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Abstract

We present a morphological analysis of the 29 spectroscopically confirmed mem-

bers of the most massive galaxy cluster at z ∼ 2, XLSSC 122. The cluster was dis-

covered in the XMM Large Scale Structure survey as a faint, extended X-ray source

and was later confirmed via a Sunyaev-Zel’dovich decrement along its line of sight. We

perform photometry using Statmorph on images of the cluster members from the

Hubble Space Telescope (HST) Wide Field Camera (WFC3) in the F140W and F105W

bands. We perform visual assesment of the images, as well as non-parametric mor-

phological analyses based on measurements such as the concentration C, asymmetry

A, Gini and M20 to classify the cluster members as being bulge-dominated, disky or

possible mergers. The properties of the XLSSC 122 members show clear evidence

of bimodality. The bulge-dominated galaxies are redder, older and are found in the

denser regions of the cluster, while the galaxies showing disturbed features are bluer,

younger, and are found towards the outskirts of the cluster. XLSSC 122 is also found

to be deficient of the blue and disturbed galaxy populations compared to galaxies from

CANDELS/3D-HST field surveys. We further consider results from dark-matter only

cosmological simulations presented in Cosmosim to derive the merger history of the

members in cluster halos such as XLSSC 122 at the epoch of observation. The ana-

lysis of the simulated data along with the morphological observations, suggest that

the galaxy interactions that induce structural disturbances in the blue population of

XLSSC 122 members occurred at redshifts in the range 2 < z < 3. This epoch is

likely to indicate to the time prior to the infall of these galaxies into the virial radius

of the cluster, where galaxy mergers and star formation are eventually suppressed,

resulting in their evolution into bulge-dominated red-sequence galaxies.
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Chapter 1

Introduction

1.1 Discovery of Galaxy Clusters

Galaxy clusters are the most massive environments of the Universe. Catalogues of

clusters date as far back as the 18th century, among observations made by Charles

Messier and Wilhelm Herschel (Messier, 1781; Herschel, 1785). At the time, the

notion of the structure of galaxies as known today was still unestablished, and they

were referred to as ‘nebulae.’ Early astronomers of the 18th and 19th century were

able to perceive that these ‘nebulae’ were distinct from stars and comets due to their

fuzzy structures and fixed positions on the plane of the sky. As catalogues of these

objects became larger, some ‘nebulae’ appeared to have a tendency to cluster. It was

only after the studies of Edwin Hubble that the idea was put forward that some of

these nebulae were actually extragalactic and they were then recognised as systems of

complete stellar populations (Hubble, 1925, 1926a,b). Consequently, the perspective

of astronomers on the scale of the universe was revolutionised upon realising that the

observed concentrations of nebulae, were actually colossal clusters of galaxies.

In subsequent studies, measurements of galaxy velocities were made, leading to

the assumption that galaxies in clusters are in virial equilibrium1, that in turn permit

the derivation of the mass encompassed within clustered galaxy regions (Hubble &

Humason, 1931). The masses of the two nearby galaxy clusters, Virgo and Coma were

found using such measurements to be 4.5×1013M⊙ and 1014M⊙, respectively (Zwicky,

1933, 1937; Smith, 1936). These studies revealed that the average mass per galaxy

within those clusters exceeds the galaxy stellar mass measured from the luminosity, by

1refers to when the kinetic energy is − 1
2 the total gravitational potential energy of a stable,

self-gravitating body.
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a factor of about 200 to 400. Attempts to explain this puzzling observation, resulted

in the speculations that the mass discrepancy is due to the presence of an invisible,

uniformly distributed cloud of ‘internebular’ material, dark matter.

The concept of dark matter became more popular following the discovery of the

hot from observations of galaxy clusters at X-ray wavelengths (Cavaliere et al., 1971;

Forman et al., 1972; Meekins et al., 1971). The ICM is made up of hot diffuse

gas and plasma, which account for the majority of the baryonic matter mass in

galaxy clusters, with the other baryonic component being the mass from the stellar

population within the galaxies themselves(Kravtsov & Borgani, 2012). The added

mass of the ICM, however, was still not sufficient to explain the mass discrepancy,

which hence reinforced the need for dark matter. For instance, the Coma cluster is

found to be composed of 85% dark matter, 14% baryonic matter in the ICM, and

just 1% baryonic matter within its galaxy members ( Lokas & Mamon, 2003).

Galaxy clusters, being the most massive structures of gravitationally bound galax-

ies, provide a unique laboratory to investigate the effects due to repeated interactions

between galaxies, the ICM, and dark matter and better understand their connection

to the large-scale structure of the Universe.

1.2 Colour Bimodality of Galaxy Cluster Mem-

bers

An interesting property observed for galaxies in clusters, is that they can be classified

into two distinct groups based on their colour. Colour is often used as a proxy for

describing the star formation activity and age of a galaxy. Galaxies that are young and

actively forming stars are typically bluer while older galaxies with low star formation

rates tend to be redder. These relationships have been long known, based on the

development of the colour-magnitude diagram (CMD), which made the bimodality of

galaxies more apparent (de Vaucouleurs, 1961; Chester & Roberts, 1964; Visvanathan

& Sandage, 1977). The CMD separates galaxy populations into two main groups:

the red-sequence and the blue cloud. As galaxies evolve and become older, their star

formation activity is eventually suppressed and they become redder. Assuming this

evolution suite, the position of galaxies on the CMD can trace their evolution from

the blue cloud to the red-sequence, as shown in Figure 1.1 (Ferreras et al., 2021).
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Figure 1.1: Schematics of galaxy evolution from the blue cloud to the red-sequence on
the CMD. Black arrows show the galaxy evolution path. Figure from Ferreras et al.
(2021).
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The colour limit of the red-sequence, was observed to become redder with in-

creasing environmental density (Balogh et al., 2004). As such, the stark distinction

between the environment within clusters and the rest of the universe (i.e. in the field)

becomes apparent when comparing the CMDs of these galaxy populations. Baldry

et al. (2006) shows that the proportion of red-sequence galaxies, is larger in cluster

populations than in the field. This difference suggests that galaxies in the dense en-

vironment of clusters may have experienced a faster evolution from the blue cloud to

the red-sequence than field galaxies.

1.3 Galaxy Cluster Detection

As the importance of galaxy cluster studies became apparent to constrain parameters

of the large scale structure of the Universe, methods to detect clusters efficiently at

low to high redshifts were developed. The three main methods generally used are

presented below.

1.3.1 X-ray

The emission resulting from the deceleration of a charged particle when deflected

electromagnetically is called bremsstrahlung radiation. The loss of kinetic energy

when the particles decelerate due to the interaction with the ICM, is emitted as a

photon in the X-ray regime (Cavaliere et al., 1971). The hardness of X-ray emission

shows dependence on the ICM temperature, which is consistent with the velocities

of the clustered galaxies. According to the mass-temperature relation, which states

that the temperature of the ICM is proportional to the cluster mass, i.e. Tgas ∝ M
2/3
vir

(Shimizu et al., 2003), a galaxy cluster with a mass of 1014M⊙, such as the Coma

cluster, will have an ICM temperature of ∼ 8 keV. At these high temperatures (≥ 0.9

keV) the gas content is expected to be fully ionised, and thus the primary form of

emission occurs through free-free (bremsstrahlung) emission (Mo et al., 2010). As

such the X-ray emission can be used as a signal to detect galaxy clusters within

surveys such as the ROSAT-ESO Flux-limited X-Ray Survey (Böhringer et al., 2002)

and the XMM Survey (Mehrtens et al., 2012).
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1.3.2 SZ effect

Photons from the Cosmic Microwave Background (CMD) interact with thermal elec-

trons of the hot ICM through inverse Compton scattering. As a result, the CMD

spectrum towards the cluster is modified to higher energy values. When viewed in a

limited frequency filter, regions where galaxy clusters lie can appear dimmer than the

field. This dimming is termed as the Sunyaev-Zel’dovich (SZ) decrement (Sunyaev

& Zeldovich, 1970). It is therefore possible to comb through millimeter wavelength

observations of the CMD for the presence of SZ decrements that signify the presence

of galaxy clusters.

1.3.3 Red-sequence Identification

The identification of galaxy overdensities as clusters goes back to Abell (1958). The

detection of these overdensities relies upon the colour bimodality of rich clusters,

i.e. the presence of the homogeneous red-sequence population. As a result, several

methods have been developed using the red-sequence as a direct indicator of overdens-

ity. Cluster finding algorithms such as redMapper (Rykoff et al., 2014), find galaxy

clusters by mapping the density of galaxies in a survey within narrow colour slices,

giving greater weight to brighter galaxies and flagging the highest overdensities as

candidate clusters (Gladders et al., 2007).

An advantage of this method of cluster detection and membership determination

is its simplicity, which allows the probing of clusters in imaging data of large-scale sur-

veys at optical and infrared wavelengths (Gladders & Yee, 2000). At higher redshifts,

however, the contrast of a cluster of galaxies against the background of non-cluster

galaxies becomes lower. Therefore, this lower contrast increases the likelihood that

cluster membership determined using the red-sequence identification method will be

contaminated by field interlopers.

1.4 Morphology

Back when galaxies were still thought to be ‘nebulae,’ descriptions of their structure

and morphology were already being discussed (Wolf, 1908). With developments in

photography, visual analysis and classification of the structure of ‘nebulae’ were made

possible, leading to the modern form of galaxy classification developed by Edwin

Hubble, known as the Hubble Tuning Fork (Hubble, 1926a). The Hubble sequence, as
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Figure 1.2: Hubble Sequence of Nebular Type from The Realm of the Nebulae
(Hubble, 1936).

shown in Figure 1.2, separates galaxies into two main types: ellipticals (S0, E0 to E7)

and spirals (Sa, Sb, Sc). A revised version was later developed to include structures

such as bars, rings, and other internal structures by de Vaucouleurs (1959). Ellipticals

tend to be smoother and bulge-dominated, while spirals present more substructures

and are more disk-like. During the development of this classification system, galaxies

were thought to evolve along the Hubble Sequence from left to right, starting off as

ellipticals and gaining structural complexity as they mature into spirals. As a result,

elliptical galaxies were termed early-type galaxies, while spirals were termed late-type

galaxies.

Concurrent studies established that the visual structures of galaxies could be

linked to their intrinsic properties (Holmberg, 1958). Elliptical galaxies are found to

be more massive and redder, with low star formation rates (SFR) and low rotational

velocities, while spirals to be less massive, bluer and have active star formation and

higher rotational velocities (Bernardi et al., 2010). The morphological classification,

hence closely relate to the colour bimodality expressed in the CMD. These obser-

vations contributed to disrupting the evolutionary scheme following the Hubble se-

quence, as it is unlikely for ellipticals to rotate spontaneously more quickly to become

spirals, without external processes. Nevertheless, the terms early-type and late-type

are still commonly used to describe ellipticals and spirals, respectively.

The morphology of a galaxy is highly dependent on the activity of its stellar

population (Buta, 2013). Galaxies undergoing active star formation, generally have
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morphologies distinct from those of passive galaxies (Kennicutt, 1998). In local galax-

ies, the gas-rich, clumpy arms of spiral galaxies are locations of active star formation.

On the other hand, ellipticals show rapidly declining star formation rates or no star

formation activity whatsoever. The main processes responsible for the triggering and

cessation of star formation in galaxies have been the subject of multiple studies and

debates (Stewart et al., 1999; Grudić et al., 2018; Luisi et al., 2021).

One of the ways through which galaxies grow in mass is through galaxy inter-

actions and mergers. During these events, the resulting gas dynamics, affects the

structure of the interacting galaxies, leaving them with irregular features, and im-

prints in the morphology of the merger remnant (Joseph & Wright, 1985; Sanders &

Mirabel, 1996). For instance, interactions between two gas-rich galaxies, known as

a ‘wet merger,’ may induce compression of their constituent gas and cause shocks,

triggering additional star formation and resulting in clumpy disks. Another possib-

ility arising from of this kind of interaction, is the increase in nucleic activity, which

may result in the disruption of the disks, and the formation of an elliptical merger

remnant (Lin et al., 2008; Barton et al., 2000; Pearson et al., 2019; Lotz et al., 2008b).

Conversely, ‘dry mergers’, which occur between gas-poor galaxies and are generally

smoother with low SFR. Dry mergers do not cause dramatic changes in the star form-

ing activity, but are one of the main methods by which massive red galaxies accrete

more stellar mass. Consequently, the morphology of a galaxy can be used as a merger

indicator and gives us insights on its formation history and the paths through which

its evolution took place.

With the advent of deep-field surveys and imaging with better resolution from the

Hubble Space Telescope (HST), observations of galaxies at larger distances and higher

redshifts became possible. These data unveiled further aspects of the formation of

galaxies, for instance, the structure of distant galaxies is significantly different from

what is observed in the local universe. Namely, galaxies appear to progress from

being small, irregular, and star-forming at high redshifts to being the massive, red

galaxies found at low redshifts, and that the Hubble sequence was not in place at

z > 1. Furthermore, following the studies done by Madau & Dickinson (2014), the

star formation rate density in the universe was found to peak around redshift z ∼ 2.5,

which is known as the cosmic high noon. Studying the morphology of galaxies at this

epoch opens another window to our perspective on the state of the universe during

its early stages.

