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Resumen

En el contexto del modelo cosmolégico ACDM (del inglés, A Cold Dark Matter), los ctimulos
de galaxias masivos se forman de manera jerarquica por medio de fusiones y acreciones suaves.
El modelo predice que numerosos cumulos de galaxias pueden estar en alguna etapa de fusién
en cualquier época. Estos procesos son los méas energéticos del Universo después del Big Bang,
liberando energfas del orden del orden de 10 erg/s, lo cual los hace laboratorios tinicos para
estudiar la evolucion de las galaxias. Bajo estas condiciones, las galaxias podrian experimentar
procesos extremos que alteren sus propiedades estructurales y fisicas. En este estudio, evaluamos
el estado dindmico de 87 cimulos de galaxias masivos (Msp > 1.5 x 101M) en el rango de
redshift de 0.10 < z < 0.35 usando datos dépticos del LS DRI10 (del inglés, Legacy Survey
Data Release 10) en conjunto con datos en rayos-X del archivo de Chandra y XMM-Newton,
separandolos en relajados, intermedios y perturbados. También, clasificamos las galaxias en
tipos morfolégicos por medio de parametros estructurales, los cuales fueron calculados utilizando
métodos paramétricos y no paramétricos. Ademas, determinamos las propiedades fisicas de estas
estructuras empleando métodos de ajustes de sus distribuciones espectrales de energia.

Hemos encontrado que si bien casi no se observan diferencias en los valores medianos de
las propiedades fisicas y estructurales de las galaxias entre cimulos relajados y perturbados, el
estado dinamico si afecta significativamente sus distribuciones. Maés aun, nuestros resultados
sugieren que el efecto de la dindmica de los cimulos en sus galaxias miembro es diferencial,
donde las galaxias de baja masa y pertenecientes a la secuencia roja de estos sistemas son
mas susceptibles a sufrir cambios fisicos y estructurales. Por otro lado, al estudiar relaciones
fundamentales de los cimulos de galaxias, notamos que la secuencia roja; la relaciéon masa-

tamano; y la relacion entre la morfologia, la tasa de formacion estelar y el ambiente local en



donde se encuentran las galaxias (caracterizado por la densidad local y la distancia al centro de
los cimulos) no presentan diferencias estadisticamente significativas entre ciimulos relajados y
perturbados.

Finalmente, considerando que en nuestro trabajo inicialmente clasificamos los estados dinamicos
como relajados, intermedios y perturbados, se observa que los cimulos intermedios no siempre
representan un nivel evolutivo entre los sistemas relajados y perturbados. En realidad, estos
pueden constituir estructuras con dinamicas més complejas, lo que requiere una interpretacion

cautelosa para evitar malos entendidos acerca de sus estados dinamicos.



Abstract

In the context of the A Cold Dark Matter cosmological model, massive galaxy clusters form
hierarchically by merging and smooth accretion. The model predicts that numerous clusters of
galaxies may be in some stage of merging in any epoch. These processes are the most powerful
in the Universe after the Big Bang, releasing energies of the order of 105 erg/s, making them
unique laboratories to studying galaxy evolution. Under such conditions, galaxies may undergo
extreme processes that alter their structural and physical properties. In this study, we evaluate
the dynamical state of 87 massive galaxy clusters (Msgo > 1.5 x 1014 My) in the redshift range
of 0.10 < z < 0.35 using optical data from Legacy Surveys Data Release 10 in conjunction with
X-ray data from the Chandra and XMM-Newton archives. Additionally, we classify galaxies
into morphological types using structural parameters, calculated through parametric and non-
parametric methods. Furthermore, we determine the physical properties of these structures
using spectral energy distribution (SED) fitting methods.

We found that while there are almost no differences in the median values of the physical and
structural properties of galaxies between relaxed and disturbed clusters, the dynamical state
significantly affects their distributions. Moreover, our results suggest that the effect of cluster
dynamics on their member galaxies is differential, where low-mass and red sequence galaxies
of these systems are more susceptible to experiencing physical and structural changes. On
the other hand, when studying fundamental relations of galaxy clusters, we note that the red
sequence; the mass-size relation; and the morphology/star formation rate-local density relation,
do not show statistically significant differences between relaxed and disturbed clusters.

Finally, considering that in this work the dynamical states were initially classified as relaxed,

intermediate, and disturbed, it is observed that intermediate clusters do not always represent



an evolutionary level between relaxed and disturbed systems. Indeed, these may constitute
structures with more complex dynamics, which requires careful interpretation to avoid misun-

derstandings about their dynamical states.
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Chapter 1

Introduction

1.1 Galaxies

Edwin Hubble ushered in the era of extragalactic astronomy with his seminal work, “The
Realm of Nebulae” (Hubble, 1936). In this publication, he succinctly presented his findings and
conclusions from years of prior research, confirming the nature of galaxies as isolated systems
similar to our Milky Way. Furthermore, through spectroscopic and photometric observations
of Cepheid variable stars, he derived their radial velocities from the redshift of spectral lines
and determined distances using the period-luminosity relationship. With these data, he inferred
that the universe is undergoing expansion.

Hubble’s groundbreaking discoveries marked a paradigm shift in our understanding of the
cosmos. Since then, extragalactic astronomy has undergone significant development, leading
to a consensus that galaxies represent overdensities of dark and baryonic matter, capable of
converting cold molecular gas into stellar mass (Huertas-Company et al., 2016). The baryonic
component of galaxies extends beyond stars to include dust and gas, which reside primarily in
the interstellar medium (Schneider, 2015).

These celestial objects exhibit diverse morphologies. Hubble keenly observed this charac-
teristic, leading to the creation of the first morphological classification system for galaxies,
commonly known as the Hubble Tuning Fork (see Figure 1.1). In this system, he proposed an
evolutionary sequence starting with elliptical galaxies (E), which vary in ellipticity and are de-
noted from E7 to EO in decreasing order of elongation. Following in the sequence are lenticular
galaxies (S0), which feature a well-defined disk. Hubble suggested that SO galaxies represent an
intermediate stage between Es and the continuing sequence of spiral galaxies (S). The latter are
easily recognizable by their prominent spiral arms. On the basis of this characteristic, spirals

are classified according to the degree of tightness of their spiral arms, denoted as a, b, or ¢ in
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decreasing order of tightness. Additionally, if these galaxies possess bars, they are designated as
SB. Finally, there is the irregular morphological type (Irr), which does not share characteristics

with any of the aforementioned types.

elliptical nebujoe

Figure 1.1: Evolutive sequence of nebulae proposed by Edwin Hubble, also known as Hubble Tuning Fork.
Irregular galaxies are not found in this sequence because they are highly peculiar, and Hubble argues that
almost all of them require individual consideration and cannot be classified within this system (Hubble, 1936).

Proposed almost a century ago, this classification system endures in current usage due to
its simplicity and versatility. It has also served as the foundation for other systems developed
and utilized in the literature (e.g., de Vaucouleurs et al., 1991; Fasano et al., 2012). However, it
has been demonstrated that Hubble’s proposed linear evolutionary sequence is indeed incorrect.
Instead, the hierarchical structure formation paradigm is widely accepted within the scientific
community (e.g., White and Rees, 1978; White and Frenk, 1991; Cole et al., 1994). In this
scenario, based on the standard Lambda Cold Dark Matter cosmological model (ACDM, Blu-
menthal et al., 1984), the nonlinear evolution of small perturbations in the initial dark matter
density field results in the formation of dark matter halos. Subsequently, due to the gravita-
tional attraction of these halos, pre-galactic baryonic matter concentrates towards their deep
potential wells (Benson, 2010).

During the formation process of the galactic structure, they are affected by tidal torques from
the large-scale surroundings (Barnes and Efstathiou, 1987). The resulting angular momentum
allows the formation of initial disks, which can merge with others, forming larger structures.
In the case of galaxies with spiral arms, it has been suggested that these are manifestations
of spiral-shaped density waves (Lin and Shu, 1964, 1966). Furthermore, based on this model,

it is proposed that the formation of elliptical galaxies arises from the merger of two or more
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progenitor galaxies of similar size (Barnes, 1989), and even mergers with smaller galaxies (minor
mergers, Bournaud et al., 2007).

In addition to the morphological variations exhibited by galaxies, they also manifest dif-
ferences in their physical properties, which can be derived from photometric and spectroscopic
observations. Generally, in the literature, binary classification has been favored for various
physical properties, especially when extragalactic objects are at significant distances. For in-
stance, classifications exist for color (red or blue), star formation rate (quiescent or star-forming),
mass (low-mass and high-mass), metallicity (metal-poor or metal-rich), and age (old or young).
Extensive evidence in the literature demonstrates a connection between structural properties
(morphology) and the physical properties of galaxies (e.g., Roberts and Haynes, 1994; Van den
Bergh, 1998; Blanton and Moustakas, 2009; Wijesinghe et al., 2010). There is a tendency for
elliptical and lenticular galaxies (also referred to as early-type galaxies) to be redder, older,
metal rich, quiescent, and more massive. In contrast, spiral and irregular galaxies (also known
as late-type) tend to be bluer, younger, metal poor, star-forming, and less massive.

By the mid-20th century, the importance of the structural properties of galaxies and their
correlation with physical properties in the local universe was already well established (e.g.,
Hubble, 1936; Zwicky, 1937). However, several factors led to the development of automatic
classification methods that depart from classical visual classification. Initially, these reasons
were linked to the subjectivity of the classifier and the quality of the image (limited photometric
depth, resolution, signal-to-noise ratio, etc.), which simply did not allow for an appropriate
galaxy classification. Later, towards the end of the last century, another crucial motivation for
the development of these methods was the increasing capacity of telescopes to generate vast
volumes of data, a trend that was also anticipated for future surveys.

As a result, the early methods for classifying galaxies were parametric approaches. The first
of these corresponds to the De Vaucouleurs profile (de Vaucouleurs, 1948), later generalized
with the Sersic profile (Sersic, 1968). Both methods involve modeling the surface brightness
profile of galaxies using mathematical functions, with the Sersic profile being more versatile.
When the parameters are left free in the fit, it has been shown that they serve precisely as good
morphological indicators (e.g., Vika et al., 2015).

Decades later, the first non-parametric structural indices involving the light concentration
of galaxies were defined (Abraham et al., 1994a; Bershady et al., 2000), along with their asym-
metry (Abraham et al., 1996; Brinchmann et al.; 1998). The mathematical expression for
calculating these parameters evolved, culminating in the concentration-asymmetry-smoothness
system (CAS, Conselice, 2003), which also incorporates a new non-parametric index related to

the smoothness of galaxies. A year later, Lotz et al. (2004) introduced two new parameters
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and developed the G-Ms classification system, named after its non-parametric indices. For an
extensive definition of these systems, refer to Section 3.5.

In the literature, the advantages and disadvantages of using parametric and non-parametric
methods for galaxy classification have been extensively discussed (e.g., Abraham et al., 1996;
Peng et al., 2002; Conselice, 2003; Lotz et al., 2004; Vikram et al., 2010). For instance, the use
of non-parametric methods has an advantage in terms of computation time since it does not
require fitting a model to the data, which typically involves an iterative process of minimizing
some statistical variable (e.g., x?, x¥2). Instead, these methods calculate values directly from the
data. However, in terms of interpretation, it is more straightforward to relate the underlying
physics to the results of parametric methods, as these models directly connect physical variables,
something not achieved with non-parametric methods.

More recently, methodologies employed to determine the morphology of galaxies have been
dominated by the use of Machine Learning techniques (e.g., Dominguez Sanchez et al., 2018;
Zhu et al., 2019; Fischer et al., 2019; Farias et al., 2020; Bom et al., 2021; Cheng et al., 2021;
Walmsley et al., 2022). In general, these techniques are divided into two main groups: unsu-
pervised and supervised learning. The former is associated with handling data without prior
knowledge of their labels (unlabeled data), where clustering, association, and dimensionality
reduction algorithms come into play. The latter focuses on performing specific tasks like regres-
sions and classifications using a training sample with well-known labels (labeled data). Initially,
the morphological classification of galaxies was based on supervised machine learning techniques
(e.g., Lahav et al., 1996; Fasano et al., 2012), but lately hybrid techniques that combine su-
pervised and unsupervised learning have been used (e.g., Cheng et al., 2021; Kolesnikov et al.,
2024).

Regardless of the learning algorithms used, these methods have the advantage that once
the classification model is created, it is possible to determine the morphological type of a large
number of objects in a considerably shorter time than with classical visual classifications (Reza,
2021). However, it is essential to establish a robust training sample with the least possible
biases; otherwise, the model will replicate these biases, which could affect the reliability of the
classification (Lintott et al., 2008; Cabrera-Vives et al., 2018).

1.2 Clusters of galaxies

Despite the “isolated” nature of galaxies described by Hubble (1936), these objects do not
necessarily exist in solitude. Galaxies can cluster together to form larger systems, such as

groups or clusters of galaxies (hereafter clusters, for simplicity). Galaxy clusters are the largest
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gravitationally bound objects in the Universe and serve as ideal laboratories for studying a
broad range of physical phenomena.

In the context of the standard cosmological model, the cosmological principle states that
the Universe is homogeneous and isotropic on large scales (Large-Scale Structure, LSS). This
intricate LSS is composed of filaments that converge into overdense regions, known as nodes,
and vast regions with very little or almost no matter, known as voids (Davis et al.; 1985).
Utilizing redshift surveys data, it has been demonstrated that these filaments have scales of at
least 10 =1 Mpc (Coil, 2013), with galaxy clusters as their primary constituents.

According to the ACDM model, the total density is dominated by the cosmological constant
(A), and the matter density is dominated by cold dark matter (CDM). Similar to galaxies,
large structures undergo hierarchical formation processes here. In the initial density field, small
fluctuations collapse first due to gravitational instabilities, and then more massive structures
form through mergers and smooth accretion. Evidence of this can be observed in the cosmic
microwave background (CMB), where fluctuations reflect the inhomogeneities of the initial
density field, which seeded the formation of large-scale structures in the universe (Efstathiou
et al., 1992; Spergel et al., 2003; Planck Collaboration et al., 2014). The model predicts that a
considerable number of galaxy clusters are in some stage of merger at any given time. During
these merger processes, the gravitational potential energy of the accreting groups is dissipated,
subsequently heating the gas associated with these systems (Molnar, 2016).

The typical scale of galaxy clusters is of the order of Ry > 1.5h~! Mpc, and the mass
lays within the range of 101 < Mygo/Mo < 10%. Here, Rygy denotes the radius containing 200
times the critical density of the Universe at the cluster redshift, and My, represents the mass
enclosed within that radius. In terms of mass, these structures are predominantly composed
of dark matter (DM, approximately 80%), followed by hot gas at temperatures of ~ 107 - 108
K, known as the intracluster medium (ICM, approximately 18%), and stellar mass, mainly
consisting of the stellar mass of galaxies and intracluster light (gravitational unbound stars
not associated with any specific galaxy), contributing the smallest fraction (approximately 2%)
(Schneider, 2015).

Given their characteristics, the components of galaxy clusters can be observed across vari-
ous wavelengths. Galaxies in these systems can be studied in the ultraviolet (UV), optical, and
infrared (IR) regimes. On the other hand, the ICM emits in the X-ray range as the high tempera-
ture of the gas ionizes the medium, causing electrons to lose energy through the Bremsstrahlung
process. Furthermore, due to the inverse Compton interaction between high-energy electrons in
the hot gas and photons from the CMB, the ICM can also be analyzed in the microwave regime
through Sunyaev-Zeldovich effect maps (SZ effect, Sunyaev and Zeldovich, 1972). Considering
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that dark matter cannot be directly observed, the overall matter distribution within galaxy clus-
ters, which is dominated by dark matter, can be inferred. This inference is typically achieved
through methods such as weak and strong gravitational lensing. Additionally, the total mass of
a galaxy cluster can be estimated using scaling relations that relate to the velocity dispersion
of the member galaxies within the cluster.

Considering the aforementioned, various methods for detecting galaxy clusters have been
developed across all mentioned wavelength regimes. Among these, the identification of clusters
using optical images is particularly notable, with the Abell catalogs (Abell, 1958; Abell et al.,
1989) standing out due to their comprehensive and pioneering approach. The Abell catalogs were
the first galaxy cluster catalogs constructed systematically based on specific selection criteria.
On the other hand, these structures have also been detected through X-rays, with significant
efforts invested in developing satellites and launching them into space. A notable example is
ROSAT, which, with its ROSAT All Sky Survey (RASS), successfully detected thousands of
clusters (Bohringer, 2005), conducted analyses of their substructures (Schuecker et al., 2001)
and determined their fundamental parameters to study their implications in cosmology (David
et al., 1995). More recently, we have the successor, eROSITA (extended ROentgen Survey with
an Imaging Telescope Array), which will provide X-ray information for approximately 100,000
galaxy clusters in the coming years with its eROSITA All Sky Survey (eRASS, Merloni et al.,
2012, 2024), offering 25 times more sensitivity than its predecessor RASS (Liu et al., 2022).

In the microwave region of the electromagnetic spectrum, several telescopes have been uti-
lized to map the sky and detect these systems. Perhaps the most significant among them are
the South Pole Telescope (SPT), the Atacama Cosmology Telescope (ACT), and the Planck
Satellite, all of which have generated several catalogs of massive clusters across a wide range of
redshifts (Hasselfield et al., 2013; Bleem et al., 2015; Planck Collaboration et al., 2016).

A common feature shared by all these detection methods is their susceptibility to significant
projection effects. To overcome this issue, photometric redshifts can be employed as a good
approximation to ascertain whether galaxies that appear to be part of a cluster in the projected
space truly belong to it. However, for confirmation, spectroscopic redshifts are required, as
applied in studies that combine multiwavelength photometry and optical spectroscopy (e.g.,
Bayliss et al., 2016; Liu et al., 2022).

Another method for identifying these structures through sky mappings is through the color-
magnitude diagram of galaxy clusters. In these systems, there is a mixture of morphologies,
and in the case of early-type galaxies, they form a well-defined narrow linear relation called the
red cluster sequence (RCS, Visvanathan and Sandage, 1977; Yee et al., 1999). This sequence is

associated with the red peak of the galaxy color distribution (e.g., Blanton et al., 2003; Bell et al.,
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2004). In the local universe, this sequence is nearly horizontal, but has been shown to evolve with
redshift (KKodama et al., 1998). The scatter of the RCS in a cluster provides information about
the color difference among its early-type galaxies, and its small slope indicates that more massive
galaxies are more metal-rich. Indeed, this metallicity is traced by the color when covering the
important spectral feature D4000, corresponding to a break at a wavelength of 4000 A in the
rest frame, given by the absorption of light caused by an accumulation of metal absorption lines
in the near ultraviolet, predominantly from iron ions, which block the emission of lines beyond
4000 A (Hamilton, 1985). Based on this fundamental relation, surveys such as the Red-Sequence
Cluster Survey (RCS-1, Gladders and Yee, 2000, 2005) and the Red-Sequence Cluster Survey 2
(RCS-2, Gilbank et al., 2011) were designed, providing valuable information about the history
of cluster formation and the populations that make them up, as well as obtaining accurate

photometric redshifts of these systems and constraining cosmological parameters.
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Figure 1.2: Morphology-density relation found by Dressler (1980) for galaxies in clusters and in the field. The
upper histogram shows the distribution of galaxies of the projected density bins, and the main plot displays the
fraction of morphological types as function of the same bins.

Dressler (1980), in his seminal article, demonstrated the existence of morphological segre-
gation in local galaxy clusters (z < 0.06). In other words, different morphological types tend

to be located in specific regions within these systems. On one hand, there is the morphology-
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density relation, where it is observed that in the denser regions of clusters, there is a higher
fraction of elliptical galaxies, whereas in less dense regions, there is a higher fraction of spi-
ral and irregular galaxies. In the case of lenticular galaxies, their fraction tends to increase
in denser regions, similar to elliptical galaxies but with a less pronounced curve (Figure 1.2).
Similarly, the morphology-clustercentric distance relation was found, where early-type galaxies
tend to be located in the central regions of clusters, while late-type galaxies are more likely to
be in the outskirts (Whitmore and Gilmore, 1991). Subsequently, Dressler et al. (1997) studied
these relations at intermediate redshifts (z ~ 0.5), finding that the morphology-density relation
appears to be more global, as it holds in all clusters, whether regular or irregular (with respect
to the spatial distribution of galaxies), while the morphology-clustercentric distance relation is
more prominent in regular clusters. Follow-up studies investigated these relations at even higher
redshifts (e.g., Postman et al.; 2005; Sazonova et al., 2020) and in hydrodynamical cosmological
simulations (e.g., Teklu et al., 2017; Pfeffer et al., 2023). These works have shown that these
relations begin to form at redshift z ~ 2 and persist until the local universe. This implies that
the population of early-type galaxies forms very early in the Universe in environments that are
sufficiently dense. Furthermore, it was shown that the fraction of lenticular galaxies decreases,
and there is an excess of spiral and irregular galaxies at redshift z = 0.8, compared to the local
universe. Explanations for this include the transformation of spiral galaxies into lenticular ones
through gas stripping in highly dense environments and the formation of lenticular galaxies
through black hole feedback in low-density environments.

However, the relations found in clusters are associated not only with the morphology of
galaxies but also with their physical properties. For example, studying the mass-size relation
throughout cosmic time is crucial to trace the assembly history of galaxies (Chen et al., 2024).
Considering the hierarchical formation of structures, it is natural to think that the primary
factor for assembling the mass of these objects corresponds to mergers with their counterparts.
However, this process is also associated with internal processes, such as the star formation rate
(SFR, e.g., [Ibert et al., 2010). In fact, this latter property, often associated with the morphology
of galaxies in the literature (e.g., Calvi et al., 2018), and the two aforementioned ones (mass
and size), have differences not only in different regions of a galaxy cluster but also in the field
(e.g., Poggianti et al., 2013; Yoon et al., 2017). In the mass-SFR parameter space, a sequence of
star-forming galaxies can be found, while below them, passive or quiescent objects are observed
(e.g., Noeske et al., 2007; Peng et al., 2010). On the mass-size plane, it has been shown that in
different environments, mass ranges, and morphologies, the slopes of this relationship change
significantly (e.g., van der Wel et al., 2014; Strazzullo et al., 2023; Chen et al., 2024).

The relationships between the physical and structural parameters of galaxies with the envi-
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ronments in which they are located can be explained by various physical processes occurring in
dense environments. These processes can notably perturb the morphology of galaxies, generat-
ing, for example, fascinating cases of galaxies known as jellyfish (e.g., Poggianti et al., 2016).
The nature of these physical phenomena can be gravitational, hydrodynamical, or a com-
bination of both (Boselli and Gavazzi, 2006). On the gravitational interaction side, galaxies in
clusters can be affected by galaxy-galaxy interactions (Byrd and Valtonen, 1990), galaxy-cluster
interactions (Valluri, 1993), and galaxy harassment (Moore et al., 1996). In the first two cases,
galaxies are affected by tidal effects due to the potential wells of the involved objects, while
in galaxy harassment, galaxies do not fully interact but are disturbed by high-speed encoun-
ters. On the hydrodynamic side, there are effects such as ram pressure stripping (Gunn and
Gott, 1972), where galaxies can experience a removal of part of their interstellar medium due
to the ram pressure exerted by the hot and dense intracluster medium (ICM); viscous stripping
(Nulsen, 1982), where viscous momentum is transferred from the interstellar medium (ISM) to
the intergalactic medium (IGM), causing losses of the gas reservoir and, consequently, the ability
to form new stars; and thermal evaporation (Cowie and Songaila, 1977), a process in which if
the temperature of the IGM is high compared to the velocity dispersion of galaxies, the gas tem-
perature will rise, leading to evaporation and stripping of the host galaxy, combining with the
IGM-ISM interface. Finally, regarding the consequences of combined effects of the previously
discussed physical processes, two significant phenomena are observed: starvation/strangulation
(Larson et al., 1980) and pre-processing (Zabludoff and Mulchaey, 1998). Starvation, also known
as strangulation, results from gravitational and hydrodynamic processes that gradually deplete
the gas reservoirs of galaxies, affecting them to a lesser extent. Pre-processing, on the other
hand, refers to the accelerated evolution of galaxies within smaller systems such as groups or
compact groups, and even within larger-scale structures like filaments, before they fall into the
potential well of a cluster. As a result, these galaxies arrive at the cluster with diminished star
formation rates or in a quenched state, and their physical and structural properties are already

altered by the environmental effects of their previous locations.

1.3 Interaction of galaxy clusters

In a relaxed cluster, also known as virialized because it approximately satisfies the virial
theorem, its three components (galaxies, dark matter, and intracluster medium or ICM) are in
dynamic and hydrostatic equilibrium. Additionally, it is known that usually, due to dynamical
friction effects, the deepest part of the potential well of these clusters contains a massive central

galaxy; the brightest cluster galaxy (BCG, Tremaine, 1990). However, as explained earlier, the
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formation processes of these systems involve mergers and smooth accretion. In these circum-
stances, the equilibrium state of the clusters is affected. In the event of a merger between two
massive galaxy clusters, we are dealing with the second most energetic process in the Universe
after the Big Bang, releasing energy on the order of 10 erg/s (Sarazin, 2002), with approxi-
mately 10% of its energy being dissipated in the ICM in the form of shocks, compression, and
turbulence (Owers et al., 2014).

In such interactions, when analyzing systems on a large scale, galaxies can be considered
point particles, and due to the large velocity dispersion that clusters have, the probability of
collision is low. Additionally, it is inferred that dark matter is non-collisional on large scales, so
in these processes, its distribution is not expected to be disturbed. On the other hand, the gas
component interacts hydrodynamically, making it highly collisional and thus generating a delay
in the displacement of collisional and non-collisional components when mergers occur (Massey
et al., 2011).
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Figure 1.3: Optical (left) and X-ray (right) images of the 1E 0657-558 galaxy cluster (Bullet cluster) extracted
from Clowe et al. (2006). The green contours correspond to the mass reconstruction through weak gravitational
lensing, dominated by dark matter, and the white contours represent the errors in the position of the mass
distribution peaks for the 68.3%, 95.5%, and 99.7% confidence levels, while the white solid line represents 200
kpc at the cluster distance. The blue plus signs show the locations of the centers of the plasma clouds (X-ray
lobes).

A pioneering work that observationally demonstrated this cluster merger scenario and also
provided the first direct evidence of the existence of dark matter is that of Clowe et al. (2006),
where they studied 1E 0657-558, also known as the Bullet cluster. This is a distrubed galaxy
cluster at redshift z = 0.296. Figure 1.3 shows the distribution of the total mass of the cluster
(dominated by dark matter) reconstructed from weak gravitational lensing (green contours).
It can be observed that galaxies are spatially distributed in a similar way to dark matter, but

the gas (right panel) is completely offset. Moreover, two large lobes of galaxies, gas, and dark



1 Introduction 11

matter are clearly visible, supporting the cluster merger scenario. Thus, the offset between
the centroid of the dark-matter distribution and the peak or centroid in X-rays serves as an
approximation of the dynamic state of galaxy clusters, at least in the projected space of right
ascension (RA) and declination (Dec).

However, as obtaining a massive sample of galaxy clusters with weak lensing analysis is not
straightforward, the offset between the BCG and the X-ray peak or centroid can be used as
a proxy for the dynamical state (e.g., Mann and Ebeling, 2012). This is because the BCG is
considered a proxy for the non-collisional component, since it is expected that dark matter and
galaxies move together during a merger. Additionally, as mentioned earlier, the BCG is located
in the deepest region of the cluster gravitational potential well.

In addition to the dynamical state approximation involving optical and X-ray observations,
these systems can also be classified using radio images (Cassano et al., 2010), utilizing the galaxy
density distribution of the cluster (e.g., Wen and Han, 2015), and the X-ray surface brightness
distribution (e.g., Jeltema et al., 2005; Nurgaliev et al.; 2013). Similarly, to identify mergers of
galaxy clusters along the line of sight, the shape of the velocity distribution can also be used as
a proxy (e.g., Ribeiro et al., 2013; de Los Rios et al., 2016).

It has been determined that the impact of galaxy cluster mergers on their member galaxies is
crucial for their evolution. For example, during these processes, galaxies can undergo extreme
ram pressure stripping, significantly distorting their morphologies (e.g., Owers et al., 2012;
Poggianti et al., 2016). Additionally, significant episodes of star formation can be triggered in
galaxies (e.g., Stroe et al.; 2017; Hernandez-Lang et al., 2022) or, conversely, their star formation
rates can be reduced (e.g., Mansheim et al., 2017). Currently, studies of interacting clusters
range from a few dozen with the image quality of the Hubble Space Telescope (HST) (e.g.,
Harvey et al., 2015; Vulcani et al., 2023b) to thousands using surveys with lower image quality
(e.g., Wen and Han, 2015; Tempel et al., 2017; Zenteno et al., 2020). Still, only a small fraction
of them conducted a detailed study with a large sample of clusters on the impact of mergers on
their populations.

One of the main motivations for this work comes from the results obtained by Zenteno et al.
(2020). In that article, they estimate the dynamical state of 288 massive galaxy clusters within
the redshift range 0.1 < z < 0.9 using optical, X-ray, and microwave (SZ effect) information.
They found that the galaxy luminosity function of disturbed clusters has a steeper faint-end
slope «, with a brighter characteristic magnitude m* than relaxed systems. Exploring differ-
ent redshift ranges, they observed that the differences between relaxed and disturbed clusters
become significant at redshift z 2> 0.55. Furthermore, Aldds et al. (2023) found similar results

regarding dynamics and redshift range, but this time using color-magnitude diagrams (CMDs) of
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the clusters. At low redshift, there is complete agreement between the characteristics of CMDs
in relaxed and disturbed clusters, while at high redshift, disturbed clusters exhibit greater dis-
persion in the red sequence and a broader distribution of blue galaxies compared to relaxed

systems.

1.4 Thesis goals

In this thesis, we evaluate the dynamical state of 87 massive galaxy clusters (Msoo > 1.5 X
10" M) in the redshift range of 0.10 < z < 0.35 and analyze their impact on the physical and
structural properties of their member galaxies. The sample consists of galaxy clusters from the
XMM-Newton and Chandra archives, including structures detected through optical observations
(Abell, WHL), the SZ-effect in microwaves (SPT, ACT, Planck), and X-ray detections (RBS,
RM, RXC).

The sample has deep optical images from the DESI Legacy Imaging Survey, which covers >
20,000 square degrees of the sky, carefully selected to include data in the g, r, 7, and z bands of
the Dark Energy Camera (DECam).

Here, we use X-ray, optical, and infrared data to address the following question: Does the
dynamical state of galaxy clusters affect the morphological and physical properties of their mem-
ber galaxies, and their fundamental relations at low redshift (0.10 < z < 0.35)7 Investigating
this relationship is crucial because it can shed light on the evolutionary processes that affect
galaxy evolution within these clusters (e.g., Perez et al., 2009). Specifically, it can help clarify
how interactions and environmental factors within clusters contribute to galaxy formation and
evolution (e.g., Boselli and Gavazzi, 2006). This understanding is important for constructing
more accurate models of galaxy behavior and cluster dynamics (e.g., Contreras et al., 2013). To

answer it, we propose the following objectives:

e Identify member galaxies of galaxy clusters using a method that employs photometric

redshift, quantifying its completeness and contamination.

e Classify the morphological type of galaxies using both parametric and non-parametric

methods on DECam images with physical resolution greater than 1 kpc.

e Derive the physical properties of galaxies using spectral energy distribution (SED) fitting

techniques with photometric data in the optical and infrared.

e Determine the dynamical state of galaxy clusters using different proxies across optical and

X-ray wavelengths.
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e Compare the physical and morphological properties of relaxed and disturbed cluster pop-

ulations.

This thesis is organized as follows. In Chapter 2, we describe the nature of optical/infrared
(photometry and spectroscopy) and X-ray data, as well as detail the sample selection. In
Chapter 3, we describe the methods used to estimate the dynamical states of the clusters,
determine their dynamic properties, and calculate the physical and structural properties of the
galaxies. In Chapter 4 we present the results after applying those methods. Finally, in Chapter
5, we discuss the results and present the conclusions of the entire study in Chapter 6.

In this work, we adopt a Flat ACDM cosmology, asumming Hy = 69.3 km s, Q) = 0.721
and Q,, = 0.287 (Hinshaw et al., 2013, WMAP-Y9).



Chapter 2

Data

In this chapter, we outline all the details concerning the data used in this thesis. We begin by
describing the optical images that we use, which come primarily from the DESI Legacy Imaging
Survey. Then, we explain the X-ray archive processed images and catalogs. Subsequently,
we specify the content and source of the photometric and spectroscopic catalogs. Finally, we

present the sample selection process for the study.

2.1 Optical images and catalogs

Legacy Surveys Data Release 10 (here after, LS DR10) is the result of the combined efforts
of three different surveys that provide images and catalogs, initially planned for the ¢, r, and
z filters. On one hand, there are surveys in the northern hemisphere (§ 2 32); these include
the Beijing Arizona Sky Survey, which provides photometric information in the g and r filters
using the Bok 2.3m telescope (BASS, Zou et al., 2017), and the Mayall z-band Legacy Survey,
which delivers data solely in the z filter using the 4m Mayall telescope (MzLS, Silva et al.,
2016). On the other hand, for the southern hemisphere, there is the Dark Energy Camera
Legacy Survey (DECaLS, Blum et al., 2016), observing in the g, r, and z filters through the
4m Blanco Telescope. It is worth mentioning that DECaLS is primarily composed of data
from the Dark Energy Survey (DES, The Dark Energy Survey Collaboration, 2005), with the
rest coming from public data of DECam, available in the online repository of NSF’s National
Optical-Infrared Astronomy Research Laboratory (NOIRLab)'. Among these programs, most
notably are the DECam Local Volume Exploration Survey (DELVE; Drlica-Wagner et al., 2022)
and the DECam eROSITA Survey (DeROSITAS; PI: A. Zenteno). The initial goal of LS was

to select targets for the forthcoming DESI spectroscopic survey, with its spectrograph set to be

https://noirlab.edu/public/projects/astrodataarchive/
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installed on the 4m Mayall telescope, where MzLS is conducted.

The LS DR10 covers more than 20,000 square degrees of the sky, with the three surveys
having similar design properties. They are typically at least ~ 1 magnitude deeper than the
Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) 37 Steradian Survey
(Chambers et al., 2016) in each filter, achieving a uniform depth of 50 at m, = 24.7, m, = 23.9,
and m, = 23.0 (Duncan, 2022).

All images in the LS DR10 are presented in “bricks”, which are regions of the sky measuring
0.25° x 0.25°, defined in terms of RA and Dec coordinates, with some degree of overlap. All of
these data are publicly available on the National Energy Research Scientific Computer Center
(NERSC) portal, access to which can be found on the official LS DR10 website’. Taking this into
account, we develop Python codes that efficiently allow us to download the bricks corresponding
to the area of interest for each cluster in our sample (see Section 2.5) and then join them.

Regarding the catalogs, we download the data from LS DR10 using Python codes that query
the NOIRLab AstroDataLab portal®. We conduct a cone search centered on the X-ray peak with
a radius of Rago for each cluster. The astrometry of these catalogs is tied directly to the Gaia
Data Release 2, with astrometric residuals typically smaller than 0.03”. Source detection in this
survey was performed using The Tractor (Lang et al., 2016). This code employs a probabilistic
method to fit models to the sources present in an image. These models can be point sources
(PSF), round exponential galaxies with variable radius (REX), de Vaucouleurs (DEV) profiles
(elliptical galaxies), exponential (EXP) profiles (spiral galaxies), and Sersic (SER) profiles, and
these are fitted by means of a x? minimization problem. Full details regarding calibrations,

source detection, and photometry are available in Dey et al. (2019, and references therein).

2.2 X-ray images and catalogs

The X-ray images used in this study were obtained from the Chandra and XMM-Newton
archives. However, these images have been downloaded, processed, and made available to the
scientific community through online repositories by other authors. Specifically, Yuan and Han
(2020) initiated their project with the aim of evaluating the dynamical state of galaxy clusters
based on the distribution of the X-ray surface brightness, revealing the behavior of ICM in these
systems. In their study, they explain that the Chandra satellite has observed approximately
1,000 galaxy clusters, and the high resolution of its images is ideal for detecting substructures in

the ICM. They processed the data from these systems by filtering photons with energies in the

Zhttps://www.legacysurvey.org/
3https://datalab.noirlab.edu


https://www.legacysurvey.org/
https://datalab.noirlab.edu

2 Data 16

A115 (z=0.1918): Chandra image

A2744 (z=0.3014): Chandra image MS1006.0+1202 (2=0.2210): Chandra image
Contours: <Sbg>o-3x2"u. n=0,123, ..

Contours: chg>+3x2"|J. n=0,1,23, .. Contours: -:Sbg:verE"o. n=0,1,23,..

g
5 8 - = . e
2 o ' 5 R H
- g 107" < = Lok 107"
o C‘? o - o - o
, B E + @
107 & g &
o w o
= T o5 T
g5 $E, w2 B
o 5 &g ] S =
39 102 S % T2 1
Q@ =R TR oo ¥ o
w g T Wo e i
=] E a i E‘ (= E
-3 -3
1
1072 E i} g 10 E
= = =
k-3 =] =]
g & 8 B g &
> & =
2 ot 8 . PR P
& 00:56:05 ‘?—‘ 00:14:25 00:13:55 = 10:08:30
* RA (J2000) RA (J2000) + RA (J2000)
A2255 (z=0.0808): Chandra image AB8 (2=0.2537): Chandra image AS586 (2=0.1710): Chandra image
8 Contours: <Sp>+3x2"0,n=0,1,2,3, ... Contours: <8, =+3=2'a,n=0,1,2 3, .. Contours: <8, =+3x2"0,n=0,1,2,3, ...
i = 2 &
3 - S - ¢ n -
k4 o 2 4% g4 i
o - 10 o = 1 o
& g 107 §
@ a @
= T B = T
] w =2 ]
g8 z8g w2 E 8 =
§g ¢ 3g ¢ 28 1070
=5 =8 22
=] =] B =]
23 TEe TRa %
a = = =
w @ Ly w
o -2 8 -2 0
= 10 c 10 (=
= £ =
= = =
= = o =
= @ g L] 8 @
i . 8 107 3 : A
2 17:13:00 2 00:37:15 - 07:32:25 07:31:55
x RA (J2000) % RA (J2000) + RA (J2000)

Figure 2.1: Example of the processed X-ray images given by Yuan and Han (2020). On the top of each panel,
the cluster name, redshift and contour levels are specified. The colour bar on the right of each panel indicates
the logarithmic surface brightness. The white cross and ellipse are the centre and the ellipse of the best-fitting
model that they used in their work. The red circle in the bottom left corner of each panel indicates the smooth
scale generally with 30 kpc of diameter, and the scale of 500 kpc is plotted on the bottom right corner to show
the physical scale of every cluster.
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Table 2.1: Dynamical parameters for the first 10 clusters extracted from Yuan et al. (2022).

Name obsID RA Dec z log(c) logo(w)  logio(Ps/Py) & logyo(c) 0

(1) (2) 3) 4) (5) (6) (M (8) ) (10) (11)
RXCJ0000.14+0816 0741581501 0.02958  8.27444  0.0396 -0.144+0.01 -4.044+0.08 -6.504+0.01 0.89 -2.46+0.01 -0.81+0.01
A2690 0125310101 0.09120 -25.13822 0.0840 -0.60£0.01 -1.86+0.02 -6.664+0.05 2.54 -1.33+0.01 1.16£0.01
XMMXCSJ0002-3556 0145020201 0.56708 -35.94272 0.7704 -0.644+0.03 -1.414+0.03 -5.81+0.11 2.45 -1.19£0.01 1.1940.01
A2715 0655300101 0.68944 -34.67154 0.1160 -0.76+0.01 -1.524+0.01 -5.644+0.03 2.30 -0.55+0.01 1.51+0.01
A2697 0145020201 0.79826 -6.09169 0.2484 -0.66+0.02 -2.384+0.02 -6.67+0.13 1.11 -1.90+0.01 -0.27+0.01
A2717 0145020201 0.80042 -35.92722 0.0490 -0.39£0.01 -3.324+0.01 -7.544+0.05 1.03 -1.93+0.01 -0.35+0.01
A2700 0201900101 0.96083  2.06333  0.0924 -0.51£0.01 -3.05+0.03 -7.884+0.10 1.40 -2.29+0.01 -0.33+£0.01

7GXJ000402-355635 0145020201 1.00742 -35.94317 0.4974 -0.58+0.04 -2.124+0.05 -6.15+0.13 2.17 -1.42+0.01 0.83+0.01
WHLJ000524+161309 0783270101 1.35000 16.21917 0.1160 -0.734+0.01 -1.66+0.01 -6.62+0.03 2.05 -1.39£0.01 0.76+0.01
A2734 0675470801 2.83625 -28.85500 0.0625 -0.63£0.01 -2.66+0.03 -6.72+£0.02 1.85 -1.37£0.01 0.624+0.01

Notes. Columns: (1) galaxy cluster name; (2) XMM-Newton observation ID; (3-4) right ascension and declination in J2000; (5)
redshift; (6) concentration index; (7) centroid shift; (8) power ratio; (9) profile parameter; (10) asymmetry factor; (11) morphology
index.

0.5—5.0 keV band, carefully removing flares and point sources, and smoothing the images with
a Gaussian function at a physical scale of 30 kpc. Initially, these scales varied for each cluster
because of their different redshifts. Examples of the final results can be seen in Figure 2.1. They
processed a total of 964 clusters, and both the images and catalogs of dynamical parameters
derived from them can be found in the authors’ web page repository*. Subsequently, Yuan et al.
(2022) expanded the sample by including data from the XMM-Newton archive and adding 22
new Chandra clusters observed in the time period separating their two studies. The processing of
the X-ray images remained exactly the same for consistency, resulting in images and dynamical
parameters for 1,308 new galaxy clusters’.

The aforementioned catalogs are also available in the same Web repositories. An illustration
of their content can be seen in Table 2.1. These catalogs contain classic dynamical parameters
such as the concentration index (Santos et al., 2008), the centroid shift (Poole et al., 2006), and
the power ratio P3/P, (Buote and Tsai, 1995). Moreover, they included a new morphological
parameter to estimate the dynamical state: §. A detailed description of this parameter is

provided in Section 3.4.1.

2.3 Cluster catalog and photometric redshifts

Using data from the DES and the Wide-field Infrared Survey Explorer (WISE, Wright
et al., 2010), Wen and Han (2022) estimated photometric redshifts for 105 million galaxies,
identifying 151,244 galaxy clusters within the redshift range of 0.1 < z < 1.5. The algorithms

used are extensively outlined in their previous work (Wen and Han, 2021). In summary, they

‘http://zmtt.bao.ac.cn/galaxy_clusters/dyXimages/chandra.html
Shttp://zmtt.bao.ac.cn/galaxy_clusters/dyXimages/newton.html


http://zmtt.bao.ac.cn/galaxy_clusters/dyXimages/chandra.html
http://zmtt.bao.ac.cn/galaxy_clusters/dyXimages/newton.html
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used publicly available DES DR2 data in the grizY bands and data from the WISE five-year
co-added image, also known as unWISE, in the W1 and W2 filters, to estimate the photometric
redshifts. The data matching between both databases comprised 105 million objects.

Subsequently, photometric redshifts were derived on the basis of the colors and using the
k-nearest neighbors algorithm with respect to the spectroscopic redshifts of a robust training
sample. Specifically, the distances of the target galaxies to obtain their photometric redshifts
in the color space (¢ — 7, r —i, i — 2z, z —y, i — W1, and W1 — W2) to all galaxies in a
training sample (galaxies with spectroscopic redshifts) were calculated, selecting the 20 nearest
neighbors. The photometric redshifts were then calculated as the median value of these 20
galaxies with spectroscopic redshifts, and the error was computed as the standard deviation
among these redshifts. This methodology is based on the premise that the color of galaxies is
tightly related to their redshift when it covers spectral features such as the 4000 A break or the
Balmer jump. Galaxies located closely in multidimensional color space generally have similar
redshifts (Wen and Han, 2021).

Regarding cluster identification, the authors also computed the stellar masses of galaxies
using scaling relations with luminosity in the unWISE W1 band, following the procedures
described in their previous work (Wen and Han, 2021). Then, the overdensities around each
massive galaxy with M, > 5 x 10'° My (at redshift z) were searched within the photometric
redshift slice of z = Az and the radius of 7 (defined below). The signal-to-noise ratio (SNR) of

the overdensity of cluster galaxies was calculated as follows:

SNR = (mstellar,O.S - <mstellar,0.5>)/Umstellar70,57 (2]->

where Mgteiar 0.5 1s the sum of the stellar mass of member galaxy candidates within a projected
radius of 0.5 Mpe from the BCG, (myeraros) is the local background, and o, is the
fluctuation of the stellar mass within the same redshift slice.

From all the candidate member galaxies, R599 was obtained using a scaling relation:

log R500 = 0.40 log mgtennarr1 — (0.96 £ 0.03) + (0.33 + 0.12) log(1 + 2), (2.2)

where Myielarr1 i the total stellar mass within r; = 1.0E(2)~%3 Mpec, with the normalized
Hubble function E(2) = \/Qa + Qu(1 + 2)3.

Then, the total mass within R5q was computed as:

log Msgo = 0.96 108 Mgteltar.500 — (1.86 & 0.07) + (0.20 =+ 0.31) log(1 + ), (2.3)
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where Mgterar,500 1S the total stellar mass within the recently defined Rsgp.
Subsequently, the cluster richness within R5o9 was determined using:
A500 = Mitellar,500(1 + 2)0'21/ Miellars (2.4)

*

Folar ~ 4 x 101 Mg, is the mean stellar mass of a galaxy with the luminosity of L*

where m
at z ~0.1.

Hence, a cluster is identified with a threshold of SNR > 0.5, a richness of A > 15, and also
a number of candidate member galaxies Nga > 6.

As a result, these catalogs are publicly available in the authors’ Web repository®, and we
show an example in Table 2.2. These catalogs encompass data for individual galaxies, identified
clusters, and galaxies identified as potential cluster members based on their photometric redshift

calculations.

Table 2.2: Clusters of galaxies identified from the DESxunWISE data extracted from Wen and Han (2022).

Cluster Other
1D Name RA Dec Zel iBCG VVlBCG SNR R500 /\500 1\1500 Ngal catalogs
1) (2) 3) (4) 6) (6 (M ® (9 @) a1y (12 (13)

1 WH J000000.5+021911 0.00200  2.31979  0.4192 18.738 17.964 6.75 0.549 1877 0.86 15 WH21
2 WH J000001.3-640959  0.00555 -64.16639 0.6423 18.565 17.360 10.17 0.673 36.48 1.62 12

3 WH J000001.4-521956  0.00563 -52.33236 0.5829 19.249 18207 6.00 0.590 21.61 0.98 12 redMaPPer
4 WH J000002.3-475113  0.00943 -47.85358 0.7734 20.239 18.481 548 0.487 1747 0.80 13 CFSFDP
5 WH J000002.8-474415 0.01186 -47.73740 0.3169 17.305 17.307 7.53 0.548 17.18 0.79 11

6 WH J000003.1-033245  0.01274 -3.54574 0.6056 18.754 17.483 14.00 0.722 43.60 1.92 22 WHL
7 WH J000003.8-010154  0.01592 -1.03153 0.7327 19.759 18.242 6.06 0.621 26.65 1.20 10 WaZP
8 WH J000003.9-525115  0.01610 -52.85407 0.7657 20.561 18.513 6.34 0.559 20.93 0.95 12

9 WH J000004.2-393257  0.01733 -39.54926 0.6064 19.742 18.163 6.69 0.542 20.50 0.93 13 CFSFDP
10 WH J000004.24+-021941 0.01742  2.32799  0.6228 19.247 17.721 6.47 0.541 20.33 0.92 9 WHL

Notes. Columns: (1) cluster ID; (2) cluster name with J2000 coordinates; (3-4) right ascension and declination in J2000; (5) redshift;
(6)-(7) BCG magnitudes in ¢ and W1 bands, respectively; (8) SNR for cluster detection; (9) Rsoo radius in Mpc; (10) richness; (11)
derived M50 mass in units of 1014 Mg; (12) number of galaxy candidates within Rsgg; (13) reference for previously known clusters
(see details in Wen and Han (2022)).

2.4 Spectroscopic redshift catalogs

In order to assess the reliability of the photometric redshifts for the galaxies that are specif-
ically part of our sample and calibrate the membership assignation method, we conduct a com-
prehensive bibliographic research to identify clusters with spectroscopically confirmed member
catalogs. The cluster selection process is detailed in Section 2.5, and Table 2.3 displays the

sources from which the catalogs were obtained.

Shttp://zmtt.bao.ac.cn/galaxy_clusters/catalogs.html
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Table 2.3: Galaxy clusters with spectroscopic redshifts available in the literature and databases.

Cluster

References

Abell 222

Abell 223

Abell 267

Abell 383

Abell 402

Abell 2537

Abell 2631

Abell 2744

Abell 2813

Abell 3088

Abell 3364

Abell 3378

Abell 3739

Abell 3827

Abell S295

Abell S520

Abell S579

Abell S1063
ACT-CLJ0235-5121
RBS 1748

RXC J0117.8-5455
RXC J0220.9-3829
RXC J0528.2-2942
RXC J0532.9-3701
RXC J2011.3-5725
RXC J2023.4-5535
SPT-CLJ0106-5943
SPT-CLJ0348-4514
SPT-CLJ2032-5627
SPT-CLJ2130-6458
SPT-CLJ2138-6007
ZwCl 2341.1+0000

Proust et al. (2000)
Proust et al. (2000)

Rines et al. (2013); Tucker et al. (2017)

Geller et al. (2014)

Richard et al. (2021)

Braglia et al. (2009)
Rines et al. (2013)

(
Braglia et al. (2009); Owers et al. (2011); Richard et al. (2021)

Guzzo et al. (2009)
Guzzo et al. (2009)
Guzzo et al. (2009)
Guzzo et al. (2009)
Guzzo et al. (2009)

Carrasco and Verdugo (2018)
Ruel et al. (2014); Bayliss et al. (2016)
Guzzo et al. (2009); Foéx et al. (2017)

Guzzo et al. (2009)

Mercurio et al. (2021)

Sifén et al. (2016)
Sifén et al. (2016)
Guzzo et al. (2009
Guzzo et al. (
Guzzo et al. (
Guzzo et al. (2009
Guzzo et al. (
Guzzo et al. (
Bayliss et al. (2016)
Bayliss et al. (2016)
Ruel et al. (2014)
Ruel et al. (2014)
Ruel et al. (2014)
Boschin et al. (2013)
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2.5 Sample selection

If we aim to explore the effect of the dynamical state of clusters on the structural and physical
properties of their member galaxies, it is crucial to have a robust and homogeneous sample. To
achieve this, we perform a cross-match with a 2-arcminute radius between the galaxy clusters
identified through clustering algorithms and estimated photometric redshifts by Wen and Han
(2022), and the clusters found in the Chandra (Yuan and Han, 2020) and XMM-Newton (Yuan
et al., 2022) X-ray catalogs, resulting in 471 systems.

We select the galaxy clusters that are in the redshift range of 0.10 < 2z < 0.35, resulting
in 152 clusters. At this point, Abell 3827 is added, which is at z ~ 0.099, and we have access
to spectroscopic information. The reason for choosing the lower limit is due to the extensive
spatial coverage required for nearby clusters. As for the upper limit, we rely on the work of de
Albernaz Ferreira and Ferrari (2018), which demonstrated that reliable morphological studies
can be conducted using DECam up to z ~ 0.4. However, we decide to be conservative and
study up to the mentioned limit. Furthermore, within this interval, we ensure that we cover the
4000 A break using the (g —r) color index to separate early-type red galaxies from star-forming
objects (e.g. Bruzual A., 1983; Nilo Castellon et al., 2014). Moreover, within this redshift range,
the LS DR10 achieves enough photometric depth to conduct homogeneous studies up to three
magnitudes fainter than the characteristic magnitude (m* 4 3) of all clusters in the sample.
This characteristic magnitude corresponds to the knee of the galaxy luminosity function, and
it is modelled using composite stellar population (CSP) models. More details about this are
found in Section 3.2.

Subsequently, to ensure that the matching of clusters between optical and X-ray databases
is not affected by projection effects, we impose the condition that zx — Zpnet/(1 + 2,) < 0.05,
where zy is the redshift found in the X-ray catalogs of Yuan and Han (2020) and Yuan et al.
(2022)7, while zppet is the photometric redshift estimated for the clusters identified in the optical
by Wen and Han (2022), resulting in 119 galaxy clusters.

Next, we remove from the sample all systems that are very poor and low-mass by applying the
condition A\ > 30 and Mgy > 1.5 x 10 M, where X is the cluster richness estimated based on
overdensities and fluctuations in the field, and M;qg is the mass of the clusters estimated within
Rs500. This selection is made by observing the distributions of both parameters for the 119 galaxy
clusters (see Figure 2.2). The respective peaks are close to the chosen thresholds, suggesting

that with this criterion, we are selecting rich and massive systems with high completeness. Here

“The redshifts listed in these catalogs are the “best redshifts” found in the literature and databases such as
NED. In some cases, the redshifts are spectroscopic, while in others, they are photometric.
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we obtain 90 clusters of galaxies.

14 A=30 16 Msop = 1.5 x 101M,,
12

10

25 50 75 100 125 150 175 200

3 4 5
Richness, A Msgg X 1014 M

Figure 2.2: Richness A (left) and mass Msgo (right) distributions for the 119 galaxy clusters pre-selected at this
point. The vertical black dotted lines denotes the peaks of the distributions.

Finally, we exclude from the sample, via visual inspection, all systems with field contamina-
tion due to a saturated star or lack of photometric information in the LS DR10 catalogs. Our

final sample consists of 87 massive galaxy clusters (Table A.1).



Chapter 3

Analysis

3.1 Cluster membership

The most unequivocal way to select member galaxies of a cluster is by using spectroscopic
redshifts. However, for our sample, less than half of the clusters have catalogs of this nature
available in the literature or databases such as NASA/IPAC Extragalactic Database (NED)
or Vizier. Additionally, there is the difficulty that the few systems with this information do
not share the same observational designs. For example, some systems have more than 1,000
galaxies in the field with spectroscopic information due to the use of integral field spectroscopy
(e.g., Mercurio et al., 2021), while others have fewer than 20 objects due to the use of slit
or multi-object spectroscopy, mainly selecting galaxies that are on the Red Sequences in the
CMDs of the clusters (e.g., Bayliss et al., 2016). These differences can directly affect sample
analyses, leading to biased results due to inhomogeneities. However, this can be addressed by
homogeneously assigning membership to the entire sample using photometric redshifts.

In this way, we follow a probabilistic method whose foundations were established by Brunner
and Lubin (2000) and later developed by Pell6 et al. (2009). The method consists of calculating
the probability Ppember that a galaxy is a member of a cluster at redshift z, within a redshift

slice ¢,.

ch+5z
Prember = / P(z)dz. (3.1)

10z
To define the redshift slice, we follow Kesebonye et al. (2023), where they used §, = nop, (1+
Za1), with n = 2. To determine oy, we use all galaxies with available spectroscopic redshifts
(see Table 2.3) to compare them with photometric redshifts, obtaining a mean residual of
(Zspec — Zphot)/ (1 + Zspec) = 0.008. The robust biweight scale estimator (Beers et al., 1990)

23
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resulted in oy, = 0.02.

P(z) is the galaxy photometric redshift probability distribution in this context. This dis-
tribution has been discussed in the literature, which does not have to be Gaussian; instead,
it can have multiple peaks or extended tails (Pell6 et al., 2009). For this reason, in other
works, the photometric redshift distributions provided as output in codes that calculate this
value have been used. These distributions are usually obtained using algorithms that involve
fitting SEDs to a library of templates (e.g., Arnouts et al.; 1999; Ilbert et al., 2006; Hilton
et al., 2018). However, we do not have access to this information; we only have the photometric
redshift information and its corresponding error. Thus, we approximate this distribution as a
Gaussian with median 1 = 2pnet and standard deviation o = 2Zppot,err. While we recognize the
mentioned disadvantages, at least we consider the measurement error, and it is feasible to apply
this probabilistic method instead of making a simple selection within a photometric redshift
slice.

The method requires a calibration of Pyemper With spectroscopic data, which, in turn, allows
the calculation of the completeness of cluster member galaxies and contamination by field galax-
ies. This calibration is performed using clusters that have spectroscopic redshifts for a large
number of both member and field galaxies, specifically Abell 267, Abell 383, Abell 2537, Abell
2631, Abell 2744, Abell S1063, and RBS 1748. Spectroscopically confirmed member galaxies
are calculated using |za — zspec| < 30a(1+ 2za), where o4 is the velocity dispersion of the cluster.
More details about the spectroscopic membership method are found in Section 3.3.2.

We identify a total of 1,041 member galaxies and 1,328 galaxies that do not belong to
the mentioned clusters. In Figure 3.1, the completeness and contamination fractions can be
observed for a range of Pesnola values. We explore 100 variations for this parameter, from 0
to 1, in steps of 0.01. With this calibration, we decide to use the value of Pireshola = 0.65, as

this ensures completeness of at least 80% and contamination below 25%.
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Figure 3.1: Fraction of retained members (completeness, black dots) and non-members (contamination, gray
crosses) as function of the probability threshold Pipyeshola- This plot was created using only galaxies with secure
Zspec Measurements in clusters with enough spectroscopic data for members and the field.

3.2 BCG selection

The identification of the Brightest Cluster Galaxy (BCG) holds great importance for es-
timating the dynamical state of galaxy clusters. In this work, the BCG is selected using a
combination of an automatic method and visual inspection.

The automatic method involves selecting the brightest cluster member galaxy within +1o
of the best fit to the red cluster sequence in the normalized color-magnitude diagram of each
galaxy cluster. This process is conducted as follows. First, we determine the characteristic
magnitude m* for each galaxy cluster using the Python package EzGal (Mancone and Gonzalez,
2012), which allows us to generate observational parameters for any arbitrary stellar population
synthesis (SPS) model. Specifically, we calculate m* as a function of redshift for the DECam griz
filters using the Bruzual and Charlot (2003) synthesis models, assuming a single burst of star

formation at z = 3 followed by passive evolution to z = 0. This decision is supported by several
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works that have shown that the evolution of m* can be well described using this method (e.g.,
de Propris et al., 1999, 2007; Mancone et al., 2010), and has been probed in massive clusters
within the 0 < z < 1 redshift range (Zenteno et al., 2016, 2020). Next, we define normalized

magnitudes as

Myorm = M — m*7 (32)

where m is the magnitude of each galaxy. This allows us to compare the color-magnitude
diagrams of galaxy clusters despite differences in redshift, as we consider the cluster redshift and
K-corrections in the applied models. Note that we are inherently defining normalized colors,
which essentially correspond to the subtraction of two normalized magnitudes.

Subsequently, we fit a double Gaussian model to the normalized color distribution (¢ —7)norm
of each galaxy cluster. This is based on the well-known bimodal color distribution in the member
galaxies of these systems, featuring both the blue cloud and the red sequence (e.g., Baldry et al.,
2004; Balogh et al., 2004; Menci et al., 2005). We define the red_limit as fireq — 30red, Where fireq
and o.eq correspond to the mean value and standard deviation of the Gaussian fitted to the red
component, respectively. An example of these double Gaussian fittings for a cluster from each

dynamical state is shown in Figure 3.2.

5 -
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¥ =073 X2 =015 i X2 =094
A+ red_limit = -0.26 - red_limit = -0.28 E | red_limit = -0.37
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Figure 3.2: Double Gaussian fits applied to the color distribution of each cluster. From left to right, Abell
3827 (relaxed cluster), Abell 3739 (intermediate cluster), and Abell 2744 (disturbed cluster) are presented. The
details of the classification of their dynamical states are found in Section 3.4. The red and blue Gaussians
correspond to the components of the red sequence and the blue cloud, respectively. The vertical black dashed
line indicates the red_limit in each panel. The specific value of this measure is located in the upper right corner
of each panel along with the x? statistic for each fit performed with 1mfit.

Subsequently, selecting galaxies with a color g — r > red_limit, a robust linear model was

employed using the HuberRegressor (Pedregosa et al., 2011) to fit the red sequence (Figure 3.3).
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This regression model has the advantage of being less influenced by the presence of outliers. To
achieve this, the sample is divided into two groups, with inliers being those having an absolute
error smaller than a certain threshold. Those not meeting this condition are considered outliers
and given less weight.

Specifically, HuberRegressor optimizes the squared loss for the sub-sample where |(y — Xw —
¢)/o| < e (inliers) and the absolute loss for the sub-sample where |(y — Xw —c)/o| > € (outliers),
where the model coefficient w, intercept ¢, and scale o are the parameters to optimize. To achieve
a 95% statistical efficiency, this threshold “€” was set to 1.35.

A3827 (relaxed) A3739 (intermediate) A2744 (disturbed)
1.0|z~0.098 z~0.165 7~ 0.308
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Figure 3.3: Normalized color-magnitude diagrams for the clusters mentioned in Figure 3.2. Black dots correspond
to galaxies selected as members using the probabilistic method with photometric redshifts. Green triangles
represent galaxies pre-selected as BCGs using the automated method, while purple inverted triangles denote
visually confirmed BCGs. The solid red lines represent the best fits of the red sequences calculated with Huber
Regressor, and the red shaded areas are the 1o regions of the fits. The vertical blue dashed lines indicate the
magnitude limit for studying physical and structural properties, i.e., m* + 3, where m* is the characteristic
magnitude of each cluster.

The brightest galaxies of each cluster were selected as BCG candidates within 1o of the best
fit of their respective red sequences.

Finally, we visually inspected the BCGs to confirm that the selection is correct. To do this,
we followed the approach of Zenteno et al. (2020), considering several properties, including size,

colors, the number of neighboring galaxies, and their proximity to X-ray peaks.

3.3 Cluster properties

In this section we explain how we calculate the fundamental properties of galaxy clusters (i.e.,
Ry and Mygy) and we detail in the selection of spectroscopic members and the computation

of velocity dispersion for the clusters used for the calibration of the probabilistic membership
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method.

3.3.1 Fundamental properties

The galaxy cluster catalog from Wen and Han (2022) includes various characteristics of these
systems, as seen in Table 2.2. Among these, the radius Rjq is used to obtain an approximation

of Rago, following the equation from Reiprich et al. (2013):

R500 ~ 0.65R200, (33)

where Rsoo is the radius that contains 500 times the critical density of the universe at the
redshift of the cluster.

Now, we can obtain a value of Mygy associated with Rypp assuming a spherical geometry:

3 Mo :

R < Ryy) = =AM pe(2), 3.4
p( 200) 47TR§00 C p (Z) ( )
where p.(z) is the critical density of the universe at the redshift of the cluster, and AY" is

the virial overdensity, usually approximated to 200 for a flat universe.

3.3.2 Spectroscopic members and velocity dispersion

For the galaxy clusters with available spectroscopic redshift used for the calibration of the
membership method, we calculate the mean redshift and velocity dispersion using the robust
biweight estimators (Beers et al.; 1990). Specifically, we first pre-select the redshift of the
cluster as the same of the Yuan and Han (2020) and Yuan et al. (2022) X-ray catalogs, and
then we make a cut of £6000 km s~! in peculiar velocities. Next, we calculate the mean
redshift z, as the biweight location o, and the velocity dispersion as the biweight scale, after
convergence of 3o-clipping. Subsequently, member galaxies are selected following a classical
criteria of |z¢ — Zspee| < 30a(1l + za) (e.g., Vulcani et al., 2023b).

3.4 Cluster dynamical states

3.4.1 Dynamical state proxies

In this section, we define the six dynamical state proxies that we utilize. The first two proxies
correspond to the offset between the BCG and the X-ray peak and centroid, and are calculated
directly by us. The next four were computed by Yuan and Han (2020) and Yuan et al. (2022),
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and we extract the values from their catalogs. The choice to use six parameters together is due
to the fact that each of them individually has its limitations, as we describe below, and their

combination can provide us with more robust results.

BCG-X-ray centroid/peak offset

Considering the highly hydrodynamically collisional nature of the hot gas composing the
ICM of galaxy clusters, and the typical positioning of the BCG within the deepest region
of its gravitational potential well, the BCG can be effectively used as a proxy for the non-
collisional dark matter component. Thus, the offset between the position of the X-ray emission
peak/centroid and the BCG provides a good approximation of the dynamical state of clusters, at
least in the projected sky plane. This is because, in a merger process between these structures,
the components would be noticeably displaced.

To determine the position of the X-ray peak, we simply identify the pixel with the highest
X-ray flux in the image. This is performed using basic functions from the Python package
numpy.

The X-ray centroid is calculated using tools from photutils Python package. Specifically, a
50x50-pixel grid is created over the original image. The median is then calculated in each block
by convolving them with a 2D median filter of 5x5 pixels. Subsequently, the sky in each block is
calculated using the same algorithm as the Source Extractor (SExtractor, Bertin and Arnouts,
1996), where the sky is equal to (2.5 * median) — (1.5 * mean). If (mean — median)/std > 0.3,
the median is used instead. The calculated low-resolution map is then interpolated to obtain
another one with the same dimensions as the image. Next, the sky was subtracted from the
image and it is convolved with a 5x5 pixel Gaussian kernel to enhance the X-ray emission from
galaxy clusters relative to the background. Then, a 30 threshold is applied, where o is the
RMS of the background over which pixels are considered signals. Additionally, a criterion of
900 connected pixels above the threshold is used to segment an object (in this case, galaxy
clusters) from the background. This is done to detect clusters as a single system and not
separate possible substructures within clusters that may interact. Finally, the centroid of each
structure is determined as the center of mass of the pixels belonging to the source segment.

Following Mann and Ebeling (2012), we use a threshold to distinguish between relaxed and

disturbed clusters, with a value of Dpcg.x = 42(71) kpc for the X-ray peak (centroid) offset.
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Morphological parameter 9

This parameter is a morphological indicator of the X-ray surface brightness distribution.
The definition of Yuan and Han (2020) mentions that the great advantage of this dynamical
parameter is its adaptability to the properties of each cluster, allowing a direct comparison
between them. The first step in calculating the value of § is to fit a 2D elliptical g model to the
X-ray surface brightness distribution. This model is defined as (Cavaliere and Fusco-Femiano,
1976; Guennou et al., 2014):

N\ -8B
fmod(mia yz) = fmod(r) =A (1 + (%) ) -+ C, (35)
where
(@i, yi) = \/$2(11__66)2 * yQ’ (3.6)
and
x = (z; — o) cos(f) + (y; — yo) sin(d), (3.7)
y = (4 — yo) cos(0) — (i — o) sin(6). (3.8)

Here, (z¢,yo) are the coordinates of the centre of the model, A is the model amplitude,
corresponds to the core radius,  is the power-law index, and C' is a constant adjusting the
count number for the average background. e is the ellipticity of cluster, and 6 is the position
angle of the system, defined as the direction of the major axis from north to east. All these
model parameters can be determined by the least x? fitting.

Then, a new parameter of the X-ray distribution profile is calculated:

 I+e
/8 3

Based on the observation that disturbed clusters tend to have a more asymmetric geometry

K (3.9)

than relaxed clusters (e.g., Okabe et al., 2010; Zhang et al., 2010), the asymmetry factor « is

used as an auxiliary variable.

_ Zﬂﬁi,yi [fobs(xia ?Jz) - fobs(x;‘7 y;)]Q

x 100 per cent, 3.10
in,yi fc?bs(xh Yi) ( )
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where, fons(},y}) is the observed flux in the pixel symmetric to fops(;, y;) with respect to
the center of the cluster (z¢,yo), which is obtained from the fitting of the S-model.
With a combination of these parameters that quantify the properties of the profiles and the

asymmetry of the X-ray surface brightness distribution, the morphological index ¢ is defined as:

0 =Ax+ Ba + C. (3.11)

To find appropriate values for the free parameters, Yuan and Han (2020) used a homogeneous
calibration sample of 125 clusters qualitatively classified by Mann and Ebeling (2012), finding
that the values of A = 0.68, B = 0.73, and C' = 0.21 can separate the sample into relaxed
systems (6 < 0) and disturbed systems (6 > 0) with a success rate of 88%.

Concentration c¢

Galaxy clusters in a non-virialized state may exhibit various substructures or extended
geometries. However, when these systems are very close to virialization, most of the matter is
concentrated in their centre, with some even having very luminous cool cores (e.g., Fabian et al.,
1994; McDonald et al., 2012, 2013). The concentration index, ¢, quantifies this characteristic
by being calculated as the ratio of the integrated X-ray flux within an inner aperture to that
within an outer aperture. In this thesis, the definition of Cassano et al. (2010, 2013) is followed,

who used apertures of 100 kpc and 500 kpec:

_ S100kpe ZR<100 kpc fovs(i, yi)

- = : (3.12)
8500 kpc ZR<5OO kpc fobs (ZL'Z', yz)

where fops(;, y;) is the observed flux in the pixel (x;,y;).
Cassano et al. (2010) found that the median of the distribution of the concentration pa-
rameter log(c) = —0.7 is a good threshold to distinguish galaxy clusters in different dynamical

states. These states were classified on the basis of their features observed in radio images.

Centroid shift w

In relaxed clusters, there is an almost negligible deviation between the positions of the X-ray
peak and the X-ray centroid. However, in clusters undergoing mergers, these two positions can
exhibit a considerable shift. Poole et al. (2006) quantified the deviation between the X-ray peak
and the center of a model fit within 20 apertures of different sizes centered on the X-ray peak.

The aim was to obtain a value that helps determine the dynamical state of the cluster. This is
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an iterative process that starts from 0.05 R,, and increases to R,, in increments of 0.05R,,. In

other words,

w= |1 A a2 x Rl (3.13)

(2

Here, R,, = 500 kpc, n = 20, A; is the distance between the peak of the X-ray surface
brightness and the center of the fitted model in the i-th aperture, and (A) is the mean value of
all A;.

Similarly to concentration ¢, Cassano et al. (2010) found that log(w) = —1.92 is a good

threshold for separating relaxed and disturbed systems.

Power ratio P3/F,

Another way to characterize the dynamics of galaxy clusters based on the X-ray surface
brightness distribution was defined by Buote and Tsai (1995). Grounded in the observation
that systems undergoing mergers or with substructures exhibit more fluctuations in surface
brightness in this range of the electromagnetic spectrum, they developed a method to categorize
clusters into different morphological types in the projected plane of the sky.

These authors defined multiclusters as systems that have two or more components with a
considerable size (> 10%) of the total gravitational potential of the cluster within approximately
1 Mpc from its center. Thus, they started from the basis of the two-dimensional multipole ex-
pansion of the projected gravitational potential. Let (R, ¢) be the two-dimensional projection
of the mass density of the multicluster, where (R, ¢) are the conventional polar coordinates.
Then, a two-dimensional potential W(R, ¢) is generated due to X(R, ¢):

V2U(R, ¢) = 41GX(R, ¢), (3.14)

where V2 is the two-dimensional Laplacian and G is the gravitational constant. Following

a standard analysis using Green’s functions, the potential due to the mass enclosed within R is

U(R,¢) = —2GagIn G%) _ 2G§; m;m % (ay, cos(m) + by, sin(me)), (3.15)

where the moments a,, and b,, are given by:

an(R) = /R SR (R)" cos(me) R o (3.16)
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b(R) = /R _ SRR sin(md) dR dg (3.17)

If the origin is defined at the center of an apparently virialized cluster in the projected
plane of the sky, i.e., with nearly completely elliptical geometry, then it only contributes to
the even terms in the multipole expansion of the gravitational potential ¥. Consequently, a
significant contribution to the odd multipole terms unambiguously reflects the asymmetry in the
projected cluster. These odd multipole terms are also important because multiclusters differ
in their relative contributions to even terms, given their distinct morphologies. Taking this
into account, Buote and Tsai (1995) propose considering only the first few multipole moments
(m =0,1,2,3,4) since higher order terms contribute to a smaller scale fluctuations that are less
significant in terms of dynamics.

The next step is to define the region over which multipole expansion will be carried out, as
each term is a function of position (R, ¢). A simple solution is to compute the moments within
a circular aperture R,,. In the case of Yuan and Han (2020) and Yuan ct al. (2022), they used
R,, = 500 kpc as it is a value commonly used in the literature, facilitating comparisons between
different studies.

Because terms with m > 1 in the multipole expansion vanish when integrated over ¢, their
magnitude integrated over ¢ is considered instead. If ¥, is the m-th term in the multipole

expansion of ¥, then the quantity is defined as:

1 27
Pot(Bag) = 5 [ Wt B 0o 6)d0, (318)
0
Thus, only terms with m = m’ do not vanish, and P,, = P,,,, is a measure of the “power”

of terms of order m within R,;. Ignoring the factors of 2G, these are given by:

PO = [ao ln(Rap)]27 (319)
for m = 0, and
P, = ;(oﬂ +02) (3.20)
" 2m2RZm ’ '

for m > 0.

Because the projected gravitational potential is directly related to the dynamical state of
the cluster, the P, precisely measures the substructure that is being sought. Thus, if we know
the projected mass density X of these systems, we can have a direct physical interpretation of

P,,. However, due to the absence of this information and considering that we are working with
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the projected X-ray distribution, the interpretation becomes more complex. Additionally, we

must adapt the moments a,, and b,, in such a way that:

Ay = / fobs(xi, yi)(r)™ cos(ma) dx; dy;, (3.21)
r<Rap

by, = / fobs(zi, yi)(r)™ sin(mo) dz; dy;, (3.22)
r<Rap

where r is the distance to the pixel (x;,y;) from the center of the cluster (xo,%), and
fobs(i,y;) is the observed flux in that pixel.

It has been empirically found that specifically the power ratio P3/F, is a good parameter to
separate clusters according to their dynamical states. In this thesis, we use log(Ps/Py) = —6.92
as a threshold, considering clusters with a value lower (higher) than this threshold as relaxed
(disturbed) systems. This choice, like the parameters ¢ and w, is based on the article by Cassano
et al. (2010), where the thresholds are defined as the medians of the distributions.

3.4.2 Weighted boolean sum

As mentioned earlier, dynamical parameters alone do not robustly separate galaxy cluster
samples. This is due to various factors discussed appropriately in the articles in which they
were developed (i.e., Buote and Tsai, 1995; Poole et al., 2006; Cassano et al., 2010; Mann and
Ebeling, 2012; Yuan and Han, 2020). For example, parameters such as ¢, w, and P3/P, are
calculated on fixed apertures. However, clusters have different sizes, so the values derived from
these apertures may not be entirely comparable. In fact, that is the reason why Yuan and Han
(2020) decide to develop a new parameter (¢), which is adaptable to the size of these systems.
Despite this, the parameter alone still has a considerable overlapping region.

If we add the offsets of the BCG with the X-ray peak and centroid to the aforementioned
parameters, which are quite robust proxies due to their multiwavelength nature and the com-
ponents they approximate in each structure, then we propose that we can more robustly ap-

proximate the dynamical state of galaxy clusters.
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Figure 3.4: Pairgrid of the six dynamical state proxies used in this thesis.

The diagonal displays the kernel

density estimation (KDE) of each variable. Below the diagonal, scatter plots with linear fits and their cor-
responding confidence intervals are presented for all combinations of these parameters. Above the diagonal,

Pearson correlation coefficients associated with each parameter space are shown.

A method that might initially seem effective is to create a Boolean sum of disturbance

conditions. Then, one could observe the distribution of this Boolean sum and categorize the

sample into relaxed and disturbed clusters, perhaps with an intermediate region. However,

as seen in Figure 3.4, several parameters are correlated with each other, either positively or
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negatively. Therefore, using this method could potentially give more statistical weight to one
parameter over another, leading to biased results.

To address this situation, we search in the literature for clusters in our study sample with
dynamical states determined using other methods, such as visual inspection of features in radio,
a combination of optical and X-ray observations, among others. This subset consists of 26

systems with well-defined dynamical states.
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Figure 3.5: Parameter space of the first two principal components (PC 1 and PC 2) obtained from the six dynamic
parameters described in Section 3.4.1 for the 26 clusters in the sample that have a well-defined dynamical state
in the literature. Blue dots represent relaxed clusters, red crosses represent disturbed clusters, and green squares
denote systems with intermediate dynamics.

Subsequently, we apply Principal Component Analysis (PCA) to this subsample. PCA is a
statistical tool that, using a linear transformation, can reduce the dimensionality of a dataset
by identifying (linearly) correlated variables and eliminating noise and redundancy in the data.
The advantage of this technique is that it can transform a set of possibly related variables
into another set of more fundamental independent variables (Hotelling, 1933). Additionally, if
the redundancy is significant and hence there is correlation between the variables, it might be
possible to reproduce the original values of the variables with fewer principal components than
the original number of variables in the dataset, without losing their features.

To perform PCA, the values of the original data set must first be scaled. A common way to do
this is to use z = (r—p) /o, where p and o are the mean and standard deviation of the variable x,
respectively, and z is the new scaled variable. Next, the correlation matrix between the variables

must be found, which is symmetric by definition. Subsequently, the eigenvalues and eigenvectors
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of the covariance matrix are calculated and the eigenvectors are ordered from highest to lowest,
using the eigenvalue associated with each as the metric. The principal components are in fact
the eigenvectors found, and the associated eigenvalue corresponds to the relative statistical

weight of that principal component in this new data set.

Table 3.1: Normalized statistical weight of the dynamical parameters associated to the first principal component.

Parameter Statistical weight

Dpccxp 0.21
DBCG—XC 0.28
0 0.30
c -0.30
w 0.30
P3/ Py 0.21

Thus, we apply PCA to our set of variables { Dpcc.xp, DBog-xp,0, ¢, w, P3/Py}. To do this,
we use the Python package scikit-1learn, which includes all the necessary functions and classes
for scaling and performs the linear transformation. As seen in Figure 3.5, the first principal
component (PC 1) is able to roughly separate the sample into relaxed and disturbed clusters.
With this observation, we extract the statistical weights of each dynamical parameter associated
with PC 1 (see Table 3.1). Subsequently, we perform a weighted Boolean sum to determine the

dynamic state of the clusters.

wbs = Zwi B, (3.23)

where w; is the statistical weight extracted from PCA and B; is the Boolean value. In our
definition, if a perturbation condition for a specific parameter is met, then the Boolean value
for this parameter is 1. Otherwise, the Boolean value is 0.

As observed in the distribution of the weighted Boolean sum (wbs) for the full sample in
Figure 3.6, it is suggestive to divide the sample into three categories: relaxed clusters (wbs < 0),
intermediate clusters (0 < wbs < 1), and disturbed clusters (wbs > 1). This is the criterion we

use in this thesis.
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Figure 3.6: Distribution of the weighted Boolean sum (wbs) for the whole galaxy clusters sample.

3.5 Structural properties of galaxies

In this section, we describe the parameters used to define a morphological classification sys-
tem. To calculate these parameters, it was necessary to run several codes that will be described
later. What the inputs of these software have in common is that they require cutouts of the
images, segmentation maps, and weight images, either necessarily or optionally. Additionally,
for parametric methods, it was also necessary to reconstruct the point-spread function (PSF)
and calculate the zero-point magnitude of the images. The following details how these files were

obtained.

Science images, weight images, and maps of FWHM and Nexp

As mentioned in Section 2.1, several Python codes are created to download and crop images
from the LS DR10 repositories. The final size of the images for each cluster is 2.4Rsyy. This
size is chosen because the studies in this thesis are limited to a distance of Ragg from the centers
of the clusters, and by giving a extra size, we ensure that none of our galaxies of interest ends
up positioned at the boundaries of the images. For each cluster, science images, weight images,

full width half maximum (FWHM) and exposure maps (Neyp) are downloaded. It is important
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to note that the images associated with each LS DR10 brick are not entirely homogeneous, as
they were stacked from DES DR2 images and all those from DECam that were made public.
Therefore, there may be regions with different exposure times in the same brick. Determining
the median of FWHM and Ney, is necessary to obtain segmentation maps using SExtractor, as

explained below.

Segmentation maps

Segmentation maps are useful on their own to provide input to the algorithms used in the
calculation of non-parametric methods and also to generate masks from them. These masks are
useful for making measurements on our object of interest, ensuring that it is not contaminated

by neighboring objects.

Table 3.2: SExtractor parameters used to obtain the photometric catalogs and segmentation maps.

Parameter Value
DETECT _MINAREA )

DETECT _THRESH 3.0
DEBLEND_THRESH 64
DEBLEND_MINCONT 0.000015
BACK_SIZE 64
BACK_FILTERSIZE 3
FILTER_NAME gauss_5.0_9x9.conv

To obtain them, we utilize the SExtractor program (Bertin and Arnouts, 1996), following
the configurations outlined in Table 3.2, which are based on the ones used to construct catalogs in
the Legacy Surveys'. Originally designed to detect sources and compile photometric catalogs,
SExtractor performs several processes towards this end. Omne such intermediate process is
the creation of segmentation maps, analogous to the procedure described in Section 3.4.1 for
calculating centroids of X-ray emissions from galaxy clusters (see Figure 3.7).

It is worth mentioning that other important parameters not listed in Table 3.2 were deter-
mined from the Ne, and FWHM maps. The gain provided as input is GAIN = 4@, with 4
e/pixel being the gain of the DECam and N, being the median of the number of exposures in
the image. Additionally, for the seeing, FWHM = fwhm is used, where fwhm is the median of the

FWHM map associated with each science image.

'While the final catalogs delivered by the Legacy Survey are made with Tractor, the algorithm requires
a PSF to run. This PSF was constructed with PSF Extractor (PSFEX Bertin, 2011), and requires as input
catalogs that come from a SExtractor run. Therefore, this configuration file is the one we refer to.
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Figure 3.7: Example of segmentation map generated by SExtractor? for SPT-CLJ2138-6007. All sources detected
by this algorithm are separated from the sky background.

SExtractor photometric catalogs

In addition to the segmentation maps, another product obtained from SExtractor, which
is indeed the main one, corresponds to the photometric catalogs. Table 3.3 details all the
parameters obtained as output in the SExtractor run. The function of each of these variables

will be explained as they are used.

Cutouts

In the case of all the galaxy cutouts (science images, weight images, and segmentation maps),
these are made following the idea of Haussler et al. (2007), where these stamps have an adaptable
size. The center of the cutouts corresponds to the positions (X_IMAGE, Y_IMAGE) of each galaxy.
To determine the size, some morphometric parameters obtained with SExtractor are used as
input. These include the RMS profile along the semi-major axis (A_IMAGE, A), the Kron radius
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Table 3.3: Output parameters given by SExtractor

Parameter Description [unit]

X_IMAGE Object position along x [pixel]
Y_IMAGE Object position along y [pixel]
MAG_APER Magnitude from aperture photometry [mag]
MAG_AUTO Magnitude from Kron photometry [mag]

FLUX_RADIUS_20
FLUX_RADIUS_50
FLUX_RADIUS_80
THETA_IMAGE
A_TMAGE
B_IMAGE
KRON_RADIUS
ALPHA_SKY
DELTA_SKY
FWHM_IMAGE
ELLIPTICITY
SNR_WIN
ISOAREA_IMAGE
FLAGS
FLAGS_WIN

Fraction-of-light radii (20%) [pixel]

Fraction-of-light radii (50%) [pixel]

Fraction-of-light radii (80%) [pixel]
Position angle [deg]

Profile RMS along major axis [pixel]
Profile RMS along minor axis [pixel]
Kron apertures in units of A or B
Right ascension of barycenter [deg]
Declination of barycenter [deg]
FWHM assuming a gaussian core [pixel]
1 - B_LIMAGE/A_IMAGE
SNR measured using a window function
Isophotal area above analysis threshold [pixel?]
Extraction flags
Flags for windowed parameters

(KRON_RADIUS, K), the position angle (THETA_IMAGE, ), and the ellipticity (ELLIPTICITY, E).

size = bAK||sin(0)| + (1 — E)| cos(0)]]. (3.24)

While the definition of Haussler et al. (2007) uses a factor of 2.5, we decide to increase it
to 5. The idea of the aforementioned author was to create cutouts to obtain morphological
parameters only with GALFITM (Vika et al., 2013, 2015). However, in this thesis, statmorph
(Rodriguez-Gomez et al., 2019) is also used, and this larger size allow us to find an appropriate

sky box relative to the size of the galaxies (for more details, see Section 3.5.1).

Photometric calibration

GALFITM requires several parameters as input that we receive as output from SExtractor.
One of them corresponds to the integrated magnitude of the galaxy. Regardless of the type of
magnitude chosen (i.e., MAG_APER or MAG_AUTO), it is necessary to perform photometric calibra-
tion to find the zero point of the images. Although the flux units in each pixel of the LS DR10
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images (nanomaggies®) are designed to standardize the combination of the three surveys and
thus have a common zero-point (i.e., 22.5 mag), in practice, there can be variations of the order
of 0.5 magnitudes. This is an empirical result found in this thesis that can be seen in Figure
3.8. Therefore, we decide to calculate the zero-point of all downloaded science images ourselves.

The procedure to calculate it is as follows. First, a match is made between the SExtractor
detected source catalog and GAIA DR3. To perform this match, we use STILTS®. This is a set
of command-line tools based on STIL (Starlink Tables Infrastructure Library). In fact, STILTS
is the command-line counterpart to the well-known table analysis tool TOPCAT, which is used
through a GUI. The reason for using STILTS is that, when executed through the terminal, it
allows for automation within a pipeline, which is essential for the efficiency of this work. The
match is executed with the cdsskymatch command, which allows matching a local catalog with
another in Vizier, or any other database from the CDS (Centre de Donnés astronomiques de
Strasbourg).

Subsequently, only the stars are selected from this new catalog, using the condition Pstar >
0.99. The robust parameter Pstar from GAIA precisely measures the probability that the
detected source is a star, based on its photometry, morphology, and proper motions, among
other features (Gaia Collaboration et al., 2023). With the selected stars, we then perform
another match with the new catalog. This time, the match is made with the DES DR2 database.
The aim of this is to compare the magnitudes of point sources with the same filters, and there
is even the advantage that we also have data from the same telescope and CCD imager.

This final catalog, which includes information from SExtractor, GAIA DR3, and DES DR2,
allows us to perform the desired photometric calibration. However, before doing so, we must
ensure that we select well-behaved stars to obtain a good calibration. That is, stars that are not
saturated and belong to the main sequence. The first condition can be applied by analyzing the
half-light radius vs. the magnitude plane, something that is commonly done in the field of weak
lensing (e.g., Kaiser et al., 1995; Okabe et al., 2010; Gonzalez et al., 2015). These parameters
are precisely the FLUX RADIUS 50 and MAG_APER from SExtractor, respectively. Regarding the
second condition, the main sequence stars can be selected in the color-color diagram, specifically
g —1r vs. r—i. In this case, DES DR2 magnitudes were used, as photometric calibrations
were already done, and this is a necessary requirement in this procedure. In order to achieve
greater efficiency in this method, a semi-automatic pipeline is developed in Python that uses
the DBSCAN clustering algorithm® through the scikit-learn library and specific thresholds

3A maggie is a unit of linear flux, where a source with AB magnitude of 22.5 has a flux of 1 x 10~° maggie
or 1.0 nanomaggie.

“https://www.star.bris.ac.uk/~mbt/stilts/

5The DBSCAN algorithm is used to find the star locus in the color-color diagram.


https://www.star.bris.ac.uk/~mbt/stilts/
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for each parameter.
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Figure 3.8: Example of the photometric calibrations carried out. The data corresponds to the Abell 3038 galaxy
cluster. The gray points correspond to the data of the selected stars for the calibrations, and the red points
represent the bins of the data. The black horizontal line is the best fit to the binned data. The zero-points
found are displayed as text in the upper left corners of each panel.

Finally, to complete the photometric calibration, we use the parameter space MAGpgg Vs.
MAGpgs —MAGgsg, where MAGpgs and MAGgsg are the magnitudes from the DES DR2 and SExtractor
catalogs, respectively. Here, we bin the data and then fit a constant function (horizontal line)

to the binned data (Figure 3.8). This constant obtained in the fit corresponds to the excess
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or deficit of magnitudes from the empirically found zero-point, with respect to the default
preselected value, i.e. 22.5 magnitudes. This procedure is applied to all four filters (griz), and

for homogeneity, the same stars are selected in all four DECam bands.

Point-spread function (PSF)

The PSF of the images is also a requirement for GALFITM, in this case optional, but we use
it to strengthen the results (see Section 3.5.2). We construct an effective PSF (ePSF) using the
tools of the Python package photutils, following the prescription of Anderson and King (2000).
To begin with, we select the same (“well-behaved”) stars to those employed for calibrating the
zero-point of the science images. Additionally, we impose a criterion to exclude any stars with
nearby sources within a 50-pixel radius. Then 25x25 pixel cutouts are made (see Figure 3.9), and
the ePSF is constructed with the EPSFBuilder class, with an oversampling factor oversampling
= 1, since for our purposes it is not necessary to have a sub-pixel resolution PSF. Also, we set

a maximum of 10 iterations until convergence.



3 Analysis 45

. L - L - L Ld . L - - L] L
- L] - - - - - . . - - . .
- - - - - - - . - - - - -
- - - - L] - - - - - - L -
- - L] L] - L L L . L] - L L
- - - L - - - - - L - L] L]
- L - - - - - - - L] - - -
- - - - . - - - 'l - - - -
- - - - - - L] L Ll L - L] Ll
. - - - - - - . - L] - - L
L L - L - - - . - - L] - L]
- - - - - - - - - - - - -
- - - - - - . - - - - . -

Figure 3.9: Selected stars used to reconstruct the ePSF in the Abell 3038 cluster. The image cutouts correspond
to the r-filter.

3.5.1 Non-parametric approach

In this work, we utilize four parameters obtained through non-parametric methods: con-
centration index (C'), asymmetry (A), Gini coefficient (G) and the moment of light (Msy) The
definition and mathematical formulation of each of them are described below. To calculate
them, we use the Python package statmorph. This code allows for the computation of several
morphological parameters (e.g., CAS statistics, Conselice, 2003; G-Myq statistics, Lotz et al.,
2004; MID statistics, Freeman et al., 2013). As input, it requires providing a cutout of the
science image, a segmentation map indicating which pixels belong to the galaxy, and the CCD

gain with which the image was generated or the weight map associated with the observation.
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Additionally, an optional mask can be added to reduce contamination from nearby objects or
the contribution of flux from bad pixels. All these mentioned input elements are obtained as
described at the beginning of this section.

It is worth noting that, regarding the CAS statistics developed by Conselice (2003), we only
use the C' and A parameters. This choice is made because the resolution and signal-to-noise
ratio in our data are not sufficient to obtain robust and reliable results for the smoothness
parameter (5).

Examples of the outputs obtained from statmorph can be seen in the Figures 3.10 and 3.11
for a disk-dominated and a bulge-dominated galaxy, respectively. The morphological types are

assigned using the morphological classification system detailed in Section 3.5.3.
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Figure 3.10: Example of statmorph output for the bulge-dominated galaxy J002712.03-343901.38 belonging to
the Abell 2715 cluster.
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Figure 3.11: Example of statmorph output for the disk-dominated galaxy J220241.77-600131.8, belonging to
the Abell 3827 cluster.

Concentration index C

The concentration index is a parameter that has been widely used in classification systems.
It is defined as the ratio between an outer and an inner radii that encloses a particular physical
quantity. In the area of automated galaxy classification, this quantity is a fraction of the total
flux, and it was first introduced by Abraham et al. (1994b), but over the years the mathematical
expression has been changing, until it has reached the form defined by Conselice (2003):

C =5log (Tﬂ) . (3.25)

720

where rgy and ry are the radii enclosing 80% and 20% of the galaxy light, respectively.

It is important to note that, when a radius that encloses a fraction of the total flux is
defined, we are actually establishing a limit to the galaxy. It has been shown in the literature
(e.g., Conselice, 2003; Lotz et al., 2004) that using 1.5Rp as the “total radius” of the galaxy,
where Rp is the Petrosian radius, is representative for galaxies at different redshifts and allows
comparison between them, since this radius is based on a curve of growth, which makes it largely

insensitive to variations in the limiting surface brightness and S/N of observations (Lotz et al.,
2004).
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The Petrosian radius is defined as

~ pu(Rp)
" AR <Rp)

i.e., the radius at which the ratio of the surface brightness () at Rp to the mean surface

(3.26)

brightness within the same radius is equal to a fixed value, 7, usually set to 0.2 (Petrosian,
1976).

The last important consideration to calculate this parameter is the choice of the center. For
homogeneity, the center of asymmetry (see below) is used in the concentration and asymmetry

calculations.

Asymmetry A

The asymmetry index allows us to quantify asymmetries in terms of the shape and flux
distribution of the galaxy. To calculate the value of this parameter, the image of the galaxy
must be rotated by a specific angle. Although different angles of rotation have been proposed
in the literature, the most widely used is the 180° angle. Then, the asymmetry is calculated as
follows (Abraham et al., 1996; Brinchmann et al., 1998; Conselice, 2003):

Sijlli; — 1"

A= 9l A 2

where I;; and I} are the pixel flux values within 1.5Rp of the original and rotated images,
respectively, and Ay, is the asymmetry of the background, which is calculated over a square
region of an area similar to that covered by the galaxy.

Finally, it is imperative to find a proper center of asymmetry to perform these calculations,
which do not necessarily coincide with the centroid of the galaxy. Shifting this center by a few
pixels can greatly alter the obtained value (Conselice et al.; 2000). For this task, the downbhill
simplex algorithm is used to find the center that minimizes the asymmetry of the galaxy in a

region close to its centroid.

Gini coefficient G

The Gini coefficient is widely used in economy, as it shows the rank-ordered cumulative
distribution function of a population’s wealth. This statistic is based on the Lorenz curve,
defined as
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L(p) = %/Op F~Y(u) du, (3.28)

where p is the fraction of the poorest citizens, F'(x) is the cumulative distribution function,
and X is the mean over all X; values (Lorenz, 1905).

Naturally, this definition was adapted in such a way that G is a parameter to estimate the
morphology of a galaxy, considering the flux (wealth) distribution in pixels that corresponds
to the galaxy (population), rather than its application in economics (Abraham et al., 2003;
Lotz et al., 2004). As with the previous non-parametric statistics, the mathematical expression
evolved until it reached the form described by Lotz et al. (2004):

n

> (2 —n—1)Xi, (3.29)

i

1

M STITRY

where n is the number of pixels belonging to a galaxy. In this context, the X; corresponds

to the pixel values.

The moment of light M,

The second-order moment of the brightest 20% region of a galaxy is the last non-parametric
index used in this thesis. As introduced by Lotz et al. (2004), in order to measure this parameter,

first M;,; must be found, which corresponds to the total second-order moment of the galaxy:

Mtot = Z Mz = Z fz [(xz - xc)Q + (Z/z - yc)z} 9

where f; is the flux in each pixel, (z;, y;) the position of each pixel, and (., y.) is the center
of the galaxy, calculated in such a way that M. is minimized.
Then, to compute the second-order moment of the brightest 20% of the galaxy’s flux, it is
necessary to rank-order the galaxy pixels by flux, and then:
2 M,
M20 = lOg ( M

tot

) , while Y~ f; < 0.2 fior.

In this equation, fiy is the total flux of pixels belonging to the galaxy, and f; are the fluxes
for each pixel 7, arranged in such a way that f; is the brightest pixel, f5 is the second brightest
pixel, and so on.

It is important to note that both in the calculation of G and in that of Mg, it is necessary
to identify the pixels that belong to the galaxy, and in fact, the values of these parameters

are very sensitive to this detection. A segmentation map is used to perform this task, which
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has been defined in at least two different ways. For example, Abraham et al. (2003) used a
constant surface brightness threshold to determine which pixels are part of the galaxy, i.e.,
pixels that lie above that threshold, and Lotz et al. (2004) proposed a method in which the
“Gini” segmentation map depends only on the Petrosian radius, becoming insensitive to the
surface brightness dimming of distant galaxies and allowing better comparison. In this thesis,
we lean towards the second option, supported by the advantage that this method allows for a
better comparison between galaxies at different redshifts, and it is also the default method used
in statmorph.

Specifically, to create the “Gini” segmentation map the galaxy image is first convolved with
a Gaussian with 0 = Rp /5. This step arises the signal of the galaxy pixels above the background
noise, making low surface brightness galaxy pixels more detectable. Next, the surface brightness
@ at Rp is measured and pixels in the smoothed image with flux values greater than pu(Rp) and
less than 100 from their neighboring pixels are assigned to the galaxy. This last step assures
that any remaining contamination (e.g., cosmic rays or spurious noise pixels) in the image are

not included in the “Gini” segmentation map (Lotz et al.; 2004).

3.5.2 Parametric approach

On the side of parametric methods for determining the morphology of galaxies, we deter-
min the Sersic index and the effective radius of these systems using GALFITM. This code is an
adaptation of GALFIT (Peng et al., 2002, 2010), which enables fitting two-dimensional surface
brightness profiles through a minimization of the y? statistic. The advantage of GALFITM is that
it allows simultaneous fits in images of different filters of the same galaxy, thus constraining
these wavelength-dependent models.

GALFITM needs as input a configuration file that contains the path to the files needed to
perform the fits, some characteristics of the images, the initial parameters on which to start
fitting the surface brightness profiles, the models to be applied and an optional constraints file.

In our work, we provide the science images (mandatory) and the weight images, masks,
and PSF of the image (optional). Weight images are added due to the inhomogeneity of the
images mentioned at the beginning of the section; the masks, created from segmentation maps,
are considered to avoid contamination by nearby objects; and the PSF is used to convolve the
best-fit model found by GALFITM to obtain more robust results.

Regarding the characteristics of the images, the required inputs include the photometric
bands with their respective central wavelengths, the size of the images in pixels, the pixel scale

of the camera, the magnitude zero-point, and the size of the convolution box where the model
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fitting will take place. In our case, the size of the convolution box is the same as that of the
stamp.

On the side of the initial parameters, most of them are obtained from the SExtractor
catalog. Specifically, the positions of the objects (x,y) in the images are required, which are
determined as half the size of the stamp calculated with Equation 3.24. Additionally, the object
magnitudes in all bands are needed, which are determined with the MAG_AUTO parameter and
corrected for the empirically found zero-point. The axis ratio (b/a) is also provided, which
is derived from the ELLIPTICITY parameter. Similarly, the position angle is provided, which
does not directly correspond to the THETA_IMAGE variable but requires a suitable transformation
since the origins from which the angles are measured in SExtractor and GALFITM are different.
Finally, the Sersic index n = 4.0 is set as the initial value in all bands and all possible degrees
of freedom are given for all the mentioned parameters. The only constraint used is that the
resulting Sersic indices are within the range 0 < n < 10, to avoid losing physical meaning in
cases where this parameter takes excessively high values.

In Figures 3.12 and 3.13 an example of the GALFITM outputs and the masks used are shown
for the same bulge-dominated and disk-dominated utilized to display the statmorph outputs.
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Figure 3.12: Example of GALFITM output for the bulge-dominated galaxy J002712.03-343901.38 belonging to the
Abell 2715 cluster.
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Figure 3.13: Example of GALFITM output for the disk-dominated galaxy J220241.77-600131.8, belonging to the
Abell 3827 cluster.

Sérsic index n and effective radius r,

The Sérsic profile (Sersic, 1968) is a mathematical function that describes the intensity
profile of a galaxy. This can be expressed using the following formulation:
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I(r) = L exp {—bn [(;) e 1] } , (3.30)

where [ is the intensity at position r(x,y), r is the radius from the center that corresponds

to (z,y), r is the effective radius (half-light radius), I, is the intensity at the half-light radius
(I = I(re)), and n is the Sérsic index which determines the slope of the profile. Values of n = 4
correspond to a de Vaucouleurs’ profile, and n = 1 indicates an exponential profile.

The constant b,, is defined so that r. contains half of the total flux and can be solved

numerically using:

I'(2n) = 2v(2n, b,), (3.31)

where I' and ~ are the complete and incomplete gamma functions, respectively.
The Sersic index has been extensively used in the literature to distinguish between spheroidal
and disk-type galaxies (e.g., Buitrago et al., 2013), or in conjunction with the effective radius

to identify populations in different environments (e.g., Montaguth et al., 2023).

Compactness

Although the effective radius obtained from two-dimensional surface brightness Sersic models
is a parameter commonly used for galaxy comparisons, the results may be misleading, as the
galaxy radius is strongly dependent on its mass (Sazonova et al., 2020). Therefore, we employ

the definition of compactness, which is very similar to the surface mass density of galaxies:

— M*
- TR2’

where M, is the stellar mass of the galaxy and R, is the effective radius obtained from Sersic

(3.32)

models.

3.5.3 Morphological classification of galaxies

The culmination of this section corresponds to the definition of the classification system used
to determine the morphology of galaxies.

In addition to defining the parameters of the G-Myy system, Lotz et al. (2004) created
a classification system based on these two variables. They used a calibration compilation of
catalogs that includes: 104 objects from the catalog of Frei et al. (1996) and 44 galaxies from
SDSS DRI classified as normal Hubble types; 22 irregular dwarf galaxies from the sample of van
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Zee (2001); and 73 ultraluminous infrared galaxies (ULIRGs), whose images were obtained from
the HST archive. ULIRGs usually exhibit morphological signatures of ongoing or recent mergers
(e.g., Wu et al., 1998; Conselice et al., 2000). By calculating the morphological parameters G and
My, Lotz et al. (2004) found that early-type, late-type, and merger galaxies can be separated
on this plane using certain empirically obtained lines.

Later, in a study at higher redshift, Lotz et al. (2008) found that while this classification
system is valid, it is highly dependent on the redshift, or more specifically, on the spatial (or
physical) resolution of the images. One way to re-calibrate this system is to have a training
sample with robust visual classification and the calculation of morphological parameters G and
Myg. Then, the best linear fit to the data is determined, and by shifting its zero-point +0.06 in
G (which is 3 times the typical uncertainty of this parameter), the separation between merger
candidates and normal Hubble-type galaxies is obtained. Subsequently, with an appropriate
density contour, a straight line is empirically drawn passing right through the middle of the two
lobes representing the regions of early-type and late-type galaxies (see Figure 7 in Lotz et al.
2008).

Although the method for calibrating the morphological classification system of Lotz et al.
(2004) and Lotz et al. (2008) works, it is not applicable in our case, as it would require a robust
visual classification, which involves multiple classifiers and complex methods to obtain reliable
results, something beyond the scope of this thesis. Instead, we follow the approach of Sazonova
et al. (2020), where they used PCA to scale the data set G, My, and then classify galaxies.

The mathematical background of PCA has been detailed in Section 3.4.2, and in this case,
the main goal of applying this statistical tool is to normalize the data and find the main sequence
that divides normal Hubble-type galaxies and mergers, as well as the separation between early-
type and late-type galaxies. When PCA is applied to only two variables, the first component
corresponds to the main sequence of the data and the second component corresponds to the
standard deviation of this sequence. This method offers the benefit that once there are suffi-
ciently reliable measurements for the morphological parameters, the spatial resolution no longer

plays a crucial role in the classification system since the dataset for G, My is standardized.
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Figure 3.14: Principal components (PC 1 and PC2) of the morphological parameters G and My, for approx-
imately 17,000 galaxies. A hexagonal binning has been applied with a grid size of (30, 9). The horizontal
white dashed line corresponds to the main sequence in this plane, and the shaded regions in dark and light blue
correspond to the 1o and 20 zones, respectively. The hexbins follow a color map associated with three different
variables. From left to right, we have: the Sersic index n, asymmetry A, and signal-to-noise ratio SNR.

In Figure 3.14, we have the results of the PCA. In the left panel, we notice that within the
20 confidence interval, there is a clear trend of galaxies to increase the value of PC 1 along
with the Sersic index n. For this reason, we interpret the first principal component as the bulge
strength, as indicated in the X-axis label. Then, observing the middle panel, we see that within
this same confidence interval, galaxies have an absolute value of asymmetry very close to zero.
This leads us to interpret the second principal component as the degree of disturbance that
galaxies exhibit. However, as we can see in the right panel, there is also a trend for galaxies
below the 20 confidence zone to have a lower signal-to-noise ratio. Therefore, considering this,
we can conclude that a galaxy with a very positive value of PC 2 implies that it is an asymmetric
galaxy and then a merger candidate. But if the value of PC 2 is very negative, then it is a
diffuse or unresolved galaxy (Sazonova et al.; 2020).

However, terms like “very high/low PC 2” are not precise at all. Although there is a trend
for bulge strength to increase with PC 1, it is pertinent to define the classification system clearly.
Galaxies with PC 2 > 1 are considered candidates for mergers, and those with PC 2 < —2 are
classified as diffuse/unresolved galaxies. Galaxies with —2 < PC 2 < 1 are considered normal
Hubble-type galaxies. Those with PC 1 < 0 are disk-dominated and those with PC 1 > 0 are
bulge-dominated. The reason for choosing the threshold PC 1 = 0 to separate bulge and disk
galaxies, instead the value of PC 1 = 1 used by Sazonova et al. (2020), is because in our data,
this bin has a mean value for the Sersic index of n ~ 2.5, a value commonly used in the literature

to separate early-type and late-type galaxies (e.g., Buitrago et al., 2013).



3 Analysis 57

3.6 Physical properties of galaxies

3.6.1 Normalized colors

The colors of galaxies are a fundamental property. As mentioned earlier in this thesis, it
has been shown that it is possible to clearly separate populations using this physical parameter,
as it exhibits a notable bimodality (i.e., red galaxies and blue galaxies). However, because we
are working with clusters located at different redshifts, it is necessary to apply corrections to
compare populations across all systems. Essentially, we are taking into account the Doppler
effect, where the light from galaxies is redshifted as they are moving away from us due to the
expansion of the universe.

To carry out this process, we subtract the characteristic magnitudes of the galaxy clusters
in which they are located from the magnitudes of the galaxies. The characteristic magnitudes
(m*) of these structures are calculated using EzGal, modelling CSP as explained in Section 3.2.

Thus, the corrected (or normalized) colors (g — 7)norm can be expressed as

(9 = 7)norm = (9 — m;) — (r—my), (3.33)

where mj and m; are the characteristic magnitudes in the g and r bands, respectively.

3.6.2 Stellar mass and specific star formation rate

To determine the mass and specific star formation rate of galaxies, we use the Le Phare
code (Arnouts et al.; 1999; Ilbert et al., 2006). This Fortran code was designed to perform
SED fitting to obtain the photometric redshift of galaxies, as well as some of their physical
properties.

This program requires, as input, a catalog containing magnitudes of galaxies and their
respective errors, along with certain parameter values set in a configuration file. The output is
a catalog of the same dimensions as the input, providing the photometric redshift measurement
of the best fit and various parameters selected in another file®. Subsequently, the execution of

the code consists of three phases:

1. Preparation Phase: Here, the SED template libraries are selected and the set of filters is
defined.

6 All possible physical parameters that can be obtained as output are detailed in the Le Phare documentation:
https://www.cfht.hawaii.edu/~arnouts/LEPHARE/DOWNLOAD/lephare_doc.pdf.
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2. Magnitude Library Creation Phase: Using the ingredients mentioned earlier, the magni-
tudes are computed based on the redshift and then interpolated to obtain the final result.

In addition, simulated multi-color catalogs can be created as an option in this stage.

3. Fitting Phase: By utilizing a conventional x? minimization technique, a comparison is
conducted between the theoretical values present in the libraries generated in the preceding

stage and the observed values from the input catalog.

Table 3.4: Parameters used to create the SED libraries.

Parameter Value(s)

Stellar population synthesis model Bruzual and Charlot (2003)

Initial mass function Chabrier

Metallicity Z 0.02, 0.04, 0.008

Star formation history Exponentially declining
Characteristic duration 7 [Gyr] 0.1, 0.3, 1, 2, 3, 5, 10, 30

Extinction curve Calzetti et al. (2000)

Color excess E(B — V) [mag] 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1
Emission lines [Onl], [Om), Hg, Ha, Ly,

In our case, we utilize a library of synthetic spectra generated with the stellar population
synthesis model by Bruzual and Charlot (2003) with a Chabrier initial mass function (IMF).
Three different metallicities are used (0.02, 0.04, and 0.008). We assume an exponentially de-
clining star formation history (SFH) with nine values for the characteristic timescale 7, ranging
from 0.1 to 30 Gyr. The extinction curve of Calzetti et al. (2000) is considered, with twelve
possible values for F(B — V), ranging from 0.0 to 1.0 mag. Additionally, the contribution of
emission lines to the SEDs is included, specifically modeling the lines of [OII], [OIII], HB, He,
and Ly,. The characteristics of the generated SED libraries are summarized in Table 3.4.

To obtain a library of magnitudes as a function of redshift, all these synthetic spectra libraries
are convolved with the filters used for this SED fitting process. As shown in Figure 3.15, these
correspond to the set of grizY filters of the DECam’ and the W1 and W2 bands of WISE®.

"https://noirlab.edu/science/index.php/programs/ctio/filters/Dark-Energy-Camera
8https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
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Figure 3.15: Set of filters used in the observations of galaxies, provided by DES DR2 and unWISE. These filters
were also employed by the Le Phare code to convolve the synthetic spectra and generate magnitude libraries as
a function of redshift.

3.7 Quality cuts

To ensure the robustness of our results, we decide to apply several quality cuts. Firstly
(1), we apply the criterion o, < 0.05(1 + zphot), thereby excluding galaxies with imprecise
photometric redshifts, where o, = represents the error of the photometric redshift.

Subsequently, following the recommendations from the documentation of statmorph, we
decide to eliminate from the sample those galaxies with low signal-to-noise ratio (2) using the
condition sn_per pixel(r) < 2.5. Furthermore, this code provides a flag indicating the quality
of the morphological measurements, taking values of 0 (good), 1 (suspicious), 2 (bad), and 4
(catastrophic). We apply the criterion flag(r) < 1.

Next, considering that GALFITM (3) and Le Phare (4) both use a minimization method of
a statistic (x? and x?, respectively), we chose a threshold below which we select galaxies for
the study. We understand that this value had to be as low as possible, but to avoid arbitrary

selection, we chose the maximum non-outlier values” of both as thresholds (see Figure 3.16).

9In a boxplot, the whiskers represent the non-outlier minimum and maximum values. Without loss of gen-
erality, the non-outlier minimum is calculated as Q1 - 1.5 IQR, where Q1 is the first quartile and IQR is the
interquartile range, defined as Q3 - Q1, with Q3 being the third quartile.
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Figure 3.16: Left: Boxplot of the x2 parameter outputted by the GALFITM software. Right: Boxplot of the x?
statistic outputted by the Le Phare code. In both cases, we display text regarding the maximum non-outlier
extremes, indicating their numerical values.

However, for the case of x2, we use a threshold value of 1, as this represents the case of ideal
fit.

Finally, we make three cuts that are directly related to measurements of galaxy properties.
The first, following the work of Chen et al. (2024), is regarding the specific star formation rate
of these systems (5), retaining only those within the range —15 < log(sSFR) < —8. The second
cut is related to the mass (6), where we cut at log(M./My) > 8.5 to minimize the issue of mass
completeness (e.g., Chen et al., 2019; Liu et al., 2019). The last cut is about photometric depth
(7). In this thesis, we only work with galaxies that had a magnitude m < m* + 3 in the r-band
filter, where m* is the characteristic magnitude of each cluster. This ensures a homogeneous
study in terms of photometric depth and also ensures the reliability of the LS DR10 photometric
measurements'’.

Our final sample consists of 8,412 galaxies in 87 different clusters, with an average of Ny =
97, where Npen, represents reliable cluster members (i.e., after applying the quality cuts). Figure

3.17 illustrates the number of galaxies excluded in each quality cut stage.

10 Although Figure 3.3 shows a potential incompleteness at fainter magnitudes for Abell 2744, this is the most
extreme case in our sample. We have verified that using a photometric limit of m* 4+ 2 and m* 4 3 yields similar
results.
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Figure 3.17: Galaxy counts for each quality cut. The (0) label corresponds to the total sample of galaxies before
applying any quality cut.



Chapter 4

Results

4.1 Photometric redshifts quality

In this thesis, we have photometric redshifts available from two different methods. The first
is obtained from the catalogs of Wen and Han (2022), whose method employs a statistic with
the k-nearest neighbors in the multidimensional color space, as explained in Section 2.3. The

second involve running the Le Phare code, which is based on SED fitting.
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Figure 4.1: Left: Comparison between zspec and zphot. The solid blue line represents the identity line (zgpec =
Zphot)- Middle: Azporm as function of zgpec. Right: Azporm as function of zgpec. In the latter two cases, the solid
blue line corresponds to the constant function where Azyorm = 0.

Figure 4.1 shows the comparison between the photometric redshifts obtained from the cat-
alogs of Wen and Han (2022) and the spectroscopic redshifts obtained in the literature for
member galaxies of the clusters. We define Azyorm = (Zphot — Zspec)/ (1 + Zspec). This method
proved to be more accurate in calculating photometric redshifts for our data than the SED
fitting performed by Le Phare. We find a mean value of Az, = 0.005 with a dispersion of
0, = 0.02, using robust biweight estimators. Table 4.1 compares the quality of the photometric
redshifts obtained with each method. It is worth noting that for the case of Le Phare, this
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code is only run using galaxies already selected as members, while for the photometric redshifts
of Wen and Han (2022), it is also compared with all galaxies present in the fields of view of the
images of each cluster.

Table 4.1: Comparison of the photometric redshift quality obtained by Wen and Han (2021) using the kNN
method and those obtained through SED fitting with the Le Phare code.

Method Mean o
kNN 0.005 0.02
ENN (all galaxies) 0.004 0.03
Le Phare 0.043 0.06

4.2 Characterization of galaxy clusters

As mentioned in Section 3.4.2, the 87 galaxy clusters are separated following the weighted
Boolean sum criterion. We obtain 32 relaxed clusters, 30 systems with intermediate dynamics,
and 25 disturbed galaxy clusters. In Figure 4.2, the scaled value of each proxy is shown, with
the dynamical states of each system represented by colors. The values of each parameter are
scaled using the StandardScaler class from the scikit-learn package. All the characteristics

of the galaxy clusters, including their positions, redshifts, Rogg, Moo, and dynamical states, can
be found in Table A.1.
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Figure 4.2: Radar charts with the six dynamical parameters used in this thesis for all clusters in the sample. The
colors blue, green, and red indicate the relaxed, intermediate, and disturbed dynamical states, respectively. The
parameters are standardized, and the radar charts are on the same scale for all clusters for comparison purposes.
This scale corresponds to —3.30 < param_value < 2.60, where param_value is the dimensionless scaled value of
any dynamical parameter.

An important step in estimating the dynamical states of the clusters was the selection of the
BCG to obtain the X-ray peak/centroid offset. The automatic method achieved an accuracy
of 70%, with respect to the visual inspection. Since we are measuring the accuracy of the
automatic method with respect to visual inspection, we must ensure that the selection of the

BCG using this latter method is indeed correct. To this end, we have spectroscopic information
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from the literature (Table 2.3). In Figure 4.3, we present as an example the peculiar velocities

of six galaxy clusters from the sample within the range of £6000 km s+

, and we observe that
all the BCGs selected visually indeed belong to the cluster. This occurs for the 30 systems for
which we have spectroscopic information for the BCG selected by visual inspection, which gives

us confidence in the method.
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Figure 4.3: Peculiar velocity distributions of galaxies within 6000 km s~! of six example galaxy clusters. The
members are marked with red bars. The black dashed lines indicate the positions of the BCGs selected by visual
inspection. The shaded areas represent the 1o, 20, and 30 regions from darkest to lightest. The cluster names
are indicated in the upper left corners of each panel. The bin sizes are 250 km s~ 1.

4.3 Galaxy properties

In Figure 4.4, we present the galaxy stellar mass distributions of the three dynamical
states subsamples. Qualitative differences are observed, and then corroborated by applying
the Kolmogorov-Smirnov test (the details of this hypothesis test are provided below) in 10,000
Monte Carlo simulations. This may affect our study, as the morphology is strongly influences
by mass (e.g., Calvi et al., 2012; Bluck et al., 2019). Therefore, to compare the physical and
structural parameters of galaxies, we first perform a mass-match between the subsamples of
relaxed, intermediate and disturbed clusters. From now on, all analyses are conducted on this

mass-matched sample.
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Figure 4.4: Top: Boxplots of the distributions of stellar masses of the galaxies for the three studied dynamical
states. Bottom: Kernel Density Estimates (KDE) of the stellar mass distributions. The text indicates the
p-values of the K-S test applied to relaxed and disturbed clusters. In both panels, the colors blue, green, and
red represent the relaxed, intermediate, and disturbed clusters, respectively.

4.3.1 Overall results

In general, the morphological and physical parameters of galaxies exhibit similar distribu-
tions across the three environments studied (see Figures 4.5 and 4.6). The median values and
their respective standard deviations for all parameters in each environment are listed in Table
4.2.

However, there are some parameters in which the distributions exhibit qualitative differences
when observed (e.g., Sersic index, compactness). To quantitatively determine these differences,
we use the Kolmogorov-Smirnov hypothesis test. This test allows us to calculate the probability
(p-value) of obtaining a difference equal to or as large as the one observed with a certain level
of confidence under the null hypothesis that both distributions are equal. In this thesis, we use
a confidence level of 95%, which means that if we obtain a p-value < 0.05, there is sufficient
evidence to reject the null hypothesis, thus accepting the alternative hypothesis (two-sided)
that the distributions exhibit statistically significant differences. The results of these tests are
presented in Table 4.3.

We find that, in general, the concentration, asymmetry Msg, Sersic index and specific star
formation rate of galaxies present significant differences between relaxed and disturbed clus-

ters. The comparison between relaxed-intermediate and disturbed-intermediate are shown for
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completeness, but the analysis of that results are beyond the scope of this thesis.

m.|—.—_lmo m‘—l—_ﬂmmm a @0
owl—.——_cuo a o ﬂ—l—hﬂ:omw o
| . - o 3 amﬁ—l—_’mm oo o
2 0 p-valuess = 0.008 5 p-valuegp = 0.000
w5 10 10
0
§1.0
(] 5 5
0.5
%4 2 3 4 ¢ -0.2 0.0 02 04 06 ¢
C A
) unq——.——htmooc I—- o
p-valuegs = 0.001 p-valueg, = 0.043
4 0.3 0.6
ey
g 0.2 0.4
82
0.1 0.2
g -2.0 =15 -1.0 0'00‘0 2.5 5.0 7.5 10.00'0 12
Mg n log(Z)

Figure 4.5: Distributions of the structural parameters for all galaxies in the three studied environments (i.e.,
relaxed, intermediate, and disturbed galaxy clusters). In all upper panels, boxplots are presented, and in the
lower panels, the densities of the distributions estimated with KDE are shown. The colors blue, green, and red
represent the relaxed, intermediate, and disturbed galaxy clusters, respectively. Additionally, the results of the
K-S test for the relaxed and disturbed clusters are also shown in text in the lower panels.
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Figure 4.6: Distributions of the physical parameters for all galaxies in the three studied environments (i.e.,
relaxed, intermediate, and disturbed galaxy clusters). In all upper panels, boxplots are presented, and in the
lower panels, the densities of the distributions estimated with KDE are shown. The colors blue, green, and red
represent the relaxed, intermediate, and disturbed galaxy clusters, respectively. Additionally, the results of the
K-S test for the relaxed and disturbed clusters are also shown in text in the lower panels.

Table 4.2: Median values (M) and standard deviations (o) of the structural and physical parameters in the
three environments studied for all galaxies.

Parameter Relaxed clusters Intermediate clusters Disturbed clusters
C M =263, 0c=0.22 M =261,0=0.21 M =262, 0 =0.22
A M =0.01, c =0.06 M =0.01, c =0.05 M =0.01, c =0.06
G M =0.49, ¢ = 0.03 M =0.49, c =0.03 M =0.49, 0 = 0.03
Mo M=-17,0=010 M=-169,6=009 M=-1.69,c=0.10
n M =196,0=1.65 M=188,0=192 M =190, 0 =155
log(2) M =9.03, 0 =0.63 M =8.98, 0 =0.62 M =9.06, c = 0.63
log(M. /M) M =10.35, 0 = 0.50 M =10.34, 0 = 0.50 M =10.35, 0 = 0.50
log(sSFR/yr™!) M = —10.80, 0 =1.00 M = —10.80, 0 = 1.07 M = —10.80, 0 = 0.94
(9 — 7)norm M =-0.0506=026 M=-0.06,0=028 M =-0.06, 0 =0.27

Table 4.3: Results of the Kolmogorov-Smirnov hypothesis tests applied to the physical and morphological
parameters for all galaxies in the sample.

Parameter p-valuegs rr  p-valuexs rp  p-valueks m

C 0.001 0.008 0.629
A 0.407 0.000 0.005
G 0.002 0.073 0.238
My 0.000 0.001 0.935
n 0.059 0.043 0.097
log(X) 0.016 0.350 0.000
log(M, /My) 1.000 1.000 1.000
sSFR 0.298 0.001 0.034

(9 — 7)norm 0.192 0.267 0.047
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Table 4.4: Abundances of galaxies for all the sample.

Fraction (%) Bulge Disk Quiