ent in size measurements of QGs (red dashed line) by combining two redshift bins from the
Panel A. The gradient given by van der Wel et al. (2014) is shown as a grey dashed line.

rest-frame 5000 Å of sources in that band.

Similar to van der Wel et al. (2014), we do not find any significant dependence of

the colour gradient on mass or redshift for QGs (Panel A in Figure 4.10). Using the size

measurements of about 2500 QGs in g and z bands at 0.1 < z < 0.9, we find an average size

gradient of ∆ logRe/∆ logλ =−0.21±0.1 against−0.25 given by van der Wel et al. (2014,

Panel B). We then estimate the size of QGs in rest-frame 5000 Å using Equation 4.4.2.



CHAPTER 4. METHODOLOGY 76

4.4.2 Comparison with Literature

We compare galaxy size measurements in this thesis with earlier measurements from the

literature. We do this comparison by using the measurements by van der Wel et al. (2014),

who measure galaxy sizes in 3D-HST+CANDELS fields with a single Sérsic index in J-

band. Similar to this thesis, they use GALFIT for the profile fitting process. Since our

measurements and the ones presented in van der Wel et al. (2014) are in different bands,

the comparison is made at the rest-frame 5000 Å. We correct the J-band measurements

in the literature to rest-frame 5000 Å following the instructions given in van der Wel et al.

(2014). For measurements of QGs in 3D-HST+CANDELS, the correction applied is

Re = Re,J×
(

1+ z
2.5

)−0.25

, (4.4.3)

and for SFGs,

∆ logRe

∆ logλ
=−0.35+0.12z−0.25log

M∗
1010M�

, (4.4.4)

where M∗ is stellar mass of galaxies in solar masses. We match 989 galaxies (725 SFGs

and 264 QGs) and compare the results with our i-band measurements corrected to 5000 Å

(Figure 4.11). We can see that there is a good agreement between our ground-based (HSC)

measurement of sizes of both SFGs and QGs with the published (HST) values.

There is no publicly available measurements of sizes for galaxies in our sample of

CLASH clusters. Hence, we cannot compare these results with previous works directly.
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Figure 4.11: Comparison between size measurements (i-band) in the current study and size
measurements by van der Wel et al. (2014), both corrected to 5000 Å. The blue line shows
the median for SFGs and the red for QGs while the black line represents the 1:1 relation.
There is a good agreement between the measurements in this study and the published size
measurements by van der Wel et al. (2014) for both SFGs and QGs.
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However, based on the agreement we observe in HSC data with van der Wel et al. (2014),

we conclude that our HST measurements also can be trusted.



Chapter 5

Simulations

We test the robustness of our galaxy light profile fitting pipeline through simulations. Based

on the results of these simulations, we introduce a magnitude limit on our analysis. More-

over, our simulations provide the estimate for the uncertainties present in our measurements

(Section 4.4). Such estimation of uncertainty through simulations is important because

GALFIT only provides random errors in the measurements. While estimating the uncer-

tainties, the software assumes that the residual image obtained by subtracting the model

from the image cutout is characterized by Poisson noise. Thus, the uncertainties obtained

from GALFIT represent the total uncertainties only if the analytic models used to model

galaxy light profiles describe the galaxy surface brightness profiles in the cutout perfectly

and the residual image is uniform throughout. However, this is far from the case when it

comes to the images of real galaxies. A single Sérsic profile cannot describe the complex

79
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structural details present in the light profiles of galaxies (Chapter 4). Additionally, the sky

background itself is not always uniform especially if there is a presence of bright objects

such as stars in the close vicinity of target galaxies in the image. Hence, we cannot assume

that the random errors provided by GALFIT completely define the uncertainties present

in our measurements. We rely on simulations to understand some of the systematic er-

rors present in the measurements and explore their dependence on the properties of galaxy

surface brightness profiles.

5.1 Simulation Process

The simulation pipeline is shown in Figure 5.1. In short, we generate mock/model galaxies

with a selected set of Sérsic parameters and plant them in the real data images. We model

these simulated galaxies using GALFIT in a similar fashion we follow to extract morphol-

ogy of real galaxies described in Chapter 4. We then compare the fitting results with the

real/input structural parameters of the simulated galaxies.

Naturally, the first step in this process is the selection of structural parameters for sim-

ulating mock galaxies. It is important that these artificial galaxies represent the real galaxy

population in the COSMOS field. Therefore, we use the structural details of COSMOS

galaxies from the Zurich Structure and Morphology Catalogue1 (ZSMC). ZSMC contains

HST ACS-f814w band based structural details of galaxies. There are two sets of measure-

1https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/cosmos_morph_zurich_

colDescriptions.html

https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/cosmos_morph_zurich_colDescriptions.html
https://irsa.ipac.caltech.edu/data/COSMOS/gator_docs/cosmos_morph_zurich_colDescriptions.html
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Figure 5.1: Simulation pipeline.
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ments available in the catalogue: Zurich Estimator of Structural Types (ZEST, Scarlata et al.

2007) measurements and GIM2D measurements (Sargent et al. 2007). We choose GIM2D

measurements for our parameter selection. These ZSMC GIM2D based structural param-

eters are derived from a single Sérsic profile fitting performed on galaxies. We estimate

a multivariate probability distribution function (PDF) of GIM2D derived size (Re), Sérsic

index (n) and axis ratio (q) along with g, r, i, z and y2 magnitudes from CLAUDS+HSC-

SSP catalogue using kernel density estimation. However, we note that the ZSMC galaxies

may not well represent the CLAUDS+HSC-SSP galaxies studied in this thesis, because the

distributions of redshifts and magnitudes differ between both samples. We then randomly

draw parameters from this PDF to simulate galaxies. We also make sure that we do not

draw a parameter set where any of the parameters has a non-physical value (for example,

Re < 0 pixels). Figure 5.2 shows the distribution of parameters obtained from the parameter

PDF.

In the next step, we model artificial galaxies with a randomly chosen parameter set from

the PDF using GALFIT. We then plant these galaxies in the real image with a randomly

chosen position angle (θPA) ranging from −89◦ to 89◦. A random value of θPA ensures that

they are placed in the images with orientations similar to the real galaxies. Once a galaxy is

planted, we extract its morphology by fitting a single Sérsic profile to its light profile using

GALFIT. This extraction process is the same as the galaxy fitting pipeline described in

2Although this thesis does not study galaxy morphology in the y-band, we include the band in the simula-
tions to show that the pipeline performs poorly in the y-band.
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Figure 5.2: Distribution of Sérsic parameters drawn from multivariate PDF used for simu-
lations. We use galaxy magnitudes from CLAUDS+HSC-SSP catalogue and other Sérsic
parameters from ZSMC to generate the multivariate PDF.
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Chapter 4. For HST images, we subtract the BCG model from the data images once a mock

galaxy is placed in the real image. We then make an image cutout centred on the simulated

galaxy. Cutout dimensions are 200× 200 pixels for HSC images and 800× 800 pixels

for HST images, which are same as those used for galaxy size measurements described in

Chapter 4. We then run GALFIT twice to extract the structural information of the planted

mock galaxy. We perform these planting and fitting processes of artificial galaxies one at a

time to avoid artificial overcrowding of galaxies in the data image. Examples of simulated

galaxies and their best-fitting models obtained from the pipeline are shown in Figure 5.3.

We simulate and fit around 10,000 galaxy models in each band spread across 5 patches

from tract 9813 in the CLAUDS+HSC-SSP COSMOS field. These five patches are selected

to cover both the Deep and UltraDeep regions in the simulations. Two patches are in the

UltraDeep region whereas the rest are at least partially in the Deep region. Figure 5.4 shows

where these patches are located on the sky with respect to the UltraVISTA region and the

HSC Deep and UltraDeep fields. Similarly, we simulate more than 20,000 galaxies spread

across all five HST CLASH clusters. Radial positions of simulated galaxies in each cluster

are shown in Figure 5.5.

One of the caveats of our simulation is that the artificial galaxies have light profiles

that can be perfectly described by a single Sérsic profile. We acknowledge that these are

not the case with real galaxies. As a result, our simulated galaxies do not represent the

real galaxies in every structural detail. Hence, our estimations provide only a lower limit
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Figure 5.3: Examples of simulated galaxies in i-band. The left panel in each row shows the
cutout image where the artificial galaxy is planted at the centre. Input parameters are given
in the panel. The middle panel shows the best-fitting Sérsic models of the simulated galaxy
and its neighbours in the image obtained using our fitting pipeline. Model parameters of
the target galaxy are shown within the panel. The right panel shows the residual image.
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Figure 5.4: Orange regions show the CLAUDS+HSC-SSP patches selected for the simu-
lations. The blue colour represents the UltraVISTA region and black borders indicate the
CLAUDS+HSC-SSP COSMOS field. Red and green circles show the locations of the HSC
Deep and UltraDeep field pointings.

on the uncertainties present in measurements of Sérsic parameters. Nonetheless, this esti-

mate is sufficient for the present study as we are interested in the global features of galaxy

morphology.

5.2 Simulation Results

5.2.1 CLAUDS+HSC-SSP Survey

We examine output parameters obtained from simulations and compare them with input

parameters to see how robust our pipeline is in recovering the original values. Figure 5.6

shows how the GALFIT derived output parameter values compare with input values for i-

band data. A visual analysis of these plots tells us that some of the fitting processes failed as
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Figure 5.5: Histograms showing the radial distribution of simulated galaxies planted in each
HST CLASH cluster. Radial distances from the centres of the clusters are normalised by
the virial radii of the clusters. The final panel shows the same by combining all clusters.
This amounts to a total of ∼ 20,000 galaxies.

the output parameters occupy the edges of the permitted parameter space. Hence, we apply

the same conditions described in Section 4.4 to identify outliers (shown in red in Figure

5.6). They represent less than 6% of all data points in the Figure.

To investigate the robustness of the pipeline, we further define simulation success ratio

as

Success ratio = 1− Number of outliers
Total number of simulated galaxies

(5.2.1)

and we plot this ratio in all the five HSC bands in Figure 5.7. A success ratio of 0.9 indicates

that 10% of the simulated galaxies end up being outliers in the fitting results. We notice
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Figure 5.6: Comparison between simulation input and output parameters in i-band. Red
colours indicate the outliers identified (Section 5.2.1). Black dots represent galaxies with
input magnitude fainter than 24 mag. Black lines represent the 1:1 relation between input
and output values. Black dashed lines in the first panel represent a magnitude difference of
±2 AB.
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Figure 5.7: Simulation success ratio (Equation 5.2.1) as a function of input (left) and output
(right) magnitudes in CLAUDS+HSC-SSP bands.

that the success ratio falls below 0.7 beyond 24th (input) magnitude in HSC i-band. Hence,

we limit our study to galaxies brighter than 24th magnitude. However, in the real data, our

analysis is based on the output parameter space, and in the output parameter space, the

outlier fraction is below 20% up to 24th (output) magnitude in the HSC bands except the

y-band. It is also important to note that our pipeline performs poorly in y-band compared to

all other bands. This is as expected because y-band data is comparatively shallower (25 AB

against 27 AB in g-band). Hence, we do not use y-band data to study galaxy morphology

in this thesis. We also separately analyse the success ratio of simulations in five chosen

patches (Figure 5.8). Clearly, at fainter input magnitudes, the pipeline performs better in

patch 4c3, which is at the centre of the UltraDeep field.

One of the motivations for this simulation is to quantify the systematic uncertainties

present in our estimates of galaxy light profile parameters based on single Sérsic profile

fitting. These uncertainties depend on the intrinsic properties of galaxy light profiles them-

selves. For example, the robustness of our code may depend on how disky or concentrated
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Figure 5.8: Simulation success ratio in the i-band as a function of input (left) and output
(right) magnitudes in the five HSC patches selected for simulations.

galaxy profile is. Therefore, we need to identify these systematic uncertainties based on

the inherent properties of galaxies. It is possible to do so in simulations because we know

the actual (input) parameters of artificial galaxies we generated. However, we cannot apply

this to the real data where we do not know the inherent structural parameter values of the

real galaxies. Hence, we have to base our uncertainty analysis on output parameters. In this

process, we use the relative differences in parameters between their input and output values

to quantify uncertainties. The relative difference for a given parameter x is defined as

ℜd(x) =
x (input)− x (output)

x (output)
. (5.2.2)

We then analyse the distribution of ℜd(x) as a function various output parameters (mtot , Re

and n). For this analysis, we divide the simulation results into nine output magnitude bins,

five output size bins and five output Sérsic index bins (Table 5.1)

We then analyse the distribution of ℜd of mtot , Re, n and q in each bin. Figure 5.7 shows
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mtot Re [pix] n

-17 0-0.5 0.2-1

17-18 0.5-1 1-2

18-19 1-1.5 2-4

19-20 1.5-2 4-8

20-21 2- 8-15

21-22

22-23

23-24

24-

Table 5.1: Bins in the output Sérsic parameter space of galaxies in CLAUDS+HSC-SSP
simulations to estimate measurement uncertainties.

these distributions for i-band using violin plots3. Violin plots for other HSC bands are given

in Appendix A. We consider 16th and 84th percentiles of ℜd as the lower and upper limits of

the uncertainties of a measured Sérsic parameter (k) in a given output parameter (x) bin. For

example, in a given output parameter bin of mtot (x), we estimate the uncertainties present

in the output parameters (k): mtot , Re, n and q. However, for computational reasons, we

calculate an average distance to these percentiles from the median value of ℜd to estimate

uncertainties,

σx(k) =
84th percentile−16th percentile

2
. (5.2.3)

Thus, for a given galaxy, we estimate σx(k) based on bins in output values of mtot , Re and

3The width of a violin plot, which is smoothed by a kernel density estimator, shows the density distribution
of the data (ℜd), and its length shows the extent of this distribution.
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A

Figure 5.9: Violin plots of the relative difference (ℜd) in parameters as a function of output
parameters in i-band. The width of the violin plots shows the distribution of ℜd and their
length represents the extent of this distribution. Red dots denote the median values of ℜd
in a given output parameter bin while horizontal green error bars indicate the width of each
bin. A: ℜd as a function of output magnitude; B: ℜd as a function of output size; C: ℜd as
a function of output Sérsic index. Note that the scaling in y-axis is not uniform across the
panels.
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B

C

Figure 5.9: Violin plots of the relative difference (ℜd) in parameters as a function of output
parameters in i-band (continued).
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n. We then compute the total systematic uncertainty present in the measurement of a Sérsic

parameter k of a galaxy as

σsys(k) =
√

σ2
m(k)+σ2

Re
(k)+σ2

n (k). (5.2.4)

We recognize that σRe and σn are not independent of each other. Nonetheless, we treat

them as separate entities in the current study to simplify calculations. We will explore the

covariance in our future works. Currently, the total uncertainty present in the measurement

of a Sérsic parameter is calculated as

σ(k) =
√

σ2
ran(k)+σ2

sys(k), (5.2.5)

where σran is the random uncertainty obtained from GALFIT.

Violin plots (Figure 5.9) show that the estimation of the magnitude is robust for all types

of galaxies. The pipeline is also generally successful in measuring galaxy sizes and axis

ratios. However, the Sérsic indices are not recovered with the same accuracy as other pa-

rameters especially at fainter magnitudes (mtot > 22). The algorithm tends to underestimate

the Sérsic index of galaxies at these magnitudes. We need to consider this result when we

analyse the evolution in Sérsic index of galaxies.



CHAPTER 5. SIMULATIONS 95

Figure 5.10: Comparison between simulation input and output parameters in HST images.
Red colours indicate the identified outliers (Section 5.2.2). Black lines represent the 1:1
relation between input and output values. Red lines in the first panel represent a magnitude
difference of ±2 AB.
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5.2.2 HST CLASH Survey

The results of simulations of HST images are shown in Figure 5.10, where output parame-

ters are compared with input values. Generally, our pipeline successfully recovers the input

values. However, similarly to HSC simulations, distributions of output parameters from the

simulations on HST data show outliers. Thus, we trim our results using the following cuts

in the output parameters:

0.2 < Re < 500 pixels,

0.2 < n < 15,

0.1 < q < 1,

and we identify all galaxies which do not satisfy these conditions as outliers. We have

shown them in the figure as red data points. These outliers represent a total of ∼ 4%

of all simulated galaxies. A major difference between HSC and HST simulations is that

we do not use a constraint file while running GALFIT on HST data, because GALFIT

does not fail generally while fitting the HST galaxies with a Sérsic profile even without

a constraint file. There are ∼ 4% galaxies whose output magnitudes are beyond ±2 AB

from their input values (the first panel in Figure 5.10). However, we are successful in

identifying 90% of them using the above-mentioned cuts in the output values of Re, n and q

without any information on their input magnitudes. Many of the outliers in HST data have

their magnitudes overestimated (the first panel in Figure 5.10). We define the success ratio
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Figure 5.11: Simulation success ratio as a function of input (left) and output (right) magni-
tudes in the HST f814w band.

similar to simulations on the HSC data, and this is shown as a function of input magnitudes

in the left panel of Figure 5.11. We have a success ratio of more than 95% up to 23rd

magnitude in the HST ACS-f814w band.

Uncertainty estimations are performed similarly to those in HSC simulations. However,

we consider an additional term in the total uncertainties: σr. This parameter refers to

the systematic uncertainty present in the measurements based on the position of a galaxy

in the image with respect to the position of the BCG. We incorporate this environmental

information into uncertainty estimation, because the number density of galaxies may vary

depending on the radial distance from the BCGs. Hence, we have four bins in radial distance

from the BCG, six output f814w magnitude bins, five output size bins and five output Sérsic

index bins (Table 5.2).

We estimate the systematic uncertainty present in parameter k as

σsys(k) =
√

σ2
r (k)+σ2

m(k)+σ2
Re
(k)+σ2

n (k). (5.2.6)
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R/R200 mtot Re [′′] n

0.0−0.1 −18 0.0−0.5 0.2−1

0.1−0.2 18−19 0.5−1.0 1−2

0.2−0.3 19−20 1.0−1.5 2−4

0.3−0.4 20−21 1.5−2.0 4−8

21−22 2.0− 8−

22−

Table 5.2: Bins in projected radial distance from the BCG and the output Sérsic parameters
of galaxies in HST CLASH simulations to estimate measurement uncertainties.

The total uncertainty is then calculated using Equation 5.2.5. The distributions of ℜd for

various parameters are shown as violin plots in Figure 5.12.

The algorithm performs better in estimating the Sérsic parameters in HST data (Figure

5.12) compared to CLAUDS+HSC data (Figure 5.9). The performance of the algorithm is

robust in measuring the magnitude, size, Sérsic index and axis ratio of galaxies of all types

and at all distances from the cluster centre. However, we note that the radial distance from

the cluster centre might affect the estimation of the parameters in the real data because of

the presence of the BCG. In the current simulations, we model the BCG before planting a

mock galaxy in the image and subtract these pre-estimated BCG model from the data once a

mock galaxy is planted. We will improve our simulations in the future by modelling BCGs

after planting the mock galaxies to understand how the modelling of the BCG affects the

light profiles of its neighbouring galaxies.
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A

B

Figure 5.12: Violin plots of the relative difference (ℜd) in parameters as a function of
output parameters in the HST f814w band. A: ℜd as a function of radial distance from
BCG; B: ℜd as a function of output magnitude; C: ℜd as a function of output size; D: ℜd
as a function of output Sérsic index. Note that the scaling in y-axis is not uniform across
the panels.
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C

D

Figure 5.12: Violin plots of the relative difference (ℜd) in parameters as a function of output
parameters in the HST f814w band (continued).



Chapter 6

Results

6.1 Size-Mass Relation

Numerous studies show that the dependence between galaxy size and stellar mass is differ-

ent for SFGs and QGs (eg., Shen et al. 2003; Williams et al. 2010; van der Wel et al. 2014;

Lange et al. 2015; Faisst et al. 2017; Roy et al. 2018; Mowla et al. 2019b; Matharu et al.

2019, 2020). We also see this dependence in our CLAUDS+HSC-SSP COSMOS data. Fig-

ure 6.1 shows how median galaxy sizes at rest-frame 5000 Å1 evolve with stellar mass for

both SFGs (blue points) and QGs (red points) across five different redshift bins. The larger

data points represent median sizes in various mass bins. There is a clear difference between

SFGs and QGs where SFGs tend to have larger sizes compared to QGs. In agreement with

previous studies, the linear relation between galaxy size and stellar mass in log-log space

1We estimate the sizes in rest-frame 5000 Å using Equation 4.4.2 (Section 4.4.1).

101
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Figure 6.1: Relation between size and stellar mass of galaxies in CLAUDS+HSC-SSP
COSMOS in i-band corrected to rest-frame 5000 Å. Stellar masses are taken from Muzzin
et al. (2013a) as described in Section 2.1.2. Masses are shown in units of solar mass (M�).
The first five panels are for galaxies in five different redshift bins whereas the last panel
shows the relation for the whole sample. SFGs are shown in blue and QGs in red. Median
sizes in equally populated mass bins are denoted by larger data points. Error bars on the
median sizes are obtained through bootstrapping. Error bars in each panel show the median
uncertainty present in the measurement of size and mass of SFGs (blue) and QGs (red).
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has a significantly shallower slope for SFGs than for massive QGs2. A weaker relation

indicates that the surface mass density of SFGs (logΣM∗ = log(M∗)−2logRe− log(2πq))

increases significantly with mass. However, the size-mass relation is complex for QGs:

massive galaxies have a steeper relation while the low mass end shows a shallow or no

dependence on mass. Thus, the surface mass density of QGs increases until a certain

stellar mass (∼ 2× 1010 M�) after which the surface mass density decreases with in-

creasing mass (ΣM∗ ∝ M−0.4
∗ ). Shen et al. (2003) show that a similar complex relation

exists for SFGs as well; they found a steeper size-mass relation for SFGs with masses

10.6 < log(M∗/M�) < 12 in the local universe (z < 0.3). Our data also hint at a slightly

steeper relation towards the highest mass bin (10.54 < log(M∗/M�)< 11.45) for SFGs but

due to lack of very massive SFGs in our current data we cannot analyse them separately

until we expand our analysis to the full 18.6 deg2 of CLAUDS+HSC-SSP survey (Section

2.1). Hence, we treat SFGs as a single group in this study.

We analyse the size-mass relation of both SFGs and QGs by assuming a linear relation

in log scale,

logRe(m∗) = logA+α logm∗, (6.1.1)

where

m∗ =
M∗

5×1010M�
, (6.1.2)

2Massive QGs have stellar mass higher than a pivot mass, Mp. We will discuss the pivot mass in Section
6.1.2 in detail.
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and α is the slope. The y-intercept, logA, gives the size of a galaxy with the normalization

mass, 5× 1010M�. Previous studies such as van der Wel et al. (2014) and Mowla et al.

(2019b) also use this normalization mass in their analysis, which makes the comparison be-

tween the results straightforward. While fitting the relation, we apply a Bayesian approach

to include uncertainties in both size and mass estimates (see Kelly 2007). By using this

technique, we assume,

η = logA+αξ + ε, (6.1.3)

where

ξ = logm∗−xerr,

η = logRe(m∗)−yerr,

and ε is the intrinsic random scatter about the regression line. η is a dependent variable

while ξ is an independent variable. xerr and yerr are random errors sampled from a nor-

mal distribution with the width equal to the uncertainties (σm∗ and σRe) in the measurement

of mass and size respectively. We assume the 1-σ uncertainty in mass, σlogm∗ to be 0.15

dex quoted by van der Wel et al. (2014) because they also use the same mass measure-

ments (Muzzin et al. 2013a) for their analysis. We then fit a linear regression model with

a Bayesian approach using PYTHON package, LINMIX3. The algorithm relies on Markov

chain Monte Carlo (MCMC) methods to obtain best-fitting parameters. Figure 6.2 shows

3https://linmix.readthedocs.io/en/latest/src/linmix.html

https://linmix.readthedocs.io/en/latest/src/linmix.html


CHAPTER 6. RESULTS 105

the best-fitting linear regression lines for SFGs and massive QGs in five redshift bins (Sec-

tions 6.1.1 and 6.1.2). We use the size (Re) measurements at rest-frame 5000 Å while fitting

the size-mass relation. Best-fitting parameters (intercept logA and slope α) of the regres-

sion lines are shown in Figure 6.3. The figure also shows results from the CANDELS

survey (van der Wel et al. 2014) and the COSMOS-DASH survey (Mowla et al. 2019b),

which - like our results - are based on size estimation at rest-frame 5000 Å.

The redshift evolution of the intercept is significant. We fit this evolution in the intercept

as

Re(M∗ = 5×1010M�) = A(1+ z)β (6.1.4)

and display the best-fitting curves in the upper panel in Figure 6.3. Different lines indicate

how we obtain the size-mass relation: solid lines when we use i-band corrected to rest-

frame 5000 Å and dashed lines when we use a combination of r, i and z bands. Although

both dotted dash line and solid line in red are obtained using i-band corrected to rest-frame

5000 Å, the two size measurements are based on two size-mass relations for QGs above

different pivot masses (Section 6.1.2). Tables 6.1 and 6.2 list the best-fitting parameters of

the size-mass relation and size evolution of SFGs and QGs respectively.

One of the advantages of this study over many previous studies is the wavelength cov-

erage of the survey. The HSC r, i and z bands cover rest-frame 5000 Å at 0.1 < z < 0.9.

Based on the wavelength range of the HSC broadbands, we divide our data into three red-

shift ranges: 0.1 < z≤ 0.38, 0.38 < z≤ 0.69 and 0.69 < z≤ 0.9. We use the r-band galaxy
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Figure 6.2: Linear fits to the size-mass relations of galaxies in CLAUDS HSC-SSP COS-
MOS at rest-frame 5000 Å. We measure sizes in i-band images and apply the correction
described in Section 4.4.1. Blue and maroon lines represent the best-fitting linear regres-
sion. Its parameters are given in each panel. We only consider massive QGs (M∗ > Mp)
selected using Equation 6.1.6 (Section 6.1.2). Light blue and orange lines show random
draws from the posterior from MCMC for SFGs and QGs respectively. Median errors in
the measurement of size and mass for SFGs (blue) and QGs (red) are shown in the top left
corner of each panel. Uncertainties on fitting parameters are given in Tables 6.1 and 6.2.
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Figure 6.3: Redshift evolution of best-fitting parameters from Figure 6.2: intercept (upper
panel) and slope (lower panel). Red represents QGs while blue is for SFGs. Different
symbols are used to represent the method used to obtain the size-mass relation (Sections
6.1.1 and 6.1.2 for details). All sizes are in rest-frame 5000 Å based either on corrected
i-band data (i) or on a combination of data from r, i and z bands (riz). Parameters from
the literature are also shown. Some of the data points (triangles, diamonds and stars) are
slightly shifted towards the left for clarity. The curves in the upper panel represent the best-
fitting power law to the redshift evolution of average galaxy size for M∗ = 5× 1010 M�.
The dashed curve represents the evolution obtained using riz and the solid curve using the
i-band. The dotted dash line denotes the size evolution obtained for QGs using Method I
as described in Section 6.1.2. The lines in the lower panel represent the best-fitting linear
relation between slope (circular data points) and redshift.
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surface brightness fitting results for the first redshift bin, the i-band for the second and the

z-band for the third to ensure that for each galaxy the selected band brackets the rest-frame

5000 Å. This multi-band approach does not need any wavelength correction unlike using a

single band (i-band). Hence, we can use it to test the validity of the wavelength correction

we estimated in Section 4.4.1 by fitting the size-mass relation using the combination of

rest-frame 5000 Å size measurements obtained from the r, i and z bands, as appropriate for

a given redshift. The results are shown in Figure 6.3 as open triangles and the values of the

best-fitting parameters are given in Tables 6.1 and 6.2. A nearly perfect agreement between

multi-band results and results from i-band corrected to rest-frame 5000 Å validate the wave-

length correction introduced in this study. Size-mass relation plots in the five redshift bins

using multi-band data are given in Appendix B.
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Star-forming Galaxies

z i riz

Intercept slope (α) Intercept slope (α)

0.10−0.30 0.845+0.043
−0.021 0.312+0.052

−0.027 0.849+0.041
−0.021 0.303+0.05

−0.023

0.30−0.45 0.816+0.018
−0.009 0.287+0.026

−0.013 0.823+0.02
−0.011 0.291+0.029

−0.016

0.45−0.60 0.766+0.02
−0.01 0.219+0.025

−0.013 0.765+0.02
−0.01 0.218+0.027

−0.013

0.60−0.75 0.771+0.011
−0.006 0.215+0.016

−0.008 0.769+0.012
−0.007 0.215+0.016

−0.009

0.75−0.90 0.753+0.013
−0.006 0.183+0.017

−0.008 0.742+0.013
−0.006 0.181+0.018

−0.009

A 7.41±0.42 7.76±0.49

β −0.45±0.11 −0.56±0.12

Table 6.1: Details of the best-fitting size-mass relation of SFGs. We use either i-band data
(i) corrected to rest-frame 5000 Å or a combination of r, i and z bands (riz) to estimate
galaxy sizes at rest-frame 5000 Å. Intercepts show the logarithmic sizes of galaxies with
a fixed mass of 5× 1010M�. We fit a power law to the intercepts: Re = A(1+ z)β . The
best-fitting parameters of this power-law (A and β ) are also given. See Section 6.1.1 for
details.
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Quiescent Galaxies

z i riz

Method I Method II

Intercept Slope (α) Intercept Slope (α) Intercept Slope (α)

0.10−0.30 0.616+0.027
−0.012 0.614+0.093

−0.055 0.614+0.027
−0.014 0.634+0.107

−0.055 0.618+0.027
−0.014 0.646+0.078

−0.04

0.30−0.45 0.552+0.016
−0.007 0.709+0.064

−0.031 0.553+0.013
−0.006 0.712+0.056

−0.026 0.561+0.015
−0.007 0.749+0.059

−0.031

0.45−0.60 0.471+0.018
−0.009 0.777+0.073

−0.036 0.487+0.019
−0.009 0.696+0.082

−0.039 0.487+0.017
−0.008 0.719+0.085

−0.042

0.60−0.75 0.48+0.013
−0.006 0.802+0.068

−0.032 0.463+0.015
−0.008 0.857+0.077

−0.038 0.458+0.014
−0.007 0.851+0.076

−0.038

0.75−0.90 0.422+0.02
−0.01 0.831+0.122

−0.056 0.424+0.022
−0.011 0.843+0.122

−0.061 0.401+0.021
−0.011 0.855+0.102

−0.052

A 4.81±0.50 4.99±0.24 5.30±0.27

β −0.97±0.23 −1.06±0.11 −1.21±0.11

Table 6.2: Details of the best-fitting size-mass relation of QGs. We use either i-band data (i) corrected to rest-frame 5000
Å or a combination of r, i and z bands (riz) to estimate galaxy sizes at rest-frame 5000 Å. Intercepts show the logarithmic
sizes of galaxies with a fixed mass of 5× 1010M�. We fit a power law to the intercepts: Re = A(1+ z)β . The best-fitting
parameters of this power-law (A and β ) are also given. Methods I and II differ from each other due to the pivot point
estimation. See Section 6.1.2 for details.
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6.1.1 Star-Forming Galaxies

We study the size-mass relation of SFGs both using corrected i-band (i) and using a com-

bination of r, i and z bands (riz) to bracket 5000 Å (Figure 6.3 and Table 6.1), to find very

similar results with both approaches. Our results on the average size evolution of SFGs (i.e.,

the evolution in the intercept of the size-mass relation) are consistent with the majority of

previously reported findings. A slower size evolution of SFGs compared to QGs has been

reported by Lilly et al. (1998), Ravindranath et al. (2004), Barden et al. (2005), van der Wel

et al. (2014) and Mowla et al. (2019b). Williams et al. (2010) find a faster size evolutionary

scenario (β =−0.73±0.14) for SFGs than the data used in this study (β =−0.45±0.11);

the reason may be the wider redshift range that they probe (0.5 < z < 2). A faster evolu-

tion at z > 1 can influence the results by Williams et al. (2010). Moreover, the SFG size

evolution shown in their Figure 4 is consistent with our data over 0.5 < z < 1. van der

Wel et al. (2014) also get slightly steeper curves with β of −0.72±0.09 for SFGs against

−0.45±0.11 in this study. However, van der Wel et al. (2014) also cover a wider redshift

range (0 < z < 3). A direct comparison shows that their intercepts at z < 1 are in agreement

with our results implying that both van der Wel et al. (2014) and this study find a weaker

size evolution at z < 0.9 (Figure 6.3). Hence, the steeper evolution published by van der

Wel et al. (2014) is probably due to the faster pace of evolution observed at higher redshifts

(z > 0.9). Finally, Lilly et al. (1998), Ravindranath et al. (2004) and Barden et al. (2005)

also report either a slow or no evolution of the average size of SFGs since z∼ 1.
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The majority of previous studies does not find any significant redshift evolution of the

slopes (α) of the SFG size-mass relation. However, we find a weak evolution of SFG

slopes since z ∼ 0.9. The slope of the size-mass relation for SFGs increases linearly from

0.18 at 0.75 < z ≤ 0.9 to 0.31 at 0.1 < z ≤ 0.3. The difference between average sizes of

SFGs with order of magnitude difference in stellar mass is Re(M∗ = 1010.5M�)−Re(M∗ =

109.5M�) = 1.78 kpc at 0.75 < z ≤ 0.9 but this difference increases by ∼ 72% (3.07 kpc)

at 0.1 < z ≤ 0.3. Other studies also indicate similar evolution in the slope of the size-

mass relation for SFGs at z . 2− 3 in the COSMOS field (COSMOS/UltraVISTA, Faisst

et al. 2017; COSMOS-DASH, Mowla et al. 2019b). We find the best-fit linear relation

for the redshift evolution of α obtained by using i-band sizes corrected to rest-frame 5000

Å (the lower panel in Figure 6.3). There is clearly a negative correlation between α and z

where α =−(0.2±0.03)(1+ z)+(0.55±0.05). We will discuss the possible cause of this

evolution in the slopes of the size-mass relation for SFGs in Section 7.1.

6.1.2 Quiescent Galaxies

Figure 6.1 shows that the the size-mass relation is complex for QGs. The strength of the

correlation increases with stellar mass. Some studies use a fixed galaxy mass to separate

massive QGs from lower mass QGs at all redshifts (van der Wel et al. 2014; Mowla et al.

2019b). However, Mowla et al. (2019a) allow this pivot mass (Mp) to vary while fitting

the size-mass relation for a sample containing both SFGs and QGs. They use a smoothly
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broken power law to fit the median size-mass relation demonstrating that the pivot mass

changes with redshift. Therefore, we also use a smoothly broken power law,

Re(M∗) = Rp

(
M∗
Mp

)α1
[

1
2

{
1+
(

M∗
Mp

)1/∆
}](α2−α1)∆

, (6.1.5)

where Rp is the size at Mp, α1 is the slope of size-mass relation at the low mass end,

and α2 is the slope at higher masses. We apply a smoothing factor (∆) for the transition

between slopes at the pivot point. As quoted by Mowla et al. (2019a), we also set ∆ = 1/6

to reduce the degeneracy between the slopes and the smoothing factor (we consider the

random uncertainty present in the mass measurements to be ±0.15 dex). The change of

slope occurs between masses, M1 and M2 such that logM2− logMp = logMp− logM1 ∼ ∆.

We fit Equation 6.1.5 to our QG sample in five different redshift bins to obtain Mp (Method

A, Figure 6.4).

We have different lower limits in stellar mass depending on the redshift of galaxies as

we use mass-complete samples for characterizing the size-mass relation with increasing

redshift. In the first three redshift bins, we use QGs with M∗ > 109.5 M� that are complete

in mass and thus, we have a larger sample of low-mass galaxies (M∗ < Mp) in these three

redshift bins compared to other two bins at higher redshifts. Hence, we investigate the

slopes (α1) of the size-mass relation at lower masses (M∗ < Mp) using the data from the

nearest three redshift bins and find that α1 is 0 within uncertainties. Hence, we fit the

smoothly broken power law function on all redshift bins by fixing α1 to be 0. Details of the
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Redshift Method A Method B

log Mp log Rp α2 log Mp log Rp α2

0.10-0.30 9.95±0.26 0.33±0.08 0.44±0.03 10.06 0.36±0.04 0.46±0.03

0.30-0.45 10.17±0.12 0.33±0.05 0.57±0.02 10.16 0.33±0.03 0.56±0.02

0.45-0.60 10.34±0.14 0.36±0.06 0.58±0.03 10.26 0.33±0.04 0.56±0.02

0.60-0.75 10.29±0.14 0.33±0.07 0.60±0.02 10.38 0.36±0.03 0.62±0.02

0.75-0.90 10.50±0.14 0.42±0.06 0.59±0.03 10.48 0.41±0.03 0.58±0.03

Table 6.3: Details of smoothly broken power-law fits to QGs in COSMOS data. In method
A, both Mp, Rp and α2 are free parameters but only Rp and α2 are free parameters in
Method B. We fix Mp according to the parametric evolution of the pivot points described
by Equation 6.1.6 in Method B. We keep α1 fixed to be 0 in both methods. For mass
completeness, we consider QGs with log(M∗/M�) > 9.5 at z < 0.6, log(M∗/M�) > 10 at
0.6 < z≤ 0.75 and log(M∗/M�)> 10.2 at 0.75 < z≤ 0.9. See Section 6.1.2 for details.

power law fits are provided in Table 6.3.

From the fitting results, it is clear that the pivot points change with redshift. With

exclusion of the redshift bin between 0.6 and 0.75, the pivot point evolves towards lower

masses since z∼ 0.9. Hereafter, we refer to QGs with M∗ > Mp as massive QGs.

We then fit the size-mass relation of galaxies more massive than Mp using a Bayesian

approach incorporating the uncertainties in stellar mass as well4. We do not study other

QGs in this thesis due to mass incompleteness. Figure 6.3 shows the results of size-mass

relation fitting of massive QGs as red diamonds and the best-fitting parameters are given in

Table 6.2 (Method I). However, a relatively larger uncertainty in β (±0.23) could be caused

by the failure in constraining the pivot points at higher redshifts. Hence, we investigate the

4We perform smoothly broken power-law fits only to obtain the pivot points in the size-mass relation of
QGs. We do not use uncertainties in mass measurements while finding the pivot points. Since we can include
the uncertainties in mass and size in the Bayesian approach, we use this method to analyse the size-mass
relation of massive QGs similar to the analysis of the size-mass relation of SFGs.
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Figure 6.4: A smoothly broken power-law fit to the size-mass relation of QGs to obtain the
pivot mass. The different panels show the relation in different redshift bins. The best-fitting
power law model is shown as a green curve. The pivot mass obtained from the model
(Method A) is indicated by a green star and its value is given in each panel. The brown
dashed curves represent broken power-law fits where we fix the pivot point obtained from
Equation 6.1.6 (Method B) and their pivot points are shown as brown stars. Details on the
pivot points are provided in Table 6.3.
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Figure 6.5: Redshift evolution of Mp for QGs. The orange line represents the best-fitting
linear model.

redshift evolution of Mp. We perform a linear fit to this evolution,

logMp = (0.7±0.19)(1+ z)+(9.19±0.29) (6.1.6)

(Figure 6.5). We show the smoothly broken power-law fit performed by fixing the pivot

points based on Equation 6.1.6 (Method B) as dashed lines in Figure 6.4. Details of the

pivot points obtained through Methods A and B are provided in Table 6.3. The evolution of

the best-fitting parameters of the size-mass relation using the pivot points obtained through

Method B are also shown in Figure 6.3 as filled circles (Method II) and the corresponding

power-law fit (A(1+ z)β ) as a solid red curve in the upper panel. The power-law fit now

describes the QG sizes with smaller scatter as reflected in the uncertainty of β (±0.11).

Thus, we decide to use the best-fit value of Mp from the parametric evolution of the pivot

points in the analysis of the size-mass relation (Method II).
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We also study the size-mass relation using the combination of r, i and z bands (riz) to

bracket rest-frame 5000 Å wavelength using the smoothly-evolving pivot points from the

Method II. We show its results in Appendix B and the best-fitting parameters (intercept and

slope) of the size-mass relation are shown as red triangles in Figure 6.3. The power-law fit

to the size evolution is shown as a red dashed curve in the upper panel of the Figure. The

results from the riz method agree with the i-band results discussed earlier. This agreement

supports the wavelength correction we introduced to i-band size measurements to obtain

the sizes of QGs at 5000 Å in the rest-frame.

The size-mass relations obtained for QGs at 0.1 < z < 0.9 in this study generally agree

with previous studies. We find a redshift evolution of the characteristic size (for M∗ =

5×1010 M�) of QGs to be a power-law (A(1+ z)β ) with the exponent, β =−1.06±0.11.

van der Wel et al. (2014) find an evolution with β =−1.24±0.08 since z∼ 3, Williams et al.

(2010) find β =−0.96±0.13 since z∼ 2 and Morishita et al. (2014) report β = 1.06±0.19

for QGs at 0.5 < z < 3. Mowla et al. (2019b) also find a similar evolution since z∼ 3 while

studying QGs in different mass bins (β ≈ 0.8−1.3).

Additionally, in agreement with the literature, the slopes of the size-mass relation are

steeper for massive QGs (M∗ > Mp) in five redshift bins covering 0.1 < z ≤ 0.9 redshift

interval than for SFGs and low mass QGs in the same redshift bins. The slopes found in

this study are comparatively higher than many of the published results in the literature. For

example, Mowla et al. (2019b), Newman et al. (2012) and Faisst et al. (2017) report slopes
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of 0.58±0.04, 0.59±0.07 and 0.55±0.05 respectively for QGs at 0.5 < z < 1, whereas the

slopes of the size-mass relation for QGs found in this study at the same redshift range is 0.7-

0.9. However, van der Wel et al. (2014) find an average slope of 0.75 at z < 3. We suspect

the difference in slopes in some studies is due to differences in the methodologies used in

various studies (e.g., Newman et al. (2012) use Re(1+q)/2 for the size measurements, and

van der Wel et al. (2014) take into account contimation between the SFGs and QGs, which

is not done by Mowla et al. (2019b)).

We find a weak evolution in the slope of the size-mass relation for QGs at 0.1 < z <

0.9 (Figure 6.3); the slope becomes shallower with time. We fit a linear relation between

the slope and redshift: α = (0.39± 0.11)(1+ z)+ (0.17± 0.17) (Figure 6.3). Although

some other studies find similarly weak evolution of the slope for the QG size-mass relation

(Mowla et al. 2019b), the majority of the studies shows no evolution (e.g., van der Wel et al.

2014; Newman et al. 2012). Possible reasons for the lack of evolution in the slopes are the

wider redshift coverage of the analysis and relatively smaller sample size at z < 1. The

earlier studies on the size-mass relation of QGs generally do not probe the slope evolution

by splitting the QG sample into several redshift bins at z < 1.

6.2 Sérsic Index

Since the Sérsic index (n) tells us how centrally concentrated a galaxy light profile is, its

change with redshift indicates the evolution in the galaxy morphology. A lower value of



CHAPTER 6. RESULTS 119

n indicates a disky or disk-dominated galaxy while a higher value suggests an elliptical or

bulge dominated galaxy. However, it is important to note that we use a single Sérsic profile

to describe galaxy light profiles. Since most galaxies have both disk and bulge components,

n obtained from a single Sérsic profile fitting describes the overall concentration of galaxy

light profiles including contributions from disks and bulges. We cannot study the contribu-

tions from various components (e.g., bulges) to the overall galaxy light profiles through a

single Sérsic profile fitting alone. Moreover, the Sérsic index is less robust compared to size

measurements (Section 5.2). The measurement of n is influenced heavily by various factors

such as the size of the galaxy, the depth of the survey, proximity to other bright objects in

the sky, etc. Nevertheless, values of n measured in this study using a single profile study

may be still useful to study the overall morphological evolution of galaxies.

Figure 6.6 shows the median n of both SFGs and QGs in eight equally populated mass

bins at five redshift bins. As expected, QGs have a higher median value of n compared

to SFGs in any given mass bin at any redshift since z ∼ 0.9. There is a clear segregation

between SFGs and QGs in logn− logM∗ space. Sérsic indices of both SFGs and QGs show

a mass dependence but this dependence is more prominent for massive SFGs (> 1010M�)

compared to SFGs at lower masses (< 1010M�). Figure 6.7 shows how n is related to galaxy

sizes. SFG morphology shows a negative correlation between n and Re but the correlation

is positive for QGs. A negative correlation for SFGs indicates that the bulges become more

dominant in SFGs with smaller sizes than SFGs with larger sizes. Since bulges are more
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Figure 6.6: Relation between Sérsic index and stellar mass of galaxies. Sérsic indexes are
used from r, i and z images depending on their redshifts in order to bracket rest-frame 5000
Å. The first five panels are for galaxies in five different redshift bins whereas the last panel
shows the relation for the whole sample. SFGs are shown in blue and QGs in red and the
median uncertainties present in the measurements of mass and n are shown as error bars in
the top right corner of each panel. Median Sérsic indices in different mass bins are denoted
by larger data points with corresponding error bars from bootstrapping.

centrally concentrated, their dominance yields smaller sizes compared to disk-dominated

galaxies. QGs, which are largely elliptical galaxies with higher n in our sample, show a

positive relation with Re; their profiles become more centrally concentrated (higher n) as

they grow in size. A galaxy with higher n will have larger wings and hence, has larger size

compared to a galaxy with lower n (Figure 4.1).
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Figure 6.7: Sérsic indices of SFGs (left) and QGs (right) plotted against their sizes. Median
uncertainties present in the measurement of n and Re are shown as error bars in each panel.

6.3 Environment

Environment plays an important role in the evolution of galaxies (Section 1.2.3). In the

local Universe, QGs are generally found in denser environments and SFGs in low density

regions (e.g., Peng et al. 2010b). Several studies show that the environmental effects on the

star-formation activity of galaxy population are similar to those in the local Universe till

z∼ 2 (Guo et al. 2017; Chartab et al. 2020). Moreover, denser environments aid in galaxy

interactions such as mergers, accretion and tidal stripping (e.g., Hausman & Ostriker 1978;

Farouki & Shapiro 1981; Aguilar & White 1986; Ferguson & Binggeli 1994; Oser et al.

2010, 2012). Environment can also affect quenching mechanisms which will also contribute

towards the size evolution of the galaxy population through progenitor effects (e.g., Gunn

& Gott 1972; Balogh et al. 2000; Mayer et al. 2006; Peng et al. 2015; D’Onofrio et al.

2015).

There is no consensus in the literature on how environment affects the sizes of galaxies



CHAPTER 6. RESULTS 122

since z ∼ 2. While studies such as Cooper et al. (2012), Lani et al. (2013), Delaye et al.

(2014) and Andreon (2018) report that galaxies in clusters are larger in size than their

counterparts in the field at 0≤ z≤ 2, Valentinuzzi et al. (2010b,a) find that cluster galaxies

are smaller than those in the field in a similar redshift range. Several other studies do

not find any significant difference between cluster and field galaxies (Rettura et al. 2010;

Newman et al. 2014; Sweet et al. 2017) at 1 < z < 2.

6.3.1 COSMOS Clusters

We study the morphology of the rich cluster members (Section 3.1.3) to investigate the ef-

fects of environment on the galaxy size-mass relation. We have size measurements for 75

QGs from 7 clusters: 65 are at z < 0.4 and the rest are at z ∼ 0.73. We plot the size-mass

relation of these galaxies in the i-band corrected to rest-frame 5000 Å in Figure 6.8 and

provide the details of the best-fitting parameters in Table 6.4. We find that the slopes of

the size-mass relation in log-log space for cluster galaxies are similar to those of the parent

CLAUDS+HSC-SSP COSMOS QG population (Section 6.1). Moreover, the intercepts of

the size-mass relation of the cluster members also correspond to those of the parent QG

sample in their respective redshift bins. The sizes of galaxies in the clusters are similar to

their parent COSMOS QG population. This non-difference in galaxy sizes between clus-

ter environment and the parent COSMOS population agrees with results by earlier studies

probing higher redshifts (1 < z < 2, Rettura et al. 2010; Newman et al. 2014; Sweet et al.
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Figure 6.8: Linear fits to the size-mass relations of galaxies from COSMOS clusters in rest-
frame 5000 Å by applying the wavelength correction to the i-band data. The upper panels
show the relation in two different redshift bins while the lower panel combines them both.
The black filled circles in the lower panel show the median sizes of the parent COSMOS
QG population. Other details are the same as for Figure 6.2.

2017), although several other studies find a dependence on environment in galaxy size dis-

tributions since z∼ 2 (e.g., Valentinuzzi et al. 2010b; Cooper et al. 2012; Lani et al. 2013).

6.3.2 HST-CLASH Clusters

The cores of HST CLASH clusters enable us to investigate extremely dense environments.

Our cluster core data covers a region within R/R200 ∼ 0.4 from the BCG in each cluster.

Unlike for the COSMOS data, we do not separate the CLASH cluster galaxy population into

SFGs and QGs. We do this because, due to our sample selection methods (spectroscopic
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Sample Redshift Intercept Slope

0.1-0.5 0.566+0.028
−0.027 0.755+0.094

−0.088

COSMOS 0.5-0.9 0.359+0.068
−0.066 0.746+0.356

−0.265

0.1-0.9 0.535+0.026
−0.026 0.721+0.083

−0.097

CLASH 0.18-0.29 0.395+0.031
−0.023 0.325+0.132

−0.148

Table 6.4: Details of best-fitting size-mass relation of galaxies in COSMOS clusters and
HST-CLASH clusters. For COSMOS clusters, we use i-band data corrected for rest-frame
5000 Å to the estimate sizes used in the relation. Intercepts show the logarithmic sizes of
galaxies with a fixed mass of 5×1010M�.

Figure 6.9: Sérsic indices of HST CLASH cluster members plotted against their sizes.
Median uncertainties present in the measurement of n and Re are shown as error bars.

and the red-sequence methods together, Section 3.2), the majority of the cluster members

being studied here are expected to be QGs. Figure 6.9 shows how n is correlated with size.

There is a positive correlation between n and Re similar to QGs in COSMOS (Figure 6.7).

Assuming that the density of the environment decreases with distance from the BCG5,

we analyse Sérsic parameters of galaxies (Re, n and q) against their projected distance

5We assume that BCGs are at the centres of the five HST CLASH clusters as they are relaxed systems.
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from the centres of the clusters (Figure 6.10). Median sizes of galaxies do not vary with

their position in the cluster cores. However, we find that all galaxies closer to the BCG

(R/R200 < 0.1) are smaller than 5 kpc. In contrast, 11± 4% of the galaxies at distances

R/R200 > 0.1 have larger sizes (Re > 5 kpc). To check the significance of the absence of

larger galaxies close to the cluster centre, we draw (with replacement) 10000 sub-samples

from galaxies at R/R200 > 0.1 with size equal to the sample size at R/R200 < 0.1. Among

these simulated sub-samples, the absence of large galaxies (Re > 5 kpc) are found only in

∼ 0.5% of the sub-samples thereby indicating that the absence of large galaxies towards

cluster centre is significant.

Similarly, we do not find any significant difference in median Sérsic indices with the

projected distance from the cluster centre (middle panel in Figure 6.10). However, at closer

distances from the BCG, almost all galaxies have n > 2 (87±4%). Thus, galaxies closer to

BCG are generally ellipticals or bulge dominated. At farther distances from the centre of

the clusters (R/R200 > 0.2), the percentage of galaxies with n > 2 decreases (67±4%) and

there are several disky galaxies with n < 1.5 (18±3%) at these distances. We also analyse

the axis ratio (q) of galaxies (lower panel in Figure 6.10). We find that median value of q

does not vary significantly with projected distance from the cluster centre although galaxies

in the cluster cores are more spherically symmetric than elongated.

We investigate the age of galaxies for which we have spectroscopic data using an age

indicator, Dn4000. The Dn4000 index is a ratio of the flux in two spectral windows above
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Figure 6.10: Sérsic parameters, size (upper), Sérsic index (middle) and axis ratio (lower),
plotted against projected radial distance of galaxies from the BCG. Radial distances are
normalised by their cluster virial radii. Median uncertainty present in the measurement of
Sérsic parameters is shown as a red error bar in the top right corner of each panel. The
black data points represent the median values of the parameters in eight equally populated
radial distance bins ad the error bars on the median are obtained through bootstrapping.
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Figure 6.11: Galaxy age proxy, Dn4000 index is plotted against projected radial distance of
galaxies from BCG. Radial distances are normalised by their cluster virial radii. Colours
indicate the stellar mass of galaxies. Black data points represent the median values of the
parameters in eight equally populated radial distance bins. Error bars are obtained through
bootstrapping. Black dashed line separates younger galaxies from the older population.
Any galaxy that lies below this line is considered young.

and below the 4000 Å break in galaxy spectra (Balogh et al. 1999; Zahid et al. 2018). The

index is generally used as a proxy for the age of galaxies because it increases with the

age of the stellar population6 (Kauffmann et al. 2003; Zahid et al. 2015). We consider

galaxies with Dn4000 > 1.5 as old and the rest as young (Li et al. 2006). An SFG will

have the Dn4000 index well below 1.5 because its Dn4000 does not change significantly

with time. However, once the star formation in a galaxy is quenched, the Dn4000 index

changes rapidly with time (increases beyond 1.5), and this change is stronger for galaxies

with higher metallicities (Zahid et al. 2019). Figure 6.11 shows the age of the galaxies as

a function of the distance from the cluster centre. Galaxies at the cluster core are generally

6The 4000 Å break is produced by the flux absorption at λ < 4000Å by the metals present in the atmo-
spheres of old stars (age & 108 years). In QGs, this break becomes prominent due to the lack of flux from
young massive stars.
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Figure 6.12: Size-mass relation of HST CLASH cluster galaxies. Black points in the left
panel show the median sizes in eight equally populated mass bins along with their boot-
strapped error bars. Colours of the data points in the left panel indicate their age (Dn4000).
Galaxies with no measured age are shown as orange crosses. The right panel shows the
best-fitting linear relation for galaxies more massive than 1010M�. Colours indicate their
projected distance from the cluster centres. The black dashed line shows the size-mass
relation for massive QGs from COSMOS at 0.1 < z ≤ 0.3. The red error bar in the top
left corner denotes the median uncertainties present in the size and mass estimation. Other
details are the same as in Figure 6.2.

older galaxies and the median age does not change with distance. We notice the absence of a

younger population near the cluster centre (R/R200 < 0.1). Younger galaxies generally have

lower masses (log(M∗/M� . 10.2) and are mainly found at larger distances (R/R200 > 0.1)

from the cluster centre.

We study the size-mass relation of HST CLASH cluster core galaxies (Figure 6.12). We

find that the median sizes of galaxies in the cluster cores do not show any strong correlation

with stellar mass (the left panel). This is further illustrated in the right panel where we

fit a linear relation to the galaxies more massive than 1010 M� (83 galaxies). Details of

the best-fitting parameters are provided in Table 6.4. The best fitting parameters show a

relatively weaker relation in the cluster cores with a slope of ∼ 0.33, which is similar to
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Figure 6.13: Sérsic indices of massive compact galaxies (M∗ > 3× 1010 and Re < 2 kpc)
versus projected radial distance of galaxies from BCGs in CLASH clusters. The data points
are colour coded with their axes ratio. The median uncertainty present in the measurement
of n is shown as a red error bar in the top right corner.

SFGs in CLAUDS+HSC-SSP COSMOS (Section 6.1) although galaxies in the CLASH

cluster cores are generally old. There are young extended galaxies in the CLASH sample

at lower masses but the sizes of the galaxies in the cluster cores are generally smaller than

those of the parent QG population and cluster QGs in the CLAUDS+HSC-SSP data at a

given stellar mass (the right panel of Figure 6.12). Damjanov et al. (2015) also report

that the QGs in the cluster environment are more compact than their parent sample in the

COSMOS field. We also find that ∼ 35% of galaxies in the CLASH cluster cores are

compact (Re < 2 kpc) but massive (M∗ > 3× 1010). These massive compact galaxies are

generally bulge dominated or ellipticals with high axis ratios (q & 0.5) and are found at all

distances from the the centres of the clusters (Figure 6.13).
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Discussion

7.1 Evolution of Star-Forming Galaxies

We have shown that the evolution in the average sizes of SFGs at a fixed mass (5×1010 M�)

found in this study is weaker (β =−0.45±0.11) than the evolution reported in some of the

previous studies, e.g., β = −0.72± 0.09 (van der Wel et al. 2014) and β = −0.73± 0.14

(Williams et al. 2010). These earlier studies measure the sizes of SFGs over a large redshift

baseline (z . 3) and their size measurements may be biased by the faster evolution at z > 1.

The evolution of dark matter halos (in which galaxies reside) may be related to the

change in the rate of size growth of SFGs. Numerical simulations show that in the hierar-

chical paradigm of structure formation, there is a trend in concentration (c) of dark matter

halos at fixed mass with redshift, c∼ (1+ z)−1, where larger values of c denotes more con-

130
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centrated dark matter halos (Bullock et al. 2001; Somerville et al. 2008, 2018). The halo

concentration can affect disk sizes as higher halo concentration will produce smaller and

denser disks. At the same time, the lower mass and weaker gravitational forces in the cen-

tral parts of the dark matter halo due to a low halo concentration results in extended disks.

This halo concentration effect may result in the formation of proportionally larger galaxy

disks at higher redshifts (z∼ 1) compared to the local Universe (z∼ 0). However, once the

disks are formed, they grow in size with time as they gradually accrete mass. These com-

peting effects - formation of larger disks at higher redshifts compared to lower redshifts and

growth of disks with time - weaken the size evolution in SFGs.

van der Wel et al. (2014) have investigated another reason for the decreasing rate of SFG

size growth with cosmic time since z ∼ 3 using observational data from the CANDELS

survey. Their work indicates that the increase in the number of red SFGs (rest-frame U −

V > 1) since z∼ 2 contributes to the slowing down of the SFG size evolution compared to

rapid evolution (β ∼ −1.1) reported at z & 2 (e.g., Oesch et al. 2010; Mosleh et al. 2012)

because red SFGs are smaller in size than bluer SFGs. We also investigate the effect of the

change in fraction of red galaxies on the evolution of the sizes of SFGs in our data (Figure

7.1). We divide our SFG population into two groups, red (U −V > 1 in rest-frame) and

blue (U−V ≤ 1 in rest-frame), and define the SFG red fraction as

SFG red fraction =
Number of red SFGs

Total number of SFGs
. (7.1.1)
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Figure 7.1: Panel A: Average size of red and blue SFGs vs galaxy stellar mass. The blue
colour is for blue SFGs and the purple for red SFGs. The semi-transparent data points in
each colour represent galaxies at z > 0.5 and the solid ones are for galaxies at z < 0.5. The
error bars are obtained through bootstrapping. Panel B: Redshift evolution of the SFG red
fraction. Bootstrapped error bars are also shown, although the error bars are smaller than
the data points in some of the redshift bins. Panel C: Mass distribution of red and blue SFGs
at 0.1 < z < 0.9. See Section 6.1.1 for details.

We find that at a given mass and a redshift the red SFGs are smaller than their bluer counter-

parts of the same mass (Panel A in Figure 7.1). Moreover, the SFG fraction has increased

steadily since z ∼ 0.9 (Panel B in Figure 7.1). Hence, we provide new evidence for the

argument that the increasing fraction of red SFGs contributes to the decrease in size growth

of the SFG population at z < 0.9.

The increase in the SFG red fraction with time is also consistent with the observed
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evolution in the slopes of the size-mass relation for SFGs (Figure 6.3). Blue SFGs have

larger sizes but their mass distribution is concentrated at lower masses than the red SFGs

(Panel C in Figure 7.1). At higher redshifts (z > 0.5), the higher abundance of blue SFGs

(∼ 25%, Panel B in Figure 7.1) increases the average sizes of SFGs in the lower mass

bins (log(M∗/M�) < 10) but the average sizes of SFGs are unaffected at higher masses.

Consequently, the slope of the size-mass relation is flattened. In contrast, the slopes are

steeper at lower redshifts (z < 0.5) due to the decrease in fraction of blue SFGs (< 15%)

with time (Panel B in Figure 7.1).

The increase in SFG red fraction is connected to the morphological transformation of

SFGs as they age. Previous studies indicate that one of the major factors affecting the

morphological evolution of SFGs since z ∼ 0.9 is the growth of bulges at the centres of a

galaxies (e.g., Oser et al. 2010; Hopkins et al. 2010; Tacchella et al. 2015; Sachdeva et al.

2017). Bulges are more centrally concentrated and their dominance will result in smaller

Re of the single Sérsic profile that describes the overall light profile of SFGs. Our results

also show that the red SFGs have median sizes smaller than their bluer counterparts (Panel

A in Figure 7.1).

Although dust can redden SFGs by absorbing starlight at shorter wavelengths (ultra-

violet band) and re-emitting at longer wavelengths (infrared band, Xiao et al. 2012), we

find that the increasing fraction of red SFGs also supports the bulge growth scenario by

analysing the distributions of n in the Sérsic profiles of red and blue SFGs (Figure 7.2).
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Figure 7.2: Distribution of Sérsic indices of red (U−V > 1 in rest-frame) and blue (U−V <
1 in rest-frame) SFGs. The red colour represents the red SFG population and blue is for
blue SFGs. Histograms are normalised such that the count of the most populated bin is
1. The 80th percentile of n for each distribution is given in the figure. We also show the
p-value from the K-S test on the distributions.

Because bulges typically have higher Sérsic index than disks, bulge growth should result

in an increase in the measured n of single Sérsic profiles for SFGs. Based on observa-

tional studies, galaxies with n & 1.5 are generally considered as having a significant bulge

component and those with n & 2.5 are considered bulge dominated or spheroidal galaxies

(e.g., Dutton 2009; Sachdeva 2013). The distributions of n for red and blue SFGs show

that ∼ 28% of red SFGs have n > 1.5 but only ∼ 17% of blue SFGs fall in this category

(Figure 7.2). Similarly, the distribution of n in red SFGs shows a tail at higher n: the 80th

percentile is at n = 1.81 in red SFGs compared to n = 1.4 in blue SFGs. This higher value

of n for red SFGs (tail of n distribution) indicates the presence of bulges in them. We also

perform a Kolmogorov–Smirnov test (K-S test, Kolmogorov 1933; Smirnov 1948) to check
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Figure 7.3: Fraction of SFGs with the significant bulge component (n > 1.5) in five redshift
bins. Black represents all SFGs, purple is for red SFGs (U −V > 1) and blue is for blue
SFGs (U−V < 1). Error bars are obtained through bootstrapping.

whether the two distributions differ statistically from each other1. An extremely small p-

value (5.1×10−32) implies that the distribution of Sérsic indices for red SFGs is different

from that for blue SFGs. Thus, the increasing SFG red fraction with time is consistent with

bulge growth in SFGs.

Additionally, we investigate the growth of bulges in SFGs by analysing the fraction of

galaxies with a significant bulge component in their profile (n > 1.5) in five redshift bins

(Figure 7.3). We find that the percentage of galaxies with a significant bulge component

(n > 1.5) increases in the SFG population with time. We also find that this growth of bulges

is reflected in both red and blue SFGs except in the lowest redshift bin (0.1 < z≤ 0.3). The

observed low fraction of blue SFGs with bulge component (∼ 0.16) in the lowest redshift

1K-S test investigates the null hypothesis that the two distributions are drawn from the same underlying
parent distribution. If the p-value is less than 0.05, we can reject the null hypothesis, i.e., the two distributions
are statistically different.
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bin compared to higher redshifts (0.3 < z≤ 0.75) is probably due to the low survey volume

probed at z < 0.3. Thus, our results support an ongoing bulge growth in SFGs at least since

z∼ 0.9.

Several physical processes may be responsible for the emergence and growth of bulges

in galaxies. Bulge growth can happen internally (secular evolution) or can be induced exter-

nally. In secular evolution, the bulge formation and growth is often a result of perturbations

in the galaxy disks due to internal structural properties such as spiral arms and bars (Ko-

rmendy & Kennicutt 2004; Athanassoula 2005; Kormendy 2008; Gadotti 2009; Sellwood

2014). Although such secular growth of bulges (also called pseudo-bulges) is global to all

disk galaxies, pseudo-bulges are characterised by disk like profiles (n ∼ 1). In contrast,

bulge formation and growth induced externally through mergers by displacing the stars and

the gas in the disks towards galaxy centres can contribute to the increase in the Sérsic index

(Naab et al. 2006; Gadotti 2009; Hopkins et al. 2010; Oser et al. 2010). Bulges formed in

this manner, also called classical bulges, have light profiles and properties similar to ellip-

tical galaxies. They generally have centrally concentrated surface brightness distributions,

which are reflected in their higher n. Thus, the growth of classical bulges can be responsi-

ble for the increasing higher n tail of the Sérsic index distribution of SFGs with time since

z∼ 0.9 in our sample (Figures 7.2 and 7.3).

One possible approach to consider in future studies of bulge growth in SFGs is the

analysis of their bulge-to-total (B/T) ratios. An increasing B/T ratio in SFG profiles with
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cosmic time will indicate bulge growth. We could address this in our future research by in-

corporating disk-bulge decomposition using multi-component profile fitting. Furthermore,

a comparative study of SFG morphology in different bands can also help study bulge growth

because bulges are redder in colour compared to disks due to inside-out quenching of galax-

ies (Tacchella et al. 2015). Since we can analyse galaxies in U , g, r, i, z and y bands, we

could also compare the light distributions of SFGs in these six bands in our future work.

7.2 Evolution of Quiescent Galaxies

The median size of QGs at a given mass is two times smaller than the size of SFGs at

0.1 < z < 0.9 (the median size of QGs with masses 10.3 < log(M∗/M�) < 10.5 is 2.21

kpc but the median size of the SFGs of the same mass range is 4.95 kpc, Figure 6.1).

According to Lilly & Carollo (2016), this difference in galaxy sizes can be explained by

two processes: progenitor bias and the fading of disks (Section 1.1). However, progenitor

bias and the fading of disks alone cannot describe the observed details in our data. If these

were the only factors, then the observed size evolution of QGs would be slower than that of

the SFGs (Lilly & Carollo 2016). On the contrary, our analysis shows that QGs grow in size

faster than SFGs (the upper panel in Figure 6.3), in agreement with most of the previous

studies (eg., van der Wel et al. 2014; Mowla et al. 2019b; Damjanov et al. 2019). Thus,

there must be additional factors that affect the observed size evolution of QGs.

Galaxy mergers can contribute significantly towards the size evolution of galaxies (Sec-
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tion 1.1). Although major dry mergers can yield an increase in size of QGs proportional

to the increase in mass (eg., Boylan-Kolchin et al. 2006; Naab et al. 2007), their relative

number since z . 1 is low (e.g., Bundy et al. 2009; López-Sanjuan et al. 2010a,b; Kaviraj

et al. 2014; Thibert 2018). However, several studies show that minor mergers and accretion

can support size growth in QGs (e.g., Khochfar & Silk 2006; Bezanson et al. 2009; Naab

et al. 2009; van Dokkum et al. 2010; Trujillo et al. 2011; Oser et al. 2010, 2012; Hilz et al.

2012; Fagioli et al. 2016; Zahid et al. 2019). Moreover, both observational studies (Bezan-

son et al. 2009; Zahid et al. 2019) and simulations (Naab et al. 2009) indicate that minor

mergers can cause a size growth proportional to the square of the mass added because the

material is added to the galaxy outskirts.

We can investigate galaxy growth via minor mergers and accretion by testing the predic-

tions by theoretical and/or empirical models. Since minor mergers and accretion generally

preserve the virial equilibrium of the host galaxy, it is possible to predict the morphological

transformation caused by these processes by tracing mass growth in galaxies (Bertin et al.

2002). Zahid et al. (2019) provide such predictions in the evolution of QG morphology

based on the Sloan Digital Sky Survey (SDSS) Main Galaxy Sample (Strauss et al. 2002)

at z ∼ 0 and the F2 field of the Smithsonian Hectospec Lensing Survey (SHELS, Geller

et al. 2014) at z < 0.6. Based on the differences between the SDSS local QG sample and

the SHELS QG sample at higher redshifts, Zahid et al. (2019) develop an empirical model

to describe the observed growth of mass, size and stellar velocity dispersion, which are
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functions of observed galaxy age and redshift, simultaneously. By matching the evolved

SHELS galaxy properties and the observed SDSS galaxy properties, they parametrize the

growth efficiency for mass and the growth rate for galaxy size and velocity dispersion due

to increase in galaxy stellar mass. Zahid et al. (2019) also find that the growth parameters

obtained from their empirical model match well with the purely theoretical and indepen-

dent model predictions for minor mergers. Using the known correlation between stellar

mass and dynamical mass together with virial theorem, Zahid et al. (2019) make predic-

tions for the evolution of the Sérsic index as a function of stellar mass and redshift. This

estimated evolution in Sérsic index (n) is a consequence of the observed mass growth and

known correlation between n and stellar mass (Zahid & Geller 2017).

In Figure 7.4, we compare these predictions of Zahid et al. (2019, coloured curves)

with the Sérsic indices of QGs measured in this study at z ≤ 0.5 (maroon data points).

We avoid QGs at higher redshifts because the model by Zahid et al. (2019) is constrained

by the observed evolution of galaxy properties since z ∼ 0.6. We also show the observed

Sérsic index - stellar mass relation for SDSS QGs as a black curve in Figure 7.4. The Sérsic

indices of QGs measured in this study are systematically smaller than the indices measured

in SDSS QGs, in line with the predictions. Nevertheless, our measurements do not match

the predictions perfectly. Our QG sample from COSMOS has a median redshift of 0.375 but

the measured n in our sample is higher than the predicted n at z = 0.35, and in some mass

bins, higher than z = 0.25 predictions. Therefore, we infer that minor mergers alone cannot
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Figure 7.4: Relation between Sérsic index and stellar mass of QGs at 0.1< z≤ 0.5. Maroon
data points represent median values of n in five equally populated mass bins. Error bars are
obtained through bootstrapping. Sérsic indices are used from r, i and z images depending
on their redshifts in order to bracket rest-frame 5000 Å. The histograms above and the right
of the main panel show the distribution of mass and n respectively. Sérsic indices of local
QGs from SDSS are shown in black and the predictions by Zahid et al. (2019, Z+19) are
shown in coloured curves. Z+19 masses are corrected for their offset compared to the mass
measurements used in this study.
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explain the size evolution of massive QGs observed in this study, though minor mergers and

accretion probably play an important role. Under the assumption that the Zahid et al. (2019)

model predicts the evolution in Sérsic index due to minor mergers accurately, we conclude

that other processes (e.g., progenitor bias, adiabatic expansion) have a non-negligible effect

on the structural evolution of QGs in our sample.

We cannot investigate the processes that contribute to the evolution of the QG size-

mass relation separately using the current data set. We plan to incorporate age indicators

such as colours in our future work because galaxy ages will help us analyse progenitor

bias. Furthermore, studying the ages of the massive compact galaxies (logM∗/M� > 10.5

and Re < 2 kpc) could help us understand the impact of adiabatic expansion and minor

mergers on these objects. These processes should favour younger compact galaxies over

older population, because both the expansion and mergers produce an increase in galaxy

size over time. We could also study the number density of AGN and the evolution of their

activity since z∼ 0.9 to separate the impact of adiabatic expansion from minor mergers and

accretion. Studying the environment of all galaxies may help us understand the contribution

of minor mergers and accretion processes (Section 1.2.3). We could address this in our

future works by looking at the number of close companions of galaxies in our sample

and analysing the impact of minor mergers on the morphological evolution of QGs with

the help of merger fraction and timescales obtained from cosmological simulations such

as Illustris (Nelson et al. 2019). We could also explore the observed evolution in the pivot
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mass (Mp) that separates massive QGs with strong correlation between size and stellar mass

from low mass QGs with weak correlation. This analysis of the evolution in Mp might help

us understand how the impact of various physical processes driving the evolution in QGs

changes with time provided that the contributions from these processes differ between low

mass galaxies (M∗ < Mp) and high mass galaxies (M∗ > Mp).

7.3 Effects of Environment

Numerous studies show that environment affects the star formation activity and the mor-

phology of galaxies (e.g., Balogh et al. 2016; Peng et al. 2010b, 2015; Chartab et al. 2020).

Denser environments favour elliptical QGs over disky SFGs, because such environments

enhance galaxy-galaxy interactions (Section 1.2.3). Several studies address the environ-

mental impact on galaxy morphologies by studying galaxies in galaxy groups, clusters

and cores of the clusters as compared to galaxies in the field or low density environments

(Gutiérrez et al. 2004; Rettura et al. 2010; Cooper et al. 2012; Lani et al. 2013; Scoville

et al. 2013; Newman et al. 2014). In this study, we investigate galaxies in clusters (which

include both cluster outskirts and cores) and cluster cores along with the parent population

that includes all galaxies.

We do not find any significant difference in the size-mass relation between the mem-

bers of rich clusters in COSMOS (which include cluster outskirts and cores) and the par-

ent QG population (Figure 6.8). Both the intercepts and the slopes of the size-mass re-
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lation for the cluster galaxies are similar to the parameters of the size-mass relation for

their parent population. Our COSMOS cluster sample suffers from low number statistics

as we have analysed the morphologies of only 75 identified rich cluster members. We

suspect that the apparent lack of difference in the size-mass relation between members

of rich clusters and non-cluster galaxies is because our investigation is limited to galax-

ies more massive than 1010M�. Several studies indicate that mass quenching dominates

at higher masses (log(M∗/M�) & 10.2) and environmental quenching dominates at lower

masses ( log(M∗/M�). 10.2 , Peng et al. 2010b; Moutard et al. 2018; Chartab et al. 2020).

Since galaxy quenching contributes to progenitor bias in QGs (Section 1.2.2), the impact of

the environmental quenching mechanism should be more prominent at lower masses than

higher masses. Hence, studies that investigate lower mass regimes are needed to better un-

derstand the impact of the global cluster environment on the QG population. Although other

processes such as minor mergers and accretion can also affect size evolution, our study in

massive QGs in COSMOS clusters does not show any evidence for different effects that

these processes may have in clusters against the field.

We use K-S test to probe the effect of the environment on the size distribution of galaxies

that are cluster members in COSMOS. To do this, we compare the size distribution of the

COSMOS cluster galaxies and the parent COSMOS QG population in three mass bins

(Figure 7.5). We find that the p-values are greater than 0.4 in all mass bins. Thus, the size

distributions are not significantly different from each other. The Anderson Darling test2

2The Anderson Darling test is a modification of the K-S test to give more weight to the tails of the distri-
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Figure 7.5: Size distribution (rest-frame 5000 Å) in three mass bins. Blue histograms show
the distribution of the parent COSMOS QG population and orange histograms represent
galaxies identified as cluster members in COSMOS. Heights of the largest bins are nor-
malised to 1. p-values from K-S test are given in each panel.

Figure 7.6: Mass distribution of COSMOS cluster members (orange) and the parent COS-
MOS QG population (blue). The p-value from the K-S test is also given.



CHAPTER 7. DISCUSSION 145

(Anderson & Darling 1952; Stephens 1974) also gives similar results. These statistical tests

may not be affected significantly by the difference in the mass distribution of the parent

and cluster samples because the mass distributions are not statistically different (Figure

7.6), although the smaller size of the COSMOS cluster sample is a concern especially in

the highest mass bin (11 < log(M∗/M� ≤ 11.5) with only 11 cluster members3. Thus,

our analysis suggests that the environment may not alter the size distribution of massive

galaxies in clusters.

The trend in the Sérsic index-mass relation of these cluster members (Figure 7.7) is

also similar to the whole QG population studied; the Sérsic index monotonically increases

with stellar mass. However, the average values in n are slightly different between cluster

and parent populations. The median values of n for cluster galaxies are lower than those

for the parent population at lower masses (log(M∗/M�) . 10.5) and this is probably a

result of enhanced progenitor bias in the cluster sample due to newly quenched galaxies

being added to the sample through environmental quenching. In contrast, the median values

of n are higher for the cluster members than their parent QG sample at higher masses

(log(M∗/M�) & 10.5). These higher values of n at higher masses in cluster QGs may

indicate minor mergers and accretion are important at the cluster outskirts. However, we

can investigate the impact of progenitor bias and mergers only by incorporating galaxy

ages. Progenitor bias should yield younger galaxies (with lower n) at lower masses while

butions than the K-S test.
3The Anderson Darling test is not robust if the sample size is very small (. 20).
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Figure 7.7: Relation between Sérsic index and stellar mass of cluster member galaxies in
COSMOS. Measurement uncertainties present in n and mass are shown as error bars in the
top left corner. Median Sérsic indices in different mass bins are denoted by larger data
points (maroon) with their error bars obtained through bootstrapping. Median values of n
of the parent QG sample are shown in orange. Note that the error bars in the median values
of n of the parent sample are smaller than the data points.

growth through galaxy interactions should result in older population (with higher n) at

higher masses. We will address this in future works. We will also be able to improve our

statistics by studying a larger cluster sample in the complete CLAUDS+HSC-SSP area.

The environmental effects are clearer in the cores of clusters because the difference

between HST CLASH cluster core members and the COSMOS QG population is signif-

icant. Galaxies in cluster cores are smaller than their field counterparts at higher masses

(log(M∗/M�) & 10.2) but both cluster core and field galaxies have comparable sizes at

log(M∗/M�). 10.2. Consequently, cluster core galaxies have a weaker size-mass relation.

These observed characteristics of the size-mass relation of galaxies in the cluster cores (Fig-

ure 6.12) are probably a result of the combined effects of progenitor bias, harassment and



CHAPTER 7. DISCUSSION 147

Figure 7.8: Size distribution in three mass bins. The blue histograms show the distribution
of the COSMOS QG population and the orange histograms show the distribution of the
HST CLASH galaxies. The heights of the most populated bins are normalised to 1. The
p-values from the K-S test are given in each panel.

tidal stripping. Progenitor bias arising from environmental quenching mechanisms such

as strangulation (Section 1.2.3) yields extended young galaxies (Dn4000 < 1.5) at lower

masses (left panel in Figure 6.12). At the same time, harassment and tidal stripping prevent

galaxies from growing in size and instead remove their stellar populations from the galaxy

outskirts. Consequently, the slope of the size-mass relation flattens in the cluster cores.

Therefore, in the cluster core environments, we report an evolutionary scenario that

may be different than in lower density environments (including cluster outskirts and galaxy

groups). We investigate the effects of the environment on the size evolution further using

a K-S test. A K-S test between COSMOS QGs and HST CLASH cluster member galax-

ies in three mass bins (Figure 7.8) shows that the size distribution of both populations are

statistically different from each other at higher masses (M∗ > 1010.4 M�), although the dis-

tributions are statistically indistinguishable at lower masses (M∗< 1010.4 M�). This bolsters

our hypothesis that the evolution of galaxies in cluster cores is different than in other en-
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vironments due to higher efficiency of environmental processes such as tidal stripping and

harassment at least at M∗ > 1010.4 M�. The K-S test results are also consistent with the dis-

appearance of older galaxies via minor mergers with the BCG or extreme tidal disruptions

(galactic cannibalism). Galaxies with higher masses are more susceptible to dynamical

friction than galaxies with lower masses (Chandrasekhar 1942) and they eventually merge

with BCGs losing their orbital energy. This process results in the absence of young galaxies

(Dn4000 < 1.5) with higher masses near the cluster centre (Figure 6.11). Thus, we infer

that environment plays a major role in the morphological evolution of galaxies in the cluster

cores.

Our analysis of the cluster cores is also limited by the sample size. Limitation in the

sample size will be addressed in future works by measuring stellar masses of the cluster

members identified through the red sequence in this study. Additionally, we could observe

these clusters using spectroscopy to confirm the membership of the red sequence selected

members. In this study, we have assumed that all members selected using the red sequence

are old but with the Dn4000 index estimated from spectroscopic data, we could confirm

their age.



Chapter 8

Conclusions

We measure the morphology (size and concentration of light profiles) of SFGs and QGs in

the COSMOS/UltraVISTA region at 0.1 < z < 0.9 using the g, r, i and z bands from the

CLAUDS+HSC-SSP survey. Additionally, we also measure the morphology of galaxies

residing in the cores of 5 HST CLASH clusters at 0.18 < z < 0.29 using f814w images.

We perform simulations to estimate the systematic uncertainties present in the measure-

ments of galaxy morphology. With the help of these morphology measurements, we have

investigated the evolution of morphology for SFGs and QGs separately and the factors that

contribute to the observed evolution.

At all redshifts within 0.1 < z≤ 0.9, we confirm the previously known result that SFGs

and QGs differ significantly in their morphologies. At rest-frame 5000 Å, SFGs are larger

in size than QGs at a given stellar mass and redshift. However, QGs have more centrally

149
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concentrated light profiles than do SFGs.

We study the size-mass relation of QGs and SFGs in CLAUDS+HSC-SSP data by fitting

a linear relation between galaxy size (Re) at rest-frame 5000 Å and stellar mass (M∗/M�)

in log-log space. We estimate galaxy sizes at rest-frame 5000 Å either by correcting the

size measurements in i-band or using a combination of r, i and z bands to bracket rest-

frame 5000 Å at a given redshift. Consistency in the observed size-mass relations between

both methods indicates the robustness of the results from this thesis. Based on the best-fit

size-mass relation in five redshift bins, we estimate the evolution in characteristic sizes of

galaxies at a fixed mass (M∗ = 5×1010 M�) since z ∼ 1, Re ∝ (1+ z)β . Additionally, we

analyse the size-mass relation of cluster galaxies in COSMOS and galaxies in the cores of

the CLASH clusters.

Following are the important results from this thesis:

1. We confirm a weak correlation between the size and mass for SFGs (M∗ > 109.5

M�); at 0.1 < z < 0.9, the slopes of the size-mass relation, d log(Re/kpc)
d log(M∗/M�)

, for SFGs

range from ∼ 0.2−0.3. We also find a weak evolution in the slopes of the size-mass

relation for SFGs over the redshift range we probe: the slope steepens with cosmic

time for SFGs. The observed redshift evolution of the characteristic sizes of SFGs

in this study (β =−0.45±0.11) is slower for SFGs compared to previous studies at

higher redshifts (z > 1).

2. The evolution of the SFG size-mass relation can be understood by the changing frac-
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tions of red (U−V > 1 in rest-frame) and blue (U−V ≤ 1 in rest-frame) SFGs with

redshift. Our results show that the fraction of red SFGs increases with cosmic time

while the fraction of blue SFGs decreases. Since blue SFGs tend to have larger sizes

and lower masses than red SFGs, a high abundance of blue SFGs can flatten the size-

mass relation of SFGs. However, as the fraction of blue SFGs decreases with cosmic

time, the slope of the size-mass relation steepens to lower redshifts, as is observed in

our data.

3. Consequently, the changing SFG red fraction can contribute to the changing pace

of size evolution in the SFG population. Larger blue SFGs become less abundant

with cosmic time and this decreasing fraction of blue SFGs affects the overall size

distribution of SFGs. The increase in the abundance of smaller red SFGs with respect

to blue SFGs slows down the pace of the size growth in SFGs.

4. The morphological features of SFGs and the increasing red fraction are consistent

with the growth of bulges in SFGs. The distribution of Sérsic indices has a more

prominent high Sérsic index tail for red SFGs than blue SFGs, implying that more

red SFGs are bulge dominated than blue SFGs.

5. We confirm the strong correlation between the size and mass for massive QGs (more

massive than the pivot mass (Mp) that separates massive QGs from low mass QGs);

at 0.1 < z < 0.9, the range of slopes of the size-mass relation for massive QGs is
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∼ 0.6−0.9. We find a weak evolution in the slopes of the size-mass relation for QGs

since z ∼ 1: the slope becomes shallower with cosmic time. We also confirm the

redshift evolution of the characteristic sizes of QGs at a faster pace (β = −1.06±

0.11) compared to SFGs over the redshift range we probe.

6. Based on our analysis of the Sérsic index-mass relation, we conclude that minor

mergers play an important role in the evolution of QGs. However, the semi-empirical

model that is most consistent with the minor merger scenario alone cannot reproduce

the observed Sérsic index-mass relation. Therefore, we speculate that the evolution

in size-mass relation for QGs may be the result of more than one physical process.

7. We observe an evolution in the pivot point in the size-mass relation for QGs that

separates massive QGs from low mass QGs. The mass at the pivot point (Mp) shifts

to lower masses with cosmic time. Thus, as the Universe ages, more low mass QGs

enter the steeper size-mass relation.

8. The size-mass relation of the massive QGs in the clusters in the COSMOS/UltraVISTA

region is similar to that of the massive QGs in the field. This similarity shows

that environment has no significant effect on the morphology of massive QGs at

0.1 < z < 0.9. However, there is some difference in the Sérsic index-mass relation of

QGs in the clusters and the field. At intermediate masses (10. log(M∗/M�). 10.5),

QGs in the clusters have lower Sérsic index compared to QGs with same masses in
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the field, which suggests that the galaxies at this mass range in the clusters may have

a significant fraction of newly quenched disky galaxies. In contrast, at higher masses

than log(M∗/M�) ∼ 10.5, cluster QGs have lower Sérsic index than field QGs sug-

gesting that evolution of galaxies through minor mergers and/or accretion at cluster

environments may be stronger than in the field. A stronger evolution through the

mergers and/or accretion at higher masses can compensate the progenitor bias in the

lower masses thereby maintaining a uniform slope of the size-mass relation.

9. The morphology of galaxies in the cores of the HST CLASH clusters differ signifi-

cantly from the galaxies in the field. The size-mass relation of galaxies with higher

masses (log(M∗/M�)& 10) in the cluster cores has a slope of∼ 0.33, in stark contrast

with the slope of similar galaxies in the field at 0.1 < z < 0.3 (∼ 0.61).

10. QGs with lower masses (log(M∗/M�). 10.2) in the cluster cores are comparatively

larger than their counterparts in the field. Moreover, these low mass galaxies in the

cluster cores are generally younger than more massive core galaxies. The sizes and

ages of QGs at lower masses imply a progenitor bias arising from the quenching of

galaxies in the cluster cores at lower masses.

11. Galaxies with higher masses (log(M∗/M�)& 10.2) in the cluster cores, on the other

hand, are smaller than those in the field. We infer that the difference in the sizes of

massive galaxies and the slope of the size-mass relation in cluster cores with respect
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to the general quiescent population may be due to their extreme environment that

suppresses galaxy growth through mergers or accretion.

In summary, we find evidence for bulge growth in the SFGs that slows down the evolu-

tion in SFG sizes. The observed features in the size-mass relation for QGs can be caused

by several factors including progenitor bias, fading of disks, minor mergers and adiabatic

expansion. Although we do not find any significant difference in the morphological evolu-

tion of massive QGs (M∗ > Mp) between cluster environment and the field in COSMOS,

our results from the analysis of the morphology of galaxies in the HST CLASH data show

that the extreme environments play a dominant role in the evolution of galaxies in the cores

of clusters.

8.1 Future Directions

We intend to extend our morphological studies to the entire 18.6 deg2 of the CLAUDS+HSC-

SSP in U , g, r, i, z and y bands at 0.1 < z < 0.9. Such a large sky coverage will help us

to reduce the impact of large scale structures and sample variance in our data. Inclusion

of the U-band will enable us to analyse how quenching affects galaxy morphology because

comparing galaxy morphology in the U-band and at longer wavelengths (e.g., z-band) can

give insight into the differences between regions with young stars (blue) and those with

predominantly old stars (red) in a galaxy. Moreover, we could utilise the U-band data along

with longer wavelength datasets to constrain spatially resolved galaxy spectral energy dis-
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tributions and thereby, analyse the central concentration of stellar mass and star formation

in galaxies.

We could study the impact of several processes on galaxy morphology in the CLAUDS+HSC-

SSP sample as discussed in Chapter 7 by incorporating age indicators such as rest-frame

colours. Studying the environment of each galaxy studied by looking at the number of

its close companions could help us analyse the minor merger and accretion driven growth

scenario in QGs. Constraining merger fractions with the results from simulations such as

Illustris could additionally help us to understand the extent to which minor mergers affect

the observed evolution in QG morphology. Besides, one could address the impact of adi-

abatic expansion on the evolution of QGs by studying the evolution in the number density

of AGNs since z ∼ 1. Furthermore, multi-component fitting of galaxy light profiles would

enable us to measure B/T ratios and quantify bulge growth in SFGs.

In our future work, we will measure the masses of all the galaxies identified as members

of HST CLASH clusters using the red sequence method, which will more than double the

current sample size to study the size-mass relation of galaxies in the cluster cores. We also

intend to observe these members identified by the red sequence method with spectroscopy,

which will help us to confirm their membership and constrain their ages.
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Simulation Results in g, r and z Bands
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A

Figure A.1: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in g-band (Section 5.2). Details are same as Figure 5.9. A: ℜd as a function of
output magnitude; B: ℜd as a function of output size; C: ℜd as a function of output Sérsic
index. Note that the scaling in y-axis is not uniform across the panels.
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B

C

Figure A.1: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in g-band (continued)
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A

Figure A.2: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in r-band (Section 5.2). Details are same as Figure 5.9. A: ℜd as a function of
output magnitude; B: ℜd as a function of output size; C: ℜd as a function of output Sérsic
index. Note that the scaling in y-axis is not uniform across the panels.



APPENDIX A. SIMULATION RESULTS IN G, R AND Z BANDS 160

B

C

Figure A.2: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in r-band (continued)
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A

Figure A.3: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in z-band (Section 5.2). Details are same as Figure 5.9. A: ℜd as a function of
output magnitude; B: ℜd as a function of output size; C: ℜd as a function of output Sérsic
index. Note that the scaling in y-axis is not uniform across the panels.
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Figure A.3: Violin plots of relative difference (ℜd) in parameters as a function of output
parameters in z-band (cont.)
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Figure B.1: Linear fits to the size-mass relation of galaxies in rest-frame 5000 Å obtained
using the combination of r, i and z bands (Section 6.1). Massive QGs are selected using Mp
obtained through Equation 6.1.6. Rest of the details are same as Figure 6.2. Note that the
scaling in x-axis is not uniform across the panels.
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van de Voort F., Bahé Y. M., Bower R. G., Correa C. A., Crain R. A., Schaye J., Theuns T.,

2017, Monthly Notices of the Royal Astronomical Society, 466, 3460

van der Kruit P. C., Freeman K. C., 2011, Annual Review of Astronomy and Astrophysics,

49, 301

van der Kruit P. C., Searle L., 1981, Astronomy and Astrophysics, 95, 105

van der Wel A., et al., 2011, The Astrophysical Journal, 730, 38

van der Wel A., et al., 2014, The Astrophysical Journal, 788, 28

http://dx.doi.org/10.3847/0004-637X/824/2/68
http://dx.doi.org/10.1093/mnras/113.2.134
http://dx.doi.org/10.1088/0004-637X/709/2/1018
http://dx.doi.org/10.1093/mnras/stw3356
http://dx.doi.org/10.1146/annurev-astro-083109-153241
http://dx.doi.org/10.1088/0004-637X/730/1/38
http://dx.doi.org/10.1088/0004-637X/788/1/28

	Introduction  
	Evolution of Galaxy Morphology 
	Processes Driving the Structural Evolution of Galaxies
	Star-Forming Galaxies 
	Quiescent Galaxies 
	Environment and Galaxy Morphology 

	Motivation and Goal of this Thesis

	Data
	CLAUDS+HSC-SSP Survey 
	Images 
	Available Data Products 

	HST CLASH Survey
	Images 
	Available Data Products 


	Sample Selection
	CLAUDS+HSC-SSP Survey 
	Redshift and Stellar Masses 
	Classification into Star-forming and Quiescent 
	Clusters 

	HST CLASH Survey 

	Methodology 
	GALFIT 
	Sérsic Profile 
	Fitting Process 
	Cutouts and Masking 
	Sérsic Profile Fitting 

	Measurements 
	Wavelength Correction 
	Comparison with Literature 


	Simulations 
	Simulation Process
	Simulation Results 
	CLAUDS+HSC-SSP Survey
	HST CLASH Survey


	Results 
	Size-Mass Relation 
	Star-Forming Galaxies 
	Quiescent Galaxies 

	Sérsic Index 
	Environment 
	COSMOS Clusters 
	HST-CLASH Clusters 


	Discussion 
	Evolution of Star-Forming Galaxies 
	Evolution of Quiescent Galaxies 
	Effects of Environment 

	Conclusions  
	Future Directions

	Simulation Results in g, r and z Bands 
	Size-Mass Relation using r, i and z Bands 