With more technological progress and the invention of Charged Coupled Devices
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(CCD), detailed quantitative measurements of the light distribution of galaxies be-

came possible, which revolutionised the morphological studies of galaxies (Peng et al.,

2002; Simard et al., 2011). Thus, the classification of galaxies based on their struc-

tures no longer relied solely on the qualitative interpretation of their features. These

measurements facilitate the comparison of galaxies at different redshifts.

One of the most common methods for measuring galaxy structures is known as

the CAS system (Conselice, 2003), which describes the concentration, asymmetry, and

smoothness of the light distribution of galaxy images, and thus captures their major

structural features. Different types of galaxies are found to have different combina-

tions of these parameters. For instance, ellipticals generally have high concentration

values, while spirals have low smoothness values. Other parameters such as the ones

presented by Abraham et al. (2003) and Lotz et al. (2004), include the Gini and M20

coefficients, which are used extensively in this study.

1.4.1 Morphology-Density Relation

The morphologies of galaxies correlate with the local environment they occupy. Dressler

(1980) found that the fraction of elliptical and non-star-forming galaxies increases as

the density of the local environment increases, while the fraction of spirals and star-

forming galaxies decreases. This trend is known as the morphology-density relation

(Fig.1.3). Additionally, the intrinsic properties of galaxies are affected by environ-

mental processes that impact their star formation and mass accretion rates, such as

ram-pressure stripping and tidal stripping during galaxy interactions and mergers

(Tempel et al., 2011; Papovich et al., 2018).

Moreover, the properties of galaxies within the same morphological classifica-

tion, can differ depending on their local environment. For instance, spiral galaxies

in clusters tend to be redder and have lower star formation rates than field spir-

als do(Kennicutt, 1983; Gavazzi et al., 2006). This observation, together with the

morphology-density relation, suggest that galaxies in denser environments evolve

faster than in the field and are experiencing mechanisms that shut down star forma-

tion. Several studies find that the morphology-density relation was already in place at

z ∼ 1 (Postman et al., 2005; Smith et al., 2005; Capak et al., 2007). The comparison

of galaxy morphologies at higher redshift between clusters and the field may shed

light on the evolutionary mechanisms through which the morphology-density relation

observed in the local universe was established.
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Figure 1.3: The morphology density relation for ellipticals (open circle), S0 (dots),
Spirals and Irregulars (cross) from low to high density environments going from left
to right (Dressler, 1980).

1.5 Thesis Overview

The study of galaxy clusters is important for our understanding of the large-scale

structure of the universe and for constraining cosmological parameters. They provide

a unique laboratory to study the evolution of galaxies over a wide variety of envir-

onments where galaxies interact with the ICM and each other, ranging from within

their dense cores, to their outskirts and the field. Moreover, observing galaxy clusters

at high redshifts, provides a window into the state of these environments in the early

universe, and the possible properties of protoclusters that evolve into the clusters in

the local universe.
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In this study, we examine the spectroscopically confirmed members of the galaxy

cluster XLSSU J021744.1-034536 (XLSSC 122 onwards). XLSSC 122 is a mature

galaxy cluster at redshift z=1.98, that was detected in the XMM-Newton Large Scale

Structure survey (Pierre et al., 2004), from its extended X-ray emission, with sub-

sequent Sunyaev-Zel’dovich detection along its line of sight (Mantz et al., 2014). These

identifications make XLSSC 122 one of the few galaxy clusters with measurements of

its intracluster medium at the highest redshift. In particular the cluster provides an

exceptional site to study galaxy evolution with respect to their environment, around

cosmic noon.

XLSSC 122 has a mass of M500 = (6.3 ± 1.5) × 1013M⊙, within a radius of

r500c = 295 ± 23 kpc, corresponding to the region where the mean density of the

cluster is 500 times the critical density c, of the universe at that redshift (Mantz

et al., 2014, 2018). Subsequent studies of the cluster identify 37 galaxy members with

spectroscopic redshifts, using Hubble Space Telescope Wide Field Camera 3 (HST

WFC3) images in F105W and F140W bands and low-spectral-resolution slitless spec-

troscopy using G141 grism, following methods detailed in Willis et al. (2020). That

study concluded from the presence of a prominent red-sequence, that the cluster is

mature and that its members already have experienced their most active period of

evolution prior to observation. Follow-up studies agree with this hypothesis, suggest-

ing that the cluster members experienced accelerated size evolution at higher redshifts

and that the period of star formation of the red population happened before the viri-

alisation of the cluster on a short timescales (Noordeh et al., 2021; Trudeau et al.,

2022).

In Chapter 2, we describe the data used to perform photometry, the methods of

morphological analyses applied to classify the galaxy members of XLSSC 122 and

discuss the implications of our results. In Chapter 3, we use data from large-scale

structure simulations to deepen our understanding of the mass accretion history of

galaxy clusters such as XLSSC 122. We finally summarise our findings and present

the basis for future works in Chapter 4. Throughout this study, we adopt cosmology

with H0 = 70 km s−1Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. Thus, the age of the universe

is 3.26 Gyr at z = 1.98.
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Chapter 2

HST Image Morphological

Analysis of XLSSC 122

2.1 Hubble Space Telescope Images

XLSSC 122 is the most distant massive galaxy cluster identified via X-ray emission

at z ∼ 2. The cluster was discovered as an extended X-ray source in the XMM-

Newton Large Scale Structure survey (XMM-LSS) and correlated with an overdensity

of galaxies identified from the CFHTLS and Spitzer-SWIRE data, at a photometric

redshift z = 1.9 ± 0.2 (Willis et al., 2013). Mantz et al. (2014) confirmed a presence

of the hot ICM, in addition to a SZ decrement and performed further studies of the

cluster in deeper XMM-Newton observations that resulted in measurements of an

average temperature of kT = 5.0 ± 0.7 keV, a metallicity of Z/Z⊙ = 0.33+0.29
−0.17 and a

spectroscopically confirmed redshift z = 1.99+0.07
−0.06, based on the Fe line emission in

the X-ray spectrum (Mantz et al., 2018).

Subsequent deep imaging of XLSSC 122 by the HST WFC3 in F105W (9000-12000

Å) and F140W (12000-16000 Å) bands and slitless spectroscopy with G141 grism,

were obtained between November 4th 2017 and January 13th 2018. The respective

exposure times for F105W ,F140W and G141 were 2,612 s, 5,171 s and 26,541 s,

respectively. F140W and F105W correspond to rest-frame wavelengths of ∼ 3000 Å

and ∼ 5300 Å, respectively and therefore our observations span the 4000 Å break,

and sample both young and more evolved stellar populations. Images in the F140W

and F105W bands were reduced using GRIZLI (Brammer, 2019) and sources were

detected by applying SExtractor (Bertin, E. & Arnouts, S., 1996) on the F140W
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Figure 2.1: F140W image of the XLSSC 122 cluster. Blue circles mark the confirmed
cluster members and the red circle shows the BCG. The dashed circle shows the r200c
of the cluster.

images (Willis et al., 2020). The segmentation map obtained from the processed

F140W images is used to compute AB magnitudes in both bands, within an elliptical

aperture based upon the Kron radius (Kron, 1980), with Kron factor, k = 0.8. Figure

2.1 shows the WFC3 F140W image of XLSSC 122 with the position of the brightest

cluster galaxy (BCG) and the virial radius of the cluster r200c = 443±35 kpc indicated.

Spectroscopy was performed by building full field spectral contamination models

on the G141 images for sources matching the F140W segmentation map. Robust

contamination models were obtained by splitting the G141 observations into four ori-

entations and two-dimensional spectra for each source were extracted. A probability

distribution function, PDF for the redshift of each source was derived by fitting the
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spectra to a suite of galaxy templates with 0.2 < z < 4. The best fitting models were

selected on using a minimum χ2 test.

The integral of the redshift PDF within 1.96 < z < 2.00, Pmem was used to

confirm cluster membership for the sources from the F140W image. Those galaxies

with Pmem > 0.5 and F140Wkron < 24 were defined as ‘gold’ members, resulting in

a sample of 29 spectroscopically confirmed XLSSC 122 members. This sample of

galaxies, with cutouts in F140W band shown in Figure 2.2, represents the primary

dataset used in this thesis.

Figure 2.3 shows the cluster members separated into two populations based on

the bimodal distribution of their F105W-F140W colour into Red-Sequence and Blue-

Cloud galaxies. These observations suggest that XLSSC 122 is a mature cluster with a

well-defined sample of members with evolved stellar populations (Willis et al., 2020).

2.1.1 HST Image Visual Inspections

We visually inspect each of the F140W images of the 29 XLSSC 122 members

(Fig.2.2). After examining the shape of the cluster members together with their

isophotes, we find ten members (ID 146, 240, 434, 454, 455, 554, 604, 726, 808 and

1065) with structures that may indicate recent galaxy interactions (Fig.2.4).
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ID 434, 454, and 726 show the greatest disturbance in their structures and highly

asymmetric shapes. The brightest pixels of ID 146, 554, and 1065 appear to be off-

center, and their contour maps trace ‘tail-like’ structures. ID 240, 604 and 808 show

the presence of double-nuclei. Finally, ID 455 is generally smooth, but its contour

map reveals a ‘tail-like’ structure.

The morphologies of these ten galaxies are quantified and further discussed through-

Figure 2.2: HST F140W image cutouts of the 29 ‘gold’ cluster members with isophotes
overplotted. The BCG is shown with ID 529.
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Figure 2.3: Colour-Magnitude Diagram (F105W-F140W vs F140Wkron) of the XLSSC
122 cluster members. Green circles shows the visually disturbed members (Fig.2.4).
The black line shows the least square fit to the distribution of the red sample. The
grey dot-dashed line shows the lower colour limit (F105W-F140W = 1.15) to be
considered a red-sequence galaxy. A reiteration of Fig. 3 from Willis et al. (2020)

out this study.

2.2 Additional Data

In addition to the HST images of the cluster, we use measurements from previous

related studies. In doing so, we aim to expand our understanding on the processes af-

fecting the morphology of XLSSC 122 members and to investigate their juxtaposition

against other galaxy populations.
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Figure 2.4: F140W images with isophotes of the 10 cluster members showing disturbed
structures.

2.2.1 Sérsic Index Measurements

Noordeh et al. (2021) performed a preliminary morphological analysis of the spectro-

scopically confirmed XLSSC members from the same HST images described in Section

2.1, as part of an investigation into the mass-size relation of high redshift galaxies.
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They measured the surface brightness of the cluster members by fitting the light dis-

tributions in F140W band to a single component, two-dimensional Sérsic profile using

galfit (Peng et al., 2002), defined by the exponent n, in Equation 2.1. They defined

bulge-dominated members as those having Sérsic indices > 2 and found that 78%

of the cluster’s red-sequence galaxies are bulge-like, on the basis of this criteria. No

significant correlations between the galaxies’ sizes, masses and morphologies, however

were found.

We use their Sérsic index measurements to supplement the morphological meas-

urements presented in this thesis to expand our understanding of the structure of the

XLSSC 122 members.

I(r) = I(re)exp

{
−κ

[(
r

re

)1/n

− 1

]}
, (2.1)

2.2.2 Mass and Age Measurements

Trudeau et al. (2022) analysed the mass accretion history of XLSSC 122. In their

study, they performed fittings on multiband photometry of the spectroscopically con-

firmed cluster members, using the python package Bayesian Analysis of Galaxies

for Physical Inference and Parameter EStimation (Bagpipes) version 0.8.4 (Carnall

et al., 2018), that generates SED models of their stellar populations. Hence, they

measured the age of the oldest stars, the characteristic time, the dust extinction, the

metallicity and total stellar mass.

Trudeau et al. (2022) classified the members into 4 different groups: very old, old,

young and star forming. They found that the red-sequence galaxies show a variety

of ages, yet all with short characteristic time, expressing a short duration of star

formation in this subset of member galaxies.

We use their resulting values of median age and stellar mass measured from the

full probability distributions of the star formation history parameters generated from

the SED fitting of the XLSSC 122 members.

2.2.3 Field Galaxy Sample

Similarly to the the study done by Noordeh et al. (2021), we build a sample of 531

field galaxies using images in the F140W and F814W (7000-10000 Å) bands from the

CANDELS/3D-HST survey, more specifically from AEGIS, COSMOS, GOODS-S,
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GOODS-S and UDS (Momcheva et al., 2016; Brammer et al., 2012; Skelton et al.,

2014). We select sources with spectroscopic redshifts in the range 1.9 < z < 2.1

and with F140W < 24 to match the members of XLSSC 122. The location of these

galaxies in the respective field surveys are shown in Figure 2.5.

Figure 2.5: Position of the Field surveys and the selected field galaxies within them
at z = 2.



19

In Section 2.4.4, we describe the morphological analysis of the field sample and

compare their measurements to those of the XLSSC 122 galaxies.

2.2.4 High Redshift Galaxy Clusters at 1.2 < z < 1.8

Sazonova et al. (2020) explored the morphology-density relationship within high red-

shift galaxy clusters. They performed morphological measurements from the HST

WFC3 images in the F140W and F160W bands of four galaxy clusters at redshifts

1.19, 1.40, 1.49 and 1.75. The sample of galaxy members within these clusters is

referred to as S20 hereafter, which provide a sensible sample of high redshift cluster

members to compare with the XLSSC 122 members, given similar data and analysis

methods. The one important difference is that our study uses spectroscopic data to

identify cluster members, whereas the S20 sample was built using a mixture of spec-

troscopic and photometric methods, with a heavy reliance on methods such as the

red-sequence identification method. Sazonova et al. (2020) used Statmorph (Sec-

tion 2.3.1) to perform photometry on the four clusters to measure the morphological

indices defined in Section 2.3.2 below. They concluded that the morphology-density

relationship observed in the local universe exists as far back as z = 1.75, suggest-

ing that bulge-dominated galaxies (early-type galaxies) were already established this

early in the history of the universe.

In Section 2.4.4, we compare the morphological measurements of the XLSSC 122

to those of the four high redshift galaxy clusters in S20.

2.3 Methods

2.3.1 STATMORPH

The non-parametric morphological measurements used in this study are calculated

using the Python package, Statmorph (Rodriguez-Gomez et al., 2019). It is a

publicly available code that follows the methods and definitions described in (Lotz

et al., 2004, 2008b). Measurements can be made on images containing a single or

multiple detection sources. In this study, we run the algorithm on individual cutouts

of each XLSSC 122 members, as opposed to the whole image of the cluster.

The Statmorph code requires the following input data:

• an image containing the object of interest given as a 2D array. We run the code
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separately for each cluster member by providing the cutouts as shown in Fig.

2.2.

• a segmentation map describing the object pixels in the image, given as a 2D

array of the same size as the image. We provide the segmentation map generated

within SExtractor to detect the sources from the HST image (Section2.1).

• the weight map representing the 1σ variation of each pixel value in the image

data product from grizli.

• a segmentation map representing pixels to be masked and excluded in the cal-

culation. We masked the pixels marking the position of foreground stars, which

resulted in the masking of only one object from the image.

2.3.2 Morphological Indices

Concentration

The concentration C, is defined as the ratio of the radii defining the 80th and 20th

isophotes of a source (Kent, 1985):

C = 5 log10

(
r80
r20

)
, (2.2)

Elliptical galaxies, which are more bulge-dominated systems, have higher values of

C, signifying that its light is concentrated in the center (Conselice, 2003). Similarly to

the Sérsic index defined in Eq.2.1 (Sérsic, 1963), C tends to decrease for later Hubble

type (disky) galaxies (Bershady et al., 2000).

Asymmetry

The asymmetry A, is a parameter defined to quantify the morphology of galaxies,

especially at high redshifts (Lilly et al., 1995; Brinchmann et al., 1998). This method

was shown to be effective in detecting features producing asymmetric light distribu-

tion, such as star formation, galaxy interactions, mergers or dust lanes (Conselice

et al., 2000a):

A =

∑
i,j |Ii,j − I180i,j |∑

i,j |Ii,j|
− Abgr, (2.3)
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where, Ii,j and I180i,j are the flux within each pixel of the original image and 180◦

rotated image, respectively. Abgr is the average asymmetry of the background.

A galaxy’s asymmetry value is calculated by rotating the galaxy image by 180◦

about the center of the object of interest and subtracting the resulting light distri-

bution from the original image, as shown in Eq.2.3 (Conselice et al., 2000a). Bulge-

dominated galaxies have very low asymmetry values (A ∼ 0.02), while spirals have

intermediate asymmetry values (0.07 < A < 0.2) and merging galaxies can have very

large asymmetry values (A ∼ 0.32).

Gini Index

The Gini index G, was originally introduced in economics (Gini, 2005), where it is

used to measure the distribution of wealth in a society. In astronomy, we use it

to measure the distribution of light among the galaxy pixels. To calculate G, all a

galaxy’s pixels are ranked from brightest to dimmest and Gini is defined as (Abraham

et al., 2003):

G =
1

X̄n(n− 1)

n∑
n=1

(2i− n− 1)Xi, (2.4)

where X̄ is the mean over the pixel values. However, Lotz et al. (2004) demonstrated

that the traditional definition of the Gini index as shown in Equation 2.4, becomes

less accurate for images with lower SNR, due to the increasing number of pixels with

flux values below the mean sky level. They altered the calculation for the Gini index

as shown in Equation 2.5, where G is calculated for the absolute values of the pixel

values, which thus makes the comparison of Gini indices for galaxies at high-redshift

comparable to local galaxies.

G =
1

|X̄|n(n− 1)

n∑
n=1

(2i− n− 1)|Xi|, (2.5)

where |X̄| is the mean of the absolute values |Xi|. A Gini index of 1 means that all

the galaxy light are concentrated in one pixel, while a Gini index of zero means that

the total galaxy flux is evenly distributed among all of the pixels belonging to the

galaxy. Highly concentrated early-type galaxies have higher Gini values while diffuse

galaxies with extended regions and weak bulges have low Gini values.

Similar to C, Gini measures the compactness of light of the galaxies, but it is
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independent of the position of the brightest region and does not require it to be in

the central region. Therefore, the Gini index is more sensitive to galaxy mergers and

double nuclei. Additionally, as shown by Lotz et al. (2004), it is less dependent on

limiting flux and the signal-to-noise ration (SNR) of the image, unlike concentration,

which makes it useful for high redshift analyses.

M20

M20 was first introduced by Lotz et al. (2004) and it is the measure of the second

moment (i.e. variance) of the spatial distribution of the highest 20% of the galaxy

light. It is calculated by ranking each of the galaxy pixels according to flux and the

spread of the brightest 20% of the pixels is calculated using the following:

µtot =
n∑

i=1

µi ≡
n∑

i=1

Ii[(xi − xc)
2) + (yi − yc)], (2.6)

M20 = log10

(∑
i µi

µtot

)
, while

∑
i

Ii < 0.2Itot, (2.7)

where µtot is the total second-order central moment, Itot is the total flux of the pixels

for the galaxy. A low (more negative) M20 value signifies that the brightest pixels are

concentrated in the central region and may correspond to spheroidal galaxies. A high

M20 (less negative) implies that the brightest pixels are offset from the center and

may correspond to bright star forming regions in disky galaxies, or merger features.

M20 is expected to correlate with C, according to their similar definition. However,

similarly to Gini, M20 weakly depends on limiting flux and SNR, as expressed in Lotz

et al. (2004).

Concentration-Asymmetry Diagram

Concentration and asymmetry measurements are part of a set of widely used non-

parametric morphological analysis tools, known as CAS (Concentration, Asymmetry

and Smoothness) statistics (Conselice, 2003).

Smoothness S, describes the patchiness or clumpiness of a galaxy’s light distri-

bution. It is defined as the summation of the residuals resulting from subtracting

the flux within pixels of a smoothed image from the original image (Conselice, 2003).

Ellipticals in general do not have high-spatial frequency power in their structures and

therefore have a smoothness value of around 0. On the other hand, galaxies that
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are undergoing star formation contain large amounts of clumpy regions and have lar-

ger S values. In this study, we do not consider the measurements of smoothness for

the cluster members, as they do not provide additional useful information and the

measurements appear to be less effective for high redshift objects with lower SNR

(Appendix A.1).

The relationship between concentration and asymmetry is one that is used in the

classification of galaxies based on their morphologies to separate populations with

disturbed structures from those that are more relaxed (Conselice, 2014). We use

this method to determine whether XLSSC 122 cluster members show more bulge-

dominated morphologies or features showing merger interactions.

Gini-M20 Diagram

Even if the C-A analysis is more straight forward, it is not without shortcomings. For

instance, the concentration, based on its definition, assumes a predefined center for

the circular apertures used and therefore implicitly assumes circular symmetry, which

makes it inefficient in describing irregulars. Lotz et al. (2004) explored multiple ways

to combine the aforementioned non-parametric methods to better classify galaxy mor-

phology and detect possible mergers. For instance, they compared the morphological

parameters of known ‘normal’ galaxies (E-Sd galaxies) to those of ultra-luminous in-

frared galaxies (ULIRGs). ULIRGs often show morphological features of on-going

or recent mergers, multiple nuclei and tidal features, resulting in high asymmetry

values. They found that multi-nucleus galaxies show larger differences in their Gini

index values (larger Gini index values) relative to ‘normal’ galaxies than seen when

their concentrations are compared. Additionally, in identifying single-nucleus galax-

ies, M20 is more robust than asymmetry especially at lower SNR. When plotting Gini

against M20, they find that ULIRGs are separated above ‘normal’ galaxies on the dia-

gram. The combination of Gini and M20 is more sensitive to mergers with baryonic

mass ratios between 1:1 and 9:1, while asymmetry becomes less efficient in finding

minor mergers with baryonic mass ratios greater than 4:1 (Lotz et al., 2004).

Lotz et al. (2008b) described regions on the Gini-M20 diagram that can be used

to separate galaxies into disky, bulge-dominated galaxies and possible mergers, based

on the location of visually classified galaxies at 0.2 < z < 0.4. The disky region

is populated by a combination of spirals and irregular galaxies, while the bulge-

dominated region contains ellipticals and spheroids. The region separating mergers
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is based on the location of ULIRGs showing visual characteristics of merger activity.

The regions on the diagram are defined as follows:

Mergers : G > −0.14M20 + 0.33

Bulge-Dominated : G ≤ −0.14M20 + 0.33 and G > 0.14M20 + 0.80

Disky/Irr : G ≤ −0.14M20 + 0.33 and G ≤ 0.14M20 + 0.80

Figure 2.6: Diagram representing simplified examples of the light distribution of
galaxies resulting in different Gini and M20 values for the types described in the text.

Figure 2.7: Diagram representing simplified examples of the general positions of
galaxy types described in Fig.2.6 on the Gini-M20 plot (left panel) and on the C-
A plot (right panel). The orange and blue lines are the boundaries described in
Equ.2.3.2.
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We present in Figure 2.6 a sketch of the light distributions corresponding to differ-

ent Gini and M20 measurements for the galaxy types defined above. Bulge-dominated

galaxies have high Gini and low M20 values signifying that light is concentrated within

a few pixels in their galactic centers (Fig.2.6a). A high Gini and high M20 describes

galaxies with their light concentrated in a few bright spots and off-center, which

may correspond to star-forming arms in their disks (Fig.2.6b). For galaxies classified

as mergers, a high Gini value corresponds to the presence of light concentrated in

clumps, and a high M20 indicates the clumps are offset from the center (Fig.2.6c).

This situation may represent features such as double nuclei of a merger remnant. In

Figure 2.7 we show the general positions of galaxies with morphologies described in

Figure 2.6 on the Gini-M20 and C-A plots.

The positions of galaxies on Gini-M20 plot has shown to be effective in detecting

minor and major mergers in their early stages of the merger compared to other pre-

vious methods which are better at detecting mergers in their later stages (Lotz et al.,

2010).

2.3.3 Environment

The relationship between galaxy properties (such as their morphology, star forma-

tion rates, luminosity, colour, etc.) and their surrounding environment has been the

subject of many studies in the past decade. Previous measurements of environmental

dependence of the physics of galaxy formation have shown that early-type galaxies

tend to be in more clustered regions while blue star-forming galaxies are found in

less clustered regions (Norberg et al., 2002; Ellison et al., 2009; Webb et al., 2013).

This observational feature, known as the morphology-density relation, states that in

the local Universe, the fraction of elliptical galaxies and spheroids compared to disky

galaxies is higher in denser regions (Dressler, 1980).

There is extensive debate about whether dense environments contribute to sup-

pressing the star formation activity in galaxies (Tran et al., 2010; Quadri et al., 2012).

Since star formation is one of the main processes that alter galaxy morphology, quan-

tifying the surface density within galaxy clusters at high-redshift may give significant

insight on the environmental processes that contribute to the transformation of galax-

ies. Many studies show that galaxy clusters at z ∼ 1.5 are already populated by red

galaxies (Kurk et al., 2009; Wilson et al., 2009; Strazzullo et al., 2010). Therefore, ob-

servations of clusters at even higher redshift might provide an opportunity to identify
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the processes that established the dominant red galaxy population we observe in the

local Universe.

The environment in which galaxies form and evolve imprints itself on the prop-

erties of the galaxies which end up in clusters. Galaxies are theorised to start in

low-density regions of the universe, such as voids or filaments and then migrate down

the potential well into dense groups (Hatch et al., 2016). Mapping the surface density

distribution of galaxy clusters, therefore may give clues about the protoclusters from

which they originate.

To measure the local surface density, two main methods can be used: 1) by con-

sidering a specific number of nearest neighbours to find the underlying density fields

and 2) by finding the number of galaxies in a fixed aperture around the target galaxy

(Muldrew et al., 2012). The first method is independent of the dark matter halo mass,

while the aperture-based method identifies the high density region corresponding to

high mass haloes. For this thesis, we use the first method to find the local density

within an aperture radius corresponding to the distance to the 5th neighbour, r5nn.

To calculate the local surface density ρ5nn, within the radius to the fifth nearest

neighbour, r5nn, on the plane of the sky around each cluster member, we apply the

following equation:

ρ5nn =
5

πr25nn
(2.8)

We represent the overdensity δ in the following equation, as a ratio of ρ5nn to the

average surface density of the whole cluster, ρavg. The latter is calculated using the

quotient of the total number of cluster members and the area of the cluster within

the cluster’s r200c radius.

δ =
ρ5nn
ρavg

− 1 (2.9)

We also consider an alternative definition for the local density as described by

Cowan & Ivezić (2008), where it is calculated using the cumulative distances to the

n nearest neighbours. Therefore, considering the sum of the distances to the five

nearest neighbouring cluster members, Equation 2.8 becomes:

ϕ5 =
1

ρavg
∑5

i=1 r
2
i

(2.10)

Considering the distances to all five neighbours, compared to only the distance
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to the 5th neighbour has shown to provide a more robust measure, as this method

minimises distortions caused by interlopers (Hatch et al., 2016; Ivezić et al., 2005).

2.4 Results

In the following section, we discuss our observations based on the morphological meas-

urements performed on the HST images of the XLSSC 122 cluster. We compare the

morphologies of its galaxies to their internal properties, as well as to the morpholo-

gies of other galaxy samples. Table 2.1 shows all the measurements made for the 29

cluster members.

2.4.1 Morphology

Gini-M20

We present the measurements of Gini and M20 for the XLSSC 122 members in Figure

2.8, showing the relationship between the two morphological indices. The cluster

members are separated into 3 main types: disky, bulge-dominated or merger, based on

their position on the Gini-M20 plot as described in Section 2.3.2. The blue population

of galaxies are all classified as having disky structures. The red-sequence galaxies have

higher bulge-strength, represented by larger Gini and lower M20 values. This finding

is consistent with the observations made by Lotz et al. (2008b), whereby 75% of their

bulge-dominated sample lie on the red-sequence. Four XLSSC 122 members, ID 305,

529, 653 and 1036 (Fig.2.4), are within the bulge-dominated region of the plot. ID 661

is classified as being a possible merger, being located in the plot above the boundary

defined by Lotz et al. (2008b). The measurements for this particular galaxy, however,

may be impacted by it being one of the closest neighbours to the BCG, and the light

within the segmentation map corresponding to this source may be contaminated

by light from both the BCG and ICM. As shown in the photometry obtained with

Statmorph shown in Figure A.2 (Appendix A.2), the light distribution of ID 661

results in measurements corresponding to a more disturbed light distribution than

expected.

The ten visually disturbed members (Fig.2.4) are all located in the region of

the Gini-M20 plot belonging to disky galaxies. This region is also populated by

red galaxies. As observed by Lotz et al. (2008b), red galaxies classified as disky or

irregulars by the Gini-M20 plot may be disks reddened by dust. For instance, ID 726
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Figure 2.8: Gini-M20 plot with symbols representing age groups defined by Trudeau
et al. (2022) and the 10 members with visually disturbed features (Fig.2.4). The
points are shown in red and blue dependent on the respective galaxy’s position on
the CMD. The blue and orange boundaries are defined by Lotz et al. (2008b) to
separate disky, bulge-dominated, and merger galaxies. The purple dashed line is the
‘main sequence’ of the Gini-M20 distribution of XLSSC 122 members and the pale
purple dashed line shows the 2σ deviation from the ‘main sequence’.

is a red-sequence galaxy in the Disky/Irr region that also shows high dust-extinction

(Trudeau et al., 2022).

We also represent in Figure 2.8 the age groups described in Section 2.2.2, as defined

by Trudeau et al. (2022) for the XLSSC 122 members. The star-forming and young

galaxies of the cluster are all classified as disky or irregular systems, while the older

members are among the red-sequence galaxies that are more bulge dominated. ID

1223, which is a young red-sequence member, is an exception, suggesting that it is

another example of a disky or irregular galaxy reddened by dust.

We define a Gini-M20 ‘main sequence’ as the linear fit to the distribution of the

XLSSC 122 members on the plot (Eq.2.11). A band covering a deviation of 2σ from

the ‘main sequence’, closely matches the boundary defined by Lotz et al. (2008b)

to identify mergers. Following the axis moving along the ‘main sequence’ from left
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Figure 2.9: Bulge-strength vs Disturbance. Symbols are the same as in Fig. 2.8.

to right, represents an increase in the degree of bulge dominance. We define the

normalised distance of the projected position of the cluster members along the ‘main

sequence’ as the Bulge-strength, and the positive divergence from the ‘main sequence’

as a measure of Disturbance in the galaxies’ structure (Fig. 2.9). Negative disturbance

values is however not considered as an indication of disturbed structures.

XLSSC 122 Gini-M20 ‘main sequence’: G = −0.20M20 + 0.16 (2.11)

Figure 2.9 reveals a trend between the bulge-strength and the age groups and

colour of the cluster members. This trend is also observed in field and low redshift

galaxies, whereby bulge-dominated systems are more likely to be older and redder

(Kauffmann et al., 2004). 7 out of the 10 visually disturbed galaxies are found above

the ‘main sequence’, with positive disturbance values.

In the first panel of Figure 2.10, we compare the bulge-strengths to the colours of

the cluster members, and observe that the higher the bulge-strength, the redder the
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galaxy tends to be. In the second panel, we see that the bulge-strengths are clearly

related to the M20 values.

Figure 2.10: Left panel: Bulge-strength vs Colour. Right panel: Bulge-strength vs
M20. Symbols are the same as in Fig. 2.8.

Concentration-Asymmetry

Using the alternative method to classify galaxies quantitatively based on their mor-

phology as described in Section 2.3.2, we show the relationship between the concentra-

tion C and the asymmetry A in Figure 2.11. The bimodal distribution of the XLSSC

122 members on the plot separates members with different properties. Red and old

galaxies have higher concentrations and lower asymmetries, while those with visually

disturbed morphologies have larger asymmetries. We first define regions on the plot

based on the positions of the bulge-dominated galaxies classified using Gini-M20 plot

earlier. Thus, the bulge-dominated galaxies classified using the C-A plot are those

with concentration, C> 3.1.

The red and old XLSSC 122 members have in general lower asymmetries, except

for two red-sequence galaxies (ID 455 and 1065) which have high asymmetries and are

among the visually disturbed subset. As seen in Figure 2.4, these galaxies show very

slightly disturbed structures resembling small extended features from their centers,

such as streams or tails. The asymmetry measurement captures their appearance

effectively and may suggest that these two cluster members have been reddened by

dust. In the C-A plot (Fig.2.11), ID 661 is in the region corresponding to bulge

dominated systems, with low asymmetry and high concentration values. The C-A
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Figure 2.11: Plot of Concentration versus Asymmetry with measurements for cluster
members. The points are shown in red and blue dependent on their position on the
CMD. The symbols represent the age classification (Trudeau et al. (2022) and the
morphological classification based on the Gini-M20 plot. The blue line shows the
linear fit to the XLSSC 122 member C-A distribution and the dashed blue line shows
the 1σ deviation from the linear fit. The grey vertical and horizontal lines represent
suggested boundaries for an alternative way to classify cluster members based on
morphology. The green solid and dashed lines, show the mean asymmetry for the low
A population and the 2σ deviation from the mean, respectively.

relationship appears to be less sensitive to potential contamination from the BCG

and ICM on the light distribution of this galaxy.

The blue and young population of the XLSSC 122 members all exhibit low con-

centrations and a range of asymmetries. Of those galaxies, the ones with asymmetry

values larger than a σ deviation from the linear fit to the C-A distribution of the
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cluster members are identified as galaxies having experienced recent or on-going in-

teractions. The possible mergers identified using the C-A plot are ID 146, 454, 455,

554, 808 and 1065, which also show visual morphological disturbance. Since the C-

A method is effective at recovering the bulge-dominated members and the visually

selected ones, we represent going forward these populations as those classified using

this method.

Colour-Morphology Relationship

We further explore the relationship between the colour of the XLSSC 122 members

and their quantitative morphological measurements. The top left panel of Figure

2.12 shows the colour-magnitude diagram (similarly to Fig.2.3). We see that the

red-sequence galaxies show a wide range in brightness (20.6 < F140Wkron < 23.9),

while the blue members are in general dimmer (22.7 < F140Wkron < 23.9). This is

similar to that found from early, deep HST imaging, where blue and faint galaxies

were generally classified as peculiar and with higher asymmetries (Abraham et al.,

1996; Driver et al., 1995). In the top right panel of Figure 2.12, we see that the

classified mergers tend to be bluer, younger and have higher asymmetry values. The

red-sequence galaxies have relatively low asymmetries (A < 0.07), except for ID 455

and 1065, while the blue cluster members exhibit a wider range of asymmetry. The

trend observed by Conselice et al. (2000b) for nearby galaxies, can also be observed

in XLSSC 122, where the bluer the galaxy, the more asymmetric they tend to be.

The correlation between bulge strength and colour becomes clearer in the panels of

Figure 2.12 showing the Concentration, Gini, M20 and the Sérsic indices, respectively.

The Spearman rank correlation coefficients (Spearman, 2008) between the colour and

these aforementioned morphological indices (C: 0.52, Gini: 0.59, M20: 0.52 and n:

0.49) are larger than that between the colour and asymmetry (A: 0.31). The Gini in-

dex shows the strongest monotonicity with colour and confirms that the red-sequence

XLSSC 122 members are hence generally more bulge-dominated, much like the red

population of the z = 1.62 cluster presented in Papovich et al. (2012). The position

of these red cluster members on the colour-Gini plot is similar to their position on the

colour-concentration plot. As shown in Figure 2.13, the Gini index is proportional to

the concentration, as expected.
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Figure 2.12: Panels show the colours of the cluster members with respect to different
morphological parameters. The grey horizontal line separates the red and the blue
members. The symbols represent the different age groups defined by Trudeau et al.
(2022). Red and blue points are cluster members with no conclusive age measure-
ments. The pink squares and circles shows the morphological classifications made
using the C-A plot.
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Figure 2.13: Concentration vs Gini. Green circles represent the visually disturbed
members. Red and blue points represent the red-sequence and blue-cloud population
of XLSSC 122. The orange line shows the least square fit to the distribution.

2.4.2 Environment

To explore the relationship between the morphologies of the XLSSC 122 galaxies and

their local environments within the cluster, we find their local surface densities within

the area to the 5th closest neighbour for each member, derived using Equations 2.9 and

2.10. In these calculations, to find the distance to the neighbouring cluster members,

we include measurements for the 29 cluster members defined in Section 2.1, as well as

29 additional red galaxies in the cluster with Pmem > 0.5 and 24 < F140Wkron < 26

(Fig.2.14). The addition of the dimmer sample results in more accurate measurements

to represent the local surface density of the cluster members, and strengthens the

linear correlation of the local surface density to their distances from the center of the

cluster RBCG, as shown in Figure 2.15.

In Figure 2.16, we show the position of the XLSSC members and the respective
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Figure 2.14: Colour-Magnitude diagram of cluster members including dimmer pho-
tometric members in the red sequence.

Figure 2.15: The local surface density vs RBCG, where log(δ) (Equ.2.9) is calculated
using only the 29 XLSSC 122 cluster members (left panel) and using an additional
29 dimmer red galaxies (right panel) (add panel to for log(delta) vs phi)

local surface density measurements, represented by log(δ) (see Eq.2.9). As expected,

the highest surface density is observed in the center of the cluster in the regions

surrounding the BCG (Wolf et al., 2007). We also observe two denser than average

regions (log(δ) > 0) to the north and south-east of the BCG within r200c of XLSSC

122. We find that 6 out of the 10 visually disturbed members are located r500c and
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Figure 2.16: Position of cluster members. Grey points show position of dimmer
cluster members as described in Fig. 2.14. Coloured markers are cluster members,
whose size and colour gradient represent the local surface density defined by log(δ)
(Equ.2.9). The dashed circles represent areas with r500c (inner) and r200c (outer),
respectively. The visually disturbed members are represented by green triangles.

within both high and low density regions of the cluster. Noting however, that the

measurements for the local surface density does not account for the third dimension

projected distances, the visually disturbed members seen at the center of the cluster,

may yet be at larger radii.

Figure 2.17 shows the alternative definition for the local surface density defined

using the cumulative distances to the 5 nearest neighbours. In contrast to the log(δ)

measurements, ϕ5 is more sensitive to high surface density regions, making the relative

difference in environment more significant (Fig. 2.18). The clumps observed using

log(δ) at radii larger than r500c are also seen here. Noting the positions of the galaxy

members classified using the C-A plot in Figure 2.17 and 2.19, 83% of those classified
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Figure 2.17: Position of cluster members. Grey points show position of dimmer cluster
members as described in Fig. 2.14. Coloured markers are cluster members, whose
size and colour gradient represent the local surface density defined by ϕ5 (Equ.2.9).
The dashed circles represent areas with r500c (inner) and r200c (outer). The pink
triangles and squares represent the bulge-dominated members and possible mergers,
respectively, defined in the C-A plot.

as possible mergers, which are also visibly disturbed, are in low surface density regions

(lower than the average ϕ5) of the cluster at radii greater than r500c. The only

exception is ID 554 found close to the cluster’s center. On the other hand, 4 out

of the 5 bulge-dominated members defined using the C-A plot, are in denser regions

(log(δ) > 0), within r500c. ID 305 is the only bulge-dominated galaxy found at a

radius larger than r200c. This result is consistent with studies of nearby galaxies,

where bulges and elliptical structures are located in higher density regions (Gómez

et al., 2003; Blanton & Moustakas, 2009).
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Figure 2.18: The local surface density vs RBCG. Left panel shows log(δ) and Right
panel shows ϕ5.

Figure 2.19: Histogram showing the distributions of log(δ) (left) and ϕ5 (right) meas-
urements for the XLSSC 122 cluster members. The vertical line shows the mean
log(δ) and ϕ5 accordingly and the pink circles and squares show the measurements
for the bulge-dominated and disturbed cluster members, respectively.

We explore the relationship between the measurements of morphology to the local

surface density of the XLSSC 122 members in Figures 2.20 and 2.21. The members in

the denser region are the brightest and classified as being bulge-dominated using the

C-A plot. Though no clear trend is seen with colour and the local surface density, the

3 cluster members found within RBCG < 100 kpc, are all part of the red-sequence and

bulge-dominated. We also observe that the brightest objects with the highest Gini

and concentration values are found in the densest regions of the cluster. Compared
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to log(δ), distributions of the ϕ5 measurement, show clearer bimodality separating

members in denser regions and those that are more isolated. Cluster members with

lower bulge strength form clumps at low surface density values.

Figure 2.20: Panels shows the relationship of the local surface density, log(δ) (Eq.2.9)
of the cluster members with respect to the different morphological parameters. Red
and blue dots represent cluster members in the red and blue sequence respect-
ively. Pink circles and squares represent the bulge-dominated galaxies and mergers
of XLSSC 122, respectively, according to the C-A plot.
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Figure 2.21: Panels shows the relationship of the local surface density, ϕ5 (Eq.2.10) of
the cluster members with respect to the different morphological parameters. Red and
blue dots represent cluster members in the red and blue sequence respectively. Pink
circles and squares represent the bulge-dominated galaxies and mergers of XLSSC
122, respectively, according to the C-A plot.

2.4.3 Comparing Mass and Age to Morphology

As described in Section 2.2.2, we use the median mass and age values resulting from

the SED modelling of the XLSSC 122 galaxies by Trudeau et al. (2022). We take

the 16th and 84th percentiles of the probability distributions of these parameters to
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Figure 2.22: Mass vs Age. The error bar are the 16th and 84th percentiles of the
measurements resulting from the SED modelling. The blue dash lines represent the
least square fit to the distribution of mass and age, and the 2σ deviation from the fit.

represent the uncertainties on these estimates.

In Figure 2.22, we find that the mass and age of the XLSSC 122 members are

monotonically correlated (Spearman rank correlation coefficient of 0.79). We see a

trend whereby the blue cluster members which also show disturbed structures have

masses with log( M
M⊙

) < 10.2 and are younger than 1 Gyr. While the red-sequence

and bulge-dominated galaxies are more massive and older, similar to observations of

another high redshift cluster performed by Papovich et al. (2012). The mass of the

classified bulge-dominated galaxies have log( M
M⊙

) > 10.8.

The trends comparing Gini, M20, concentration and asymmetry to the age and

mass are shown in Figure 2.23 and 2.24, respectively. There is a direct correlation

between the bulge-strength, shown in terms of M20 and both the age and mass of

the cluster members. This observation is more significant between the mass and the

morphological indices. The more massive and older members have more concentrated

light distributions, while the mergers and young galaxies have higher asymmetries
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and are less bulge-dominated.

Figure 2.23: Mass versus Morphology. Red and blue dots represent cluster members
in the red and blue sequence respectively. Pink circles and squares represent the
bulge-dominated galaxies and mergers of XLSSC 122, respectively, according to the
C-A plot.

Noting that the age and mass are correlated to each other and thus show similar

trends with the morphological indices, we perform a Partial Spearman’s Rank Correl-

ation test (Liu et al., 2018) to deduce the main property driving morphological evol-

ution in the cluster. The resulting correlation coefficients represent the relationship

between two variables (X and Y), after removing the dependence on a third variable

(Z). Table 2.2 list the correlation coefficients relating the morphological indices to the

mass, correcting for the age, and vice versa. We observe higher correlation between

the mass and Gini, M20 and the concentration, which remains after correcting for the

age dependence. On the other hand, the correlation is not recovered after correcting

for the mass dependence between the age and the morphological parameters. Hence,
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Figure 2.24: Age versus Morphology. Red and blue dots represent cluster members
in the red and blue sequence respectively. Pink circles and squares represent the
bulge-dominated galaxies and mergers of XLSSC 122, respectively, according to the
C-A plot.

galaxy mass may be the main property responsible for the morphological differences

in members of the cluster.
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Table 2.2: Partial Spearman’s Correlation Coefficient between X and Y controlling
for Z
X Y Z Correlation Coefficient
Mass Gini Age 0.553
Mass M20 Age -0.736
Mass C Age 0.543
Mass A Age 0.120
Age Gini Mass -0.169
Age M20 Mass 0.292
Age C Mass -0.251
Age A Mass -0.300

Additionally we look at the relationship between the mass and the age with respect

to the environment of the cluster members in Fig. 2.25. There is no apparent mass

correlation with either the local surface density or the distance to the BCG. We see,

however, a relationship between the positions of the galaxies within the cluster and

their ages. Older members tend to be closer to the center and in denser regions, while

younger members are in the outskirts and in more diffuse regions.

2.4.4 Comparison of XLSSC 122 to other Galaxy Population

To better contextualise the morphological properties of the XLSSC 122 cluster mem-

bers, we compare their morphology measurements with those of other high redshift

galaxy clusters and field galaxies.

Comparison to other high redshift clusters.

We use the morphological measurements of the 4 clusters presented by Sazonova

et al. (2020) described in Section 2.2.4. As shown in Figure 2.26, the distribution

of the XLSSC 122 cluster members matches that of the S20 sample and the ‘main

sequence’ for both samples closely overlap (Equations 2.11 and 2.12). This similarly

suggests that the morphologies seen within these 5 clusters at high redshifts are fairly

uniform. The fraction of galaxies classified into the main 2 morphological groups, are

approximately the same in both samples. Figures 2.27 compares the distributions of

the Gini and M20 measurements for the members of XLSSC 122 and S20 clusters. A

Kolmogorov-Smirnov test (Jr., 1951) results in a large p-value for both measurements

and therefore, the null hypothesis that both distributions were drawn from the same
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Figure 2.25: Mass and Age with respect to local surface density. Red and blue dots
represent cluster members in the red and blue sequence respectively. Pink circles and
squares represent the bulge-dominated galaxies and mergers of XLSSC 122, respect-
ively, according to the C-A plot

sample cannot be rejected.

S20 Gini-M20 ‘main sequence’: G = −0.21M20 + 0.15 (2.12)

We also compare the position of the S20 cluster members to that of the XLSSC

122 members on the C-A plot (Fig.2.28). Unlike the Gini-M20 relationship, the S20

members show a much wider range of asymmetry and concentration compared to

the XLSSC 122 members. Performing a Kolmogorov-Smirnov (KS) test for the two

morphological indices between the 2 sample, we cannot reject the null hypothesis for

the concentration values. As shown in Figure 2.29, however, the distributions for the

asymmetry largely differ. The S20 sample has a larger fraction of cluster members
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Figure 2.26: Gini-M20 plot comparing measurements for XLSSC 122 members and
the S20 sample. The blue and orange boundaries are defined by Lotz et al. (2008b)
to separate between disky, bulge-dominated and mergers. The purple dashed line is
the ‘main sequence’ of the Gini-M20 distribution of XLSSC 122 members and the pale
purple dashed line shows the 2σ deviation from the ‘main sequence’. The neon green
dashed line shows the ‘main sequence’ for the Sazonova et al. (2020) sample. Visually
disturbed XLSSC 122 members are circled in green. The pink circles and squares
shows the bulge-dominated and mergers in XLSSC 122 classified using the C-A plot.

with high asymmetries.

It is important to note that the cluster membership of the S20 sample is subject

to contamination by field and foreground galaxies due to the limitations from the

image quality and the larger inaccuracies in using the red-sequence selection method

and a lack of spectroscopically confirmed members.



48

Figure 2.27: Histogram showing the distribution of the Gini index (left) and M20
(right) measurements for the XLSCC 122 members and the S20 cluster members.
The vertical lines shows the means of the two samples.

Figure 2.28: C-A plot comparing measurements for XLSSC 122 members and the S20
sample. Purple points are the XLSSC 122 members and the grey points are from the
S20 sample. Boundaries and symbols are the same as in Fig.2.11.

Comparison to Field Galaxies.

We next compare the morphologies of the XLSSC cluster members to those of field

galaxies, to further our understanding of the effects of these starkly different environ-
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Figure 2.29: Histogram showing the distribution of the Concentration (left) and
Asymmetry (right) measurements for the XLSCC 122 members and the S20 cluster
members. Vertical lines shows the mean of the two samples.

Figure 2.30: Colour-Magnitude Diagram (F814W-F140W vs F140W) of field galaxies
at z = 2. The dashed like shows the lower colour limit for the field galaxies to be in
the red-sequence (F814W-F140W= 1.85).
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ments on the evolution of galaxies. Multiple studies at lower redshift have previously

investigated the trends in properties between galaxies in clusters and the field (Pa-

povich et al., 2012; Strazzullo et al., 2019; Cantale et al., 2016; Hennig et al., 2017).

Figure 2.30 shows the CMD for the field galaxies selected as described in Section

2.2.3 from the CANDELS/3D-HST fields. Since there are no available images in the

F105W band, we construct the CMD using the F814W band, which is the closest

available filter to F105W. Galaxies with F814W-F140W > 1.85 are classified as red-

sequence galaxies, based on the bimodal distribution in colour. Already we see a

striking distinction to the CMD of the cluster galaxies. The field sample consists

primarily of blue galaxies, making up 63% of the sample. On the other hand the

blue cloud population in XLSSC 122 accounts for only 32% of the cluster members.

This suggests that the galaxies in the field at z = 2 are actively forming stars, while

the cluster members are more likely to have experienced events suppressing their star

formation.

Similarly to the XLSSC 122 sample, we use Statmorph on F140W cutouts of the

field galaxies to measure their concentration, asymmetry, Gini and M20 values. We

first use the Gini-M20 plot to gain insight on the morphological classification of the

field galaxies. Figure 2.31 shows that the field galaxies follow a similar distribution,

though the slope of the ‘main sequence’ for the field population is flatter than that of

the XLSSC 122 members (Eq. 2.13). 42 field galaxies are classified as mergers while

only 25 are bulge-dominated, according to the Gini-M20 analysis. These observations

agree with the notion that dense environments in clusters suppress galaxy interac-

tions due to the prevailing high velocity dispersions, while in the field where velocity

dispersions of galaxies are lower, galaxy mergers are favoured.

Field Gini-M20 ‘main sequence’: G = −0.09M20 + 0.34 (2.13)

We additionally look at the distribution of the field galaxies on the C-A plot

(Fig. 2.32). We see that 92% of the field galaxies have concentrations lower than the

bulge-dominated lower limit (C< 3.1), set by the distribution of XLSSC 122 members

(Section 2.4.1). 82% of these low concentration field galaxies have asymmetries greater

than the largest asymmetry value of the cluster members. This further confirms that

more disturbed galaxy systems are observed in more isolated regions of the universe.

In Figure 2.33 we compare the distribution of concentration, asymmetry, Gini and

M20, between the field and cluster galaxies. A KS-test comparing the two samples for
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each morphological index reveals that the null hypothesis that the 2 distributions are

drawn from the same sample can be rejected (p-value < 0.05) for the asymmetry and

M20 measurements. The asymmetry values for the field galaxies are on average higher

and reach higher values than the cluster members. Similarly, the M20 measurements

for the field galaxies are skewed towards lower negative values. Since M20 can be used

as a measure for the bulge-strength of the galaxies (Fig.2.10), we can deduce that

XLSSC 122 is deficient in galaxies with lower bulge-strength and higher asymmetry.

We further explore the colour-morphology relationships in the field and the XLSSC

122 cluster, shown in Figures 2.34 and 2.35. As opposed to the XLSSC 122 members,

the distribution of concentrations for the field red and blue population are similar.

The red-sequence cluster population has members with higher concentrations than

Figure 2.31: Gini-M20 plot for field galaxies at z = 2. The red and blue dots represent
the red-sequence and blue cloud from the field sample. The red and blue diamonds
shows the XLSSC 122 cluster members. The delimitations are the same as in Figure
2.8. The green dashed line is the least square fit to the field sample.
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the red field galaxies, while some blue field galaxies have larger concentrations than

the cluster’s blue-cloud. The skewness in the distribution of the field asymmetry and

M20 values, seems to be mainly due to the disturbed structures of the blue galaxies.

On the other hand, the distribution of Gini values does not differ greatly between the

field and the cluster. In both environments, the blue population has on average lower

Gini values than the red-sequence galaxies.

Using the available mass measurements of the field galaxies from SED fitting using

Fast (Kriek et al., 2009), we investigate the relationship between their morphology

and stellar mass (Fig.2.36). As expected, the red-sequence field galaxies are generally

more massive than the blue-cloud galaxies, similar to the cluster galaxies. The masses

Figure 2.32: C-A plot for field galaxies at z = 2. The red and blue dots represent the
red-sequence and blue cloud from the field sample. The red and blue diamond shows
the XLSSC 122 cluster members. The delimitations are the same as in Figure 2.11.
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Figure 2.33: Histograms comparing the distributions of morphologies of the cluster
and field galaxies. The dashed lines show the mean of each distribution.

of the XLSSC 122 members and those in the field span over similar ranges, though

the field blue-cloud contains more massive galaxies than in the cluster. The low mass

blue field galaxies (log(M/M⊙) < 10.2) account for the highly asymmetric population

of galaxies. Moreover, compared to the more massive red galaxies in XLSSC 122, the

field red-sequence has galaxies with low bulge-strength (in terms of M20 values). These

observations indicate signs of galaxy interaction in the red field population, which is

absent in the XLSSC 122 cluster.
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Figure 2.34: The panels show the colour of the field and cluster galaxies versus the
morphological indices C, A, Gini and M20. The red and blue dots represent the red-
sequence and blue cloud from the field sample. The red and blue diamonds shows the
XLSSC 122 cluster members. The dashed line shows the lower colour limit for the
field galaxies to be in the red-sequence (F814W-F140W= 1.85) and the dashed-dotted
line shows the lower colour limit for the XLSSC 122 galaxies to be in the red-sequence
(F105W-F140W= 1.15).

2.5 Discussion

Our analyses of the XLSSC 122 HST images reveal that the cluster has an established

population of red-sequence galaxies with high bulge-strength, as well as a population

of disturbed blue galaxies. By first using the Gini-M20 diagram and regions defined

by Lotz et al. (2008b) to classify the cluster members, a clear sample of 4 bulge-

dominated galaxies is found. However this method does not effectively recover the

visually disturbed galaxies (Fig.2.4), which may be indicative of recent merger events.

Instead, these galaxies are classified as disky or irregular galaxies.

If a line is drawn to separate the majority of the visually disturbed members, such
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Figure 2.35: Histograms comparing the distributions of morphologies for the red and
blue population of the cluster and field galaxies. The dashed lines show the mean of
each distribution.

as the line defined by Equation 2.14 and shown in Figure 2.37, the separation is closer

to the ‘main sequence’ of both the S20 and XLSSC 122 cluster members (within a σ

deviation). It is also much steeper and shifted towards lower Gini values, compared

to the separation described by Equations 2.3.2 for galaxies in these high redshift and

high mass clusters.

Consequently, if the ‘main sequence’ of the cluster members on the Gini-M20

diagram is used as the lower limit to detect possible mergers, we recover 70% of

the visually disturbed members (except for the red-sequence disturbed members ID

434 and 454). This may be an indication that this classification method may need

to be adjusted depending on the redshift of the galaxy population being observed,

especially for the detection of possible mergers.
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Figure 2.36: The panels show the Mass of the field and cluster galaxies versus the
morphological indices C, A, Gini and M20. The red and blue dots represent the red-
sequence and blue cloud from the field sample. The red and blue diamond shows the
XLSSC 122 cluster members.

Another possibility as to why we do not recover the visually disturbed cluster

members using Gini-M20, may be due to the limitations of the technique in the type

of mergers detected. It was found that the method is effective at identifying mergers

from the presence of double nuclei, which are only evident during a merger event over

short timescales (Lotz et al., 2008b,a, 2010). This would suggest that the disturbed

galaxies in XLSSC 122, are not due to active mergers occurring at the epoch of

observation, but instead are remnant features from prior interactions.

Separation of visually disturbed XLSSC 122 members: G = −0.09M20+0.34 (2.14)

The C-A plot is efficient at recovering the bulge-dominated galaxy population

classified using the Gini-M20 (including ID 661). Since the identification of bulge-

dominated galaxies is less evident visually, especially for images with lower resolution,
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Figure 2.37: Gini-M20 plot comparing measurements for XLSSC 122 members and
the S20 sample. The symbols are the same as in Fig.2.26. The cyan dashed line shows
a suggested separation of the visually disturbed members.

it is necessary to use quantitative methods to confirm their presence. Both Gini-M20

and C-A effectively detect XLSSC 122 members that are visually consistent with

structures of bulge-dominated galaxies.

Furthermore the C-A method recovers the majority of the visually disturbed

cluster members. However it is important to note that the mergers detected us-

ing concentration and asymmetry have previously been suggested to be preferentially

at the first pass of the merger or at the last stage resulting in the merger remnant,

but are less likely to detect mergers during the intermediate stages of the interaction

(Conselice, 2014). In Lotz et al. (2010), the possible mergers found using asymmetry

are more likely to be major merger remnants with merger timescales of 0.2 to 0.4 Gyr

at lower redshifts, while Gini-M20 is also sensitive to minor mergers. Moreover, Lotz

et al. (2008a) found that high asymmetry values last longer than Gini and M20 values



58

during galaxy interactions, which are also retained after the coalescence of the pro-

genitors. These behaviours hint towards the idea that we are not observing galaxies

actively merging in the cluster. However this conclusion may differ for high redshift

galaxies, since asymmetry values are sensitive to the to the gas fraction, which is

higher in the early universe than it is today (Lotz et al., 2010).

Considering the mass and age measurements for the XLSSC 122 members from the

study done by Trudeau et al. (2022), we find that the red-sequence galaxies are more

massive, older, bulge-dominated and have short characteristic times. On the other

hand, the blue cloud galaxies are less massive and younger, with disturbed features.

These results are consistent with the Archaeological Downsizing scenario, which states

that stars in more massive galaxies tend to be older and to have formed at earlier

epochs over shorter times, while disky galaxies tend to be less massive and generally

have younger stellar populations (Fontanot et al., 2009). This trend observed in the

local universe, is very much present in XLSSC 122 at z = 2.

The internal properties of galaxies have long been suggested to be highly depend-

ent on the amount and distribution of their stellar mass (Kauffmann et al., 2004). As

such, the latter play an important role in driving galaxy evolution. Our analysis finds

that the mass and age of the cluster members are highly correlated. This correlation

raises the question as to whether the morphology of the cluster members are determ-

ined mostly by the activity of its stellar population, or by how massive they are.

Evidently, these two properties, are mutually dependent. For instance, older galaxies

are likely to have accreted their mass through consecutive mergers, affecting their star

formation histories and to then gradually evolve through secular processes into more

relaxed structures over time, as their gas content is consumed (Merritt, 1999; Kipper

et al., 2021). Alternatively, galaxies that are initially established with higher mass,

result in an evolutionary path with faster and earlier suppression of the mass growth

via star formation, causing a more drastic transition in terms of their morphology

(Burkert & Naab, 2003). According to the partial Spearman rank correlation test,

between the galaxy mass and morphological indices, removing the dependence in age,

the latter scenario seems more plausible, where the mass is the main driver of the

morphological evolution in the cluster. However this may not be the case for galaxies

in the field.

We observe the morphology-density relation in the population of galaxies in XLSSC

122, whereby the red, more massive and bulge-dominated galaxies are found in the

densest region of the cluster, in its center. This is also observed in galaxy clusters at
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1.4 < z < 1, 7 (Strazzullo et al., 2019). Additionally the possible mergers are found

in the lower density regions of the cluster, closer to the outskirts. These observa-

tions relate to the fact that galaxy interactions leaving detectable merger features,

are more frequent in low density regions where the velocity dispersions of the galaxies

are comparable to their internal velocities, while environments with higher velocity

dispersion associated with denser regions and tend to suppress the rate of galaxy

interactions altogether (Dressler, 1980; Delaye et al., 2014).

However, we do not find a clear monotonic trend with the properties of the cluster

members and their surface local density. This behaviour may be a result of not

considering the 3-dimensional distribution of the galaxies. Thus better constraints

on the de-projected positions of the cluster members, may reveal clearer evidence of

the morphology density relation, and whether a threshold exists within the clusters

where the morphological transition occurs.

Investigating the properties of field galaxies at the same epoch as XLSSC 122, re-

veals that the proportion of blue galaxies in the field is twice as large as in the cluster.

The majority of the field galaxies are also bluer, which is the contrary to what is ob-

served in the cluster. If the colour is used as a proxy for the star-formation activity

of the galaxies, field galaxies can be considered to be generally more star-forming

in nature than galaxies in the cluster over the same mass range. These differences

suggest that cluster environments favour processes suppressing star formation (Moore

et al., 1999; McCarthy et al., 2008) compared to the field. As a result, this imply that

the stellar mass of galaxies may not be the only determinant of the internal properties

responsible for the morphological evolution of galaxies. The surrounding mass in the

environment where the galaxies grow, may be an equally important factor in dictating

their evolutionary path. This conclusion was also reached in a previous study of the

XLSSC 122 cluster, where more concentrated or bulge-dominated (in terms of Sérsic

index) galaxies are found in the cluster than in the field (Noordeh et al., 2021).

By applying the Gini-M20 method on the field galaxies, we find that the ‘main

sequence’ for the field population is much flatter than that of the galaxies in XLSSC

122. Following up on the proposition to adjust the classification thresholds depending

on the redshift of the observed population, the environment in which the galaxies are

found may also have an impact on the methods used. Additionally, dust lowers the

Gini value significantly, which results in merger remnants from gas-rich interactions,

which are more common at high redshifts, to not be detectable with Gini-M20 with

boundaries defined using Equations 2.3.2.
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Furthermore, we observe an excess of highly asymmetric blue galaxies, with large

M20 values in the field compared to the cluster population. This further reinforces

the idea that galaxy interactions is less frequent in dense regions than in the field,

but also suggest that the cluster environmental processes result in the fading of the

stellar disc structures, which is still detectable in field galaxies of comparable mass.

This excess of galaxies with high asymmetry values in the field may also explain

the presence of high asymmetry galaxies in the S20 cluster, absent in XLSSC 122. Due

to the limitations of using the photometric redshift and red-sequence selection method

to determine cluster membership, the S20 sample is more likely to be contaminated

by interlopers from the field.

The range of stellar masses of the red-sequence population in XLSSC 122 and

the field show no significant difference. However, the blue field galaxies reach up

to higher masses than in the cluster, suggesting that mass accretion through either

in situ or ex situ star formation in XLSSC 122 is surpressed. Additionally, van der

Burg et al. (2020) found evidence that environmental quenching efficiency is higher

in more massive galaxies. One could imply that in the cluster, higher mass galaxies

evolve more quickly towards red and bulge-dominated galaxies, than those in the field.

Moreover, since the overall mass of galaxies within the cluster does not reach higher

values than in the field, it is likely that mass growth within the virialised cluster is less

significant. In other words, most of the galaxies hierachical growth through mergers

and star formation, is likely to have occurred prior to the cluster’s virialisation, when

the environment was dense enough for galaxies to be in close proximity, but with

lower velocity dispersions. Then, once the galaxies became bound within the cluster,

the frequency of interactions as well as the star formation rates are lowered, which

evidently inhibited their mass growth.

These observations are also consistent with an alternate downsizing effect: Downs-

izing in time scenario (Neistein et al., 2006). This describes the observation of the

sites of active star formation, shifting from high mass galaxies at at earlier epochs to

lower mass systems at lower redshifts. Interestingly, according to this scenario, the

population of galaxies in XLSSC 122 appear to have similar properties to low redshift

galaxy population (Strazzullo et al., 2005; Cerulo et al., 2017; Vulcani et al., 2011).

That similarity would provide further evidence, that galaxy clusters, provide an en-

vironment within which galaxies evolve at a faster rate into the galaxy population we

observe in the local universe, and that XLSSC 122 is a mature galaxy cluster, where

the conditions leading to the morphological transition of its members has occurred
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prior to the epoch of observation.

According to the study done by Trudeau et al. (2022) on the star formation history

of the galaxies in XLSSC 122, the redder and oldest cluster members had accreted

most of their mass, prior to the assembly of the cluster. In addition, their short char-

acteristic times suggest that it is unlikely for these galaxies to have experienced more

than one epoch of star formation. Our morphological analysis of the red-sequence

galaxies are consistent with the conclusion from this previous study, as those galaxies

are left with structures presenting no strong indication of star forming disks.

On the other hand, the blue galaxies younger than 1 Gyr have characteristic

times shorter than 0.2 Gyr or ongoing star formation (Trudeau et al., 2022). Indeed,

the presence of disks with asymmetric structures, which may mark regions of star

formation, that we observe in this study agree with such expectations. One could

argue, that the conditions triggering star formation in this population of the XLSSC

122 members are unlikely to have occurred prior to the virialisation of the cluster at

an epoch corresponding to z ∼ 2.8 (i.e. 1 Gyr before z = 2, Willis et al., 2020), for

them to still be morphologically detectable.
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Chapter 3

Perspectives on the Accretion

History of XLSSC 122 from

Cosmological Simulations

The results of the morphological analysis of the HST images of XLSSC 122 support

the idea that this system represents a mature galactic environment at a large lookback

time. The clear red-sequence populated by bulge-dominated galaxies appear strongly

similar to the populations of lower redshift (z < 1) galaxy clusters. We next turn to

the properties of simulated high-redshift clusters in an attempt to further understand

the observed properties of XLSSC 122 and its possible assembly history.

3.1 Cosmosim

To investigate the assembly history of the galaxy members of XLSSC 122, we use the

publicly available database, Cosmosim1, which provides results from cosmological

simulations performed within different projects. Similar to data from large surveys

such as the Sloan Digital Sky Survey (SDSS, York et al., 2000), the data products

from the simulations are made accessible through SQL (Structured Interface Query

Language) queries. Researchers can then retrieve and use data subsets of interest.

From the projects available, we use results from MultiDark-Plank (Riebe et al.,

2013; Klypin et al., 2016), a collection of dark matter only cosmological simulations.

They are carried out with the L-Gadget-2 code (Springel, 2005), which uses the

1https://www.cosmosim.org
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Table 3.1: Simulation Specifications.

Simulation Box1 Particles2 mp ϵ Ω3
M Ω3

B Ω3
Λ σ8 ns H0

MDPL2 1.0 38403 1.5 × 109 5 0.307 0.048 0.693 0.829 0.96 67.8
SMDPL 0.4 38403 9.6 × 107 1.5 0.307 0.048 0.693 0.829 0.96 67.8

1 the size of the simulated box in h−1Gpc
2 the number of particles
3 the cosmological parameters adopted
mp: The mass per simulation particle in h−1M⊙
ϵ: the Plummer equivalent gravitational softening length in h−1kpc
σ8: the clustering at 8h−1Mpc
ns: the spectral index
H0: the Hubble constant in km/s/Mpc

N-body method, following a collisionless fluid to represent dark matter particles.

Though these dark matter (DM) only simulations do not mimic the evolution of

baryons, they provide large-scale representations of the universe, while keeping a

high enough resolution to retain reliable information about the properties of haloes

such as the halo mass, virial radius, maximum circular velocity, and density profile

(Klypin et al., 2016).

For the scope of this study, only considering dark matter interactions is sufficient

for answering questions regarding the halo and subhalo mass assembly history. We use

data from 2 particular simulation suites, MDPL2 and SMDPL (Klypin et al., 2016).

SMDPL has a simulation box length less than half that of MDPL2, which though

results in a smaller sample of halos, SMDPL achieves a better mass resolution, as

shown in Table 3.1.

More specifically, we consider haloes identified using Rockstar (Robust Over-

density Calculation using K-Space Topologically Adaptive Refinement) halo finder

algorithm (Behroozi et al., 2013). Rockstar which uses adaptive hierarchical re-

finement of a friends-of-friends approach (Davis et al., 1985), in six phase-space di-

mensions and one time dimension, allowing for accurate extraction of subhalos.

The merger history resulting from the cosmological simulations is arranged into

merger trees. As shown in Figure 3.1, a particular halo at redshift z = 0 is represented

as the tree root (at the top of the figure). The branches going down the figure link to

the progenitor haloes at higher redshifts, represented by the nodes (Riebe et al., 2013).

The most massive progenitors at each timestep are shown on the main branch. The

code also identifies overlapping spheres containing a given overdensity, corresponding

to halos and their respective subhalos at each timestep.



64

Figure 3.1: Figure 1 from Riebe et al. (2013). Merger tree of a halo at redshift z = 0,
labelled as the treeRootId at the top node. Branches reach backwards in time, linking
to progenitors one timestep prior. The most massive progenitors are arranged on the
leftmost branch, along the main branch.

In this study, XLSSC 122-like halos were extracted from the simulation results by

applying the criteria that their M500 masses are between the 1σ confidence interval

(±1.5 × 1013) from the mass of XLSSC 122, within the timestep of the simulation

corresponding to z ∼ 1.98. The resulting sample consists of 491 and 54 XLSSC 122-

like halos from MDPL2 and SMDPL, respectively. Figure 3.2 shows the positions

of the selected XLSSC 122-like clusters from the 2 simulation suites. Within every

XLSSC 122-like halo in both samples, we select their 30 most massive subhalos, which

provides a comparable sample to the observed brightest XLSSC-122 galaxy members

(Fig.2.2). We then extract the main branch progenitors of each of these subhalos to

recover the merger history of the subhalos for every XLSSC 122-like cluster.
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Figure 3.2: Box size and position of XLSSC 122-like clusters in MDPL2 (left) and
SMDPL (right).

Figures A.4 and A.5 (Appendix A.4) show the mass accretion history for the 30

most massive subhalos from a random XLSSC-122 like halo, extracted from MDPL2

and SMDPL, respectively. Since SMDPL has a smaller box size, lower mass subhalos

are more accurately resolved than MDPL2. Therefore, in the following steps of this

study, we present results from SMDPL, as the larger volume does not provide addi-

tional information.

The following SQL queries are used for the extraction of the cluster haloes, their

corresponding subhalos and progenitors from SMDPL:

S e l e c t XLSSC 122− l i k e ha loe s at z=2 ( snapnum=39):

SELECT ∗ FROM smdpl . r o c k s t a r WHERE snapnum = 39

AND m500c > 4 e13 AND m500c < 8 e13

ORDER BY mvir DESC

Extract subha loes f o r one XLSSC 122− l i k e halo :

SELECT ∗
FROM smdpl . r o c k s t a r WHERE upid=c l u s t e r h a l o i d

ORDER BY mvir DESC
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Find main lea f p r o g e n i t o r s o f a subhalo :

SELECT p .∗ FROM smdpl . r o c k s t a r AS p ,

(SELECT d e p t h f i r s t i d , m a i n l e a f d e p t h f i r s t i d ,

l a s t p r o g d e p t h f i r s t i d FROM smdpl . r o c k s t a r

WHERE r o c k s t a r i d=subha lo id )

AS mycl WHERE p . d e p t h f i r s t i d

BETWEEN mycl . d e p t h f i r s t i d AND mycl . m a i n l e a f d e p t h f i r s t i d

ORDER BY p . snapnum

3.2 Merger Selection

To extract instances of significant merger events during the evolution of the subhalos,

we use a selection based on measurements from their mass growth curves. Among

the information available for the halos in the database, we use the halo mass accre-

tion rate averaged over the past 1 and 2 virial dynamical times (MaxAcc1tdyn and

MaxAcc2tdyn, Klypin et al., 2016). We consider the timestep when the subhalo ex-

perienced the highest mass accretion rate, to mark the period with significant merging

events between z = 2 and z = 3.

Alternatively, we calculate the mass growth rate from the instantaneous slope of

the mass growth curve of the subhalos for each subsequent timestep, normalised with

respect to their final z = 2 mass. In other words, the fraction of the subhalo z = 2

mass gained per timestep. Similarly, we consider the maximum rate between z = 2

and z = 3 to represent events of major merging interactions. Both measurements

provide appropriate representations of the trends observed in the mass growth curve.

We focus on finding merger events up to z = 3 since it is unlikely for features resulting

from interactions prior to z = 3 to be recognised by z = 2, as discussed previously.

Along with the aforementioned merger event indicators, on the mass growth curves

in Figure 3.3, we also show two other measurements available from Rockstar2: the

timestep for the last major merger with mass ratio > 0.3, and the timestep at which

satellites were accreted. However, we do not consider these measurement further for

the analysis as they tend to mark events outside of the range of interest. Only 41% of

all subhaloes have their last major merger occurring between z=2 and z=3 (Fig.A.6).

2https://doi.org/10.17876/cosmosim/smdpl/001
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Figure 3.3: Top: Mass growth curve of a random subhalo from a random XLSSC 122-
like cluster halo from MDPL2. Bottom Left: Accretion rate measurements for the
progenitors of the subhalo between z = 2 and z = 3. Bottom Right: The normalised
slope of the mass growth curve for the subhalo between z = 2 and z = 3. Additionally,
measurements for the latest major merger and latest accreted satellites are also shown.

3.3 Comparison to Observations

After extracting the snapshots for the events described in the previous section, for

each of the 30 subhalos in each of the XLSSC 122-like halos, the bins for the distribu-

tion of merger events between z = 2 and z = 3 are averaged to represent the number

of merger events occurring during the evolution of a typical XLSSC 122-like galaxy
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cluster. In other words, we determine the average merger rate within the cluster at

each timestep. We show the distribution in terms of the lookback time from z = 2,

∆t in Figure 3.4, where we find an average of 6 to 10 merger events occuring within

1 Gyr before the epoch of observation. This observation agrees for all merger event

indicators and suggests that the epoch at z ∼ 3 (at 1.3 Gyrs prior to z=2), may mark

a period of interactions between the progenitors of the XLSSC 122 members. These

interaction may then have resulted in major merger remnants features or the trigger-

ing of star formation, observed as the 10 disturbed members from the photometric

analysis of XLSSC 122 (namely ID 146, 240, 434, 454, 455, 554, 604, 726, 808 and

1065).

As discussed in Chapter 2.5, the 6 disturbed members classified using the C-A plot

may be remnants of gas-rich interactions which can be detected up to approximately

1 Gyr after the coalescence of their nuclei (Lotz et al., 2008a), and in Section 2.4.3,

we find that the oldest stars in these galaxies have ages less than 1 Gyr. These

point further strengthens the idea that the morphologies of the disturbed members of

XLSSC 122 can be explained by merging events occurring around z = 3, which may

relate to the period following the assembly of the cluster (Willis et al., 2020).

A peak in the average number of merger events is also observed at ∆t ∼ 1 Gyr.

This period may mark the time at which the progenitors were at the latest stage of

their interaction.
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Figure 3.4: Distribution of merger events occurring in a typical XLSSC 122-like cluster
between z = 2 and z = 3.

We also express the time frame of the merger events in terms of the ratio of the

lookback time to the merger event, ∆t to the halo’s dynamical timescale, tdyn at

the virial radius in the snapshot of the merger event (Boylan-Kolchin et al. (2009),

Fig.3.6). The halo’s dynamical timescale, tdyn represents the fastest time scale over

which a galaxy moving through an extended halo loses its momentum and hence it

determines how quickly two galaxies can merge after the merging of their haloes.

These values can be calculated by:
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tdyn = rvir
Vcirc

=
√

r3vir
GMvir

,

Since, Mvir = 4π
3
r3virρvir and Vcirc =

√
GMvir(<r)

r

∴ tdyn ∝ ρ
− 1

2
vir ,

where rvir is the virial radius, Vcirc is the circular velocity at rvir, and ρvir is approx-

imately 200 times ρc, the critical density of the universe at that epoch. We show the

dynamical times calculated within rvir and r500 of the progenitor haloes at the time

marking significant merger events in Figure 3.5.

Figure 3.5: Distribution of the dynamical times of halaoes at merger events occurring
in a typical XLSSC 122-like cluster between z = 2 and z = 3.

We find that 6 to 10 merger events occurred within ∆t < tdyn. The mode of

the distribution of the merger events also occurs at ∆t < tdyn, suggesting longer

dynamical times for the progenitors during the merger events. Longer tdyn results in
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disturbed structures persisting over longer period of time and thus, long lived merger

signatures (Mihos & Hernquist, 1996).

Figure 3.6: Distribution of merger events occurring in a typical XLSSC 122-like cluster
between z = 2 and z = 3, in terms of the ratio of ∆t to tdyn.

Considering the relationship between the critical density and the dynamical time,

and the fact that baryonic systems are denser than the ones resulting from the col-

lisionless particles in dark matter simulations, we look at the dynamical times at

the radius within which the density is 500 times the critical density of the universe

(tdyn500c). This choice results in smaller radii, thus larger densities, which aim to bet-

ter represent the dynamical times observed in baryonic interactions. In Figure 3.7,

we find that 6 to 10 merger events have ∆t > tdyn500c. The mode of the distribution is

also at ∆t > tdyn500c for events indicated using the maximum mass growth slope and

the maximum accretion rate averaged over 1 dynamical time. This indicate that the
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mergers may be occurring past the time frame for the two progenitors to coalesce.

Therefore, would correspond to the merger stages that can be detected using the

methods presented in Section 2.3.2. The conclusions resulting from analysing tdyn

still hold.

To further understand the conditions during the interaction of the subhaloes

within XLSSC 122-like clusters, we look at the positions where the merger events

occurred with respect to the virialised cluster at z = 2. Figure 3.8 shows the posi-

tions of the subhalo progenitors of 4 randomly selected XLSSC-like haloes. In Figure

3.9 we represent the average distribution of the clustercentric distance from the center

of a typical XLSSC 122-like halo at z = 2 to the position of the merger events. We

find that the majority of the merging events occurred outside of the virial radius of the

cluster at z = 2, admittedly prior to the galaxies becoming part of the cluster, during

the protocluster stage. This tendency is consistent with the observed population of

Figure 3.7: Distribution of merger events occurring in a typical XLSSC 122-like cluster
between z = 2 and z = 3, in terms of the ration of ∆t to tdyn500c.
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disturbed XLSSC 122 members found generally at larger radii (RBCG > 0.4Mpc).

We also show the distribution of the velocity dispersions of the subhaloes at the

time of the merger events, from the information available in Rockstar (Fig.3.10).

According to the simulation, the majority of the merger events occur when the velocity

dispersions of the halo members are less than 200 km/s. For context, the internal

velocity of galaxies ranges from 200 to 400 km/s (Veale et al., 2018). The typical

velocity dispersion of massive cluster around z = 2 is approximately 600 km/s (Werner

et al., 2023) and the average in the Coma cluster has been measured to be around

1000 km/s (Zwicky, 1937). This high velocity dispersion further suggests that merger

events in clusters such as XLSSC 122 occurred prior to their virialisation of their host

Figure 3.8: The positions of the progenitors of the 30 most massive subhaloes of 4
XLSSC 122-like halo at each timestep of the SMDPL simulation suite. The blue circle
shows the virial radius of the XLSSC 122-like halo at z=2. The black circles mark
the positions of the subhaloes at z=2. The red squares mark the positions of the
progenitors when the subhalo experienced a significant merging event indicated by
the maximum slope of the mass growth curve.
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Figure 3.9: Distribution of the position of merger events occurring in a typical XLSSC
122-like cluster between z = 2 and z = 3, in terms of the radial distance to the center
of the cluster at z = 2. The grey dashed line shows the mean virial radius of the
simulated XLSSC 122-like clusters and grey the dashed-dotted line shows the r200c of
XLSSC 122.

clusters, when the environment was more favourable for galaxy interactions.
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Figure 3.10: Distribution of the velocity dispersion of haloes at the time merger events
occurring in a typical XLSSC 122-like cluster between z = 2 and z = 3.



76

Chapter 4

Conclusions

We performed a morphological analysis of HST WFC3 images of XLSSC 122, a

massive cluster at a redshift of 2. Our observations confirm the presence of a well

established population of red and bulge-dominated galaxies compared to the field.

We also identify both visually and quantitatively, cluster members with disturbed

structures indicating remnants of galaxy interactions, which are mainly found in the

outskirts and less dense regions of the cluster.

Additionally the internal properties of the different populations within the cluster

are consistent with galaxies observed in the local universe. Namely, the bulge-

dominated galaxies of XLSSC 122 are typically redder, older, and more massive,

while the disky galaxies are typically to be star forming, bluer, less massive and

younger. However when XLSSC 122 is set side by side to the population of galaxies

in the field, we find blue field galaxies with masses comparable to the most massive

red-sequence galaxies in the cluster, indicating that even at higher mass the galaxies

in the field continue growing via star formation.

Comparing the members of the XLSSC 122 to those of 4 other massive clusters at

slightly lower redshifts, reveals no significant differences between the proportions of

the different morphological classifications in their respective memberships. In addi-

tion, it may be fair to conclude that the environments within massive clusters present

uniform conditions resulting in similar populations of galaxies, since studies of low-

redshift galaxy clusters also show comparable properties to those within high redshift

environments presented in this work. Following the assumption that the population

of galaxies in a cluster at an epoch corresponding to a lookback time of 10.3 Gyr

(at z=2), is similar to the populations observed in low redshifts clusters in the local

universe (Courtois et al., 2013), we presume that the evolution in these environments
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slows down significantly between these epochs. This supposition may be related to

the overall downturn in star formation observed since z = 2 (Madau & Dickinson,

2014; Franco et al., 2020).

It is however important to note that the morphological indices are subject to un-

certainties due to the signal-to-noise ratios of the images. Additionally, the bands used

to observe XLSSC 122 may be biased towards certain types of galaxy populations.

For instance, F814W, which is used in the field observations, is efficient at probing

the star-forming galaxy population. Therefore images of XLSSC 122 in F814W band

may give a different perspective on the population of the cluster members. As well as

deeper images with higher resolution of the cluster can further confirm the accuracy

of the morphological classification.

We furthered our understanding of the processes leading to the formation of

XLSSC 122, by examining the properties of the progenitors of subhalos within a

sample of XLSSC 122-like haloes at z = 2, from the results of dark matter only simu-

lations. The mass accretion history reveals events of high merger rates around redshift

z = 3, approximately 1.2 Gyr prior to the epoch of observation, at distances higher

than the virial radius of the XLSSC-like cluster and in regions of lower velocity disper-

sions. These results from large-scale-structure simulations, further insinuate that the

disturbed galaxy members in XLSSC 122 may be remnants from galaxy interactions

prior to the virialisation of the cluster.

The analyses presented in this work paint the following picture about the morpho-

logical evolution of the XLSSC 122 cluster members. Starting in the field, galaxies

infall onto group structures in the outskirts of clusters (Bahé et al., 2013), where they

have lower velocity dispersions and can accrete mass through frequent interactions

and mergers, inducing star formation. The conditions in these regions are such that

star formation is sustained, perhaps fueled by gas-rich mergers or by gas from cosmic

filaments, via the mechanism termed as ‘pre-processing’. Once the galaxies infall into

the virialised cluster, the merger rate decreases due to the higher velocity dispersions

of galaxies in denser regions. The galaxies are also subject to the cluster environ-

mental processes, such as harassment, whereby the frequent interactions cause tidal

stripping, disrupting the disk structure of the interacting galaxies (Larson et al., 1980;

Balogh et al., 2000). Additionally, the high velocity of the galaxies with respect to

the ICM gives rise to ram pressure stripping, which refers to the removal of galaxies

cold gas reservoir (Gunn & Gott, 1972). The combination of these phenomena, con-

tribute to suppressing the star formation rates, depleting the gas content and erasing



78

the disc structures of galaxies, resulting in the red-sequence, bulge-dominated pop-

ulation observed in cluster cores arises, which subsequently grows in mass through

dissipationless mergers between gas-poor spheroids. These mergers, however, which

are unlikely to affect the morphology of the remnants or trigger further star formation

(Boylan-Kolchin et al., 2005).

One way to test this picture, is through further observations of the outskirts

of XLSSC 122 at larger radii, where we can possibly probe the region where the

various mechanisms may become significant as galaxies get caught by the cluster,

or the region linking the transition from the field, to groups, where star formation

is supported. Such studies will soon be possible with new expected images of the

outskirts of XLSSC 122 out to twice its virial radius, as well as in the ACS F814W

band imaging scheduled in cycle 30 of the Hubble Space Telescope (Fig4.1, Canning

et al., 2022).

Figure 4.1: An illustration of the observation setup for the observation of XLSSC 122
in cycle 30 of HST. The black frame shows the coverage of the images used in this
study. The orange circles outlines 1, 2, 3 and 4 4 rvir. The ACS F814W imaging are
shown in blue and will be taken in parallel with the WFC3 observations shown in
red.

The evolution of the oldest galaxies in XLSSC 122 is suspected to have followed

different evolutionary paths from the rest of the cluster’s galaxy population (De Lu-

cia & Blaizot, 2007). Their formation hypothetically originate from the ‘primordial

collapse’ of matter within dark matter overdensities in the early universe (Stasielak

et al., 2007). Subsequently, they would have followed more secular evolutionary paths

to become the massive bulge-dominated galaxies we observed, due to the disparate

constitution and structure of the universe following the Big Bang and Inflation period.

Novel observations using the James Webb Space Telescope (JWST) can provide us



79

with more insight on the origin of the red-galaxies in XLSSC 122, by unveiling the

properties of galaxies in protoclusters at even higher redshifts.

Additionally our studies and those alike are limited, since the processes involving

the active galactic nuclei have not been considered, and these may also be affected by

galaxy interactions and produce structural features in the hosts (Dubois et al., 2016;

Zhong et al., 2022). Spectroscopy from JWST of these populations may help clarify

basic issues about nebular line emission and the degree to which it has affected the

photometric analyses that have been carried out to date.

High-resolution cosmological hydrodynamic simulations of large volumes which

considers baryonic processes are promising tools to gain further insights on the origin

of galaxy clusters. The computational cost for these kind of simulations, however, is

currently prohibitively high. Furthermore, they would require the input of cosmolo-

gical initial conditions about processes affecting the baryons, such as the star form-

ation, radiative cooling, and supernova feedback, that are still poorly constrained.

Forthcoming advancements in high-redshift spectroscopic observations and improved

efficiencies of large-scale baryonic simulations hold significant promise to uncover

more about the formation of clusters such as XLSSC 122 and subsequently clusters

found in the local universe.
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Cavaliere A. G., Gursky H., Tucker W. H., 1971, , 231, 437

Cerulo P., et al., 2017, , 472, 254

Chester C., Roberts M. S., 1964, , 69, 635

Conselice C. J., 2003, , 147, 1

Conselice C. J., 2014, , 52, 291

Conselice C. J., Bershady M. A., Jangren A., 2000a, , 529, 886

Conselice C. J., Bershady M. A., Jangren A., 2000b, , 529, 886
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Klypin A., Yepes G., Gottlöber S., Prada F., Heß S., 2016, Monthly Notices of the

Royal Astronomical Society, 457, 4340

Kravtsov A. V., Borgani S., 2012, , 50, 353

http://dx.doi.org/10.1093/mnras/stx175
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.4015H
https://ui.adsabs.harvard.edu/abs/1785RSPT...75..213H
https://ui.adsabs.harvard.edu/abs/1958MeLuS.136....1H
https://ui.adsabs.harvard.edu/abs/1925PA.....33..252H
http://dx.doi.org/10.1086/123603
https://ui.adsabs.harvard.edu/abs/1926PASP...38..258H
https://ui.adsabs.harvard.edu/abs/1926CMWCI.324....1H
https://ui.adsabs.harvard.edu/abs/1931CMWCI.427....1H
http://dx.doi.org/10.1086/427392
https://ui.adsabs.harvard.edu/abs/2005AJ....129.1096I
http://dx.doi.org/10.1093/mnras/214.2.87
https://ui.adsabs.harvard.edu/abs/1985MNRAS.214...87J
http://dx.doi.org/10.1080/01621459.1951.10500769
http://dx.doi.org/10.1111/j.1365-2966.2004.08117.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.353..713K
http://dx.doi.org/10.1086/113334
https://ui.adsabs.harvard.edu/abs/1983AJ.....88..483K
http://dx.doi.org/10.1146/annurev.astro.36.1.189
https://ui.adsabs.harvard.edu/abs/1998ARA&A..36..189K
http://dx.doi.org/10.1086/191066
https://ui.adsabs.harvard.edu/abs/1985ApJS...59..115K
http://dx.doi.org/10.1051/0004-6361/202039648
https://ui.adsabs.harvard.edu/abs/2021A&A...647A..32K
https://ui.adsabs.harvard.edu/abs/2021A&A...647A..32K
http://dx.doi.org/10.1093/mnras/stw248
http://dx.doi.org/10.1093/mnras/stw248
http://dx.doi.org/10.1146/annurev-astro-081811-125502
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..353K


84
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Appendix A

Additional Information

A.1 Smoothness Measurement

The Smoothness measurement for the cluster members do not give conclusive results.

The SNR of the HST images may not be sufficient for accurate measurements of this

index.

Figure A.1: Histogram showing the distribution of Smoothness measurements for the
cluster members.
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A.2 Morphological Measurement of ID 661

ID 661 is a neighbouring galaxy to the BCG of XLSSC 122 (Top of Fig.A.2). Its

segmentation map is highly contaminated by the light from the BCG, which may have

led to the unexpected high Gini value measured. Manipulating the segmentation map

to feed into Statmorph does not improve the measurement.

Figure A.2: Top: Cutout of the image and segmentation map for the BCG and
neighbouring galaxies. Bottom: Result from STATMORPH analysis of ID 661.
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A.3 Map of XLSSC 122

Position of the different types of cluster members in XLSSC 122.

Figure A.3: Replica of Figure 2.17 with the ID of the XLSSC 122 members.

A.4 Mass Growth Curve

Mass growth curves of the 30 most massive subhaloes in a randomly selected XLSSC

122-like halo from MDPL2 and SMDPL.
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Figure A.4: Mass Growth Curve of the 30 subhaloes in XLSSC 122-like halo from
MDPL2.
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Figure A.5: Mass Growth Curve of the 30 subhaloes in XLSSC 122-like halo from
SMDPL.
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Figure A.6: Timestep Last Major Merger event measurement from Rockstar
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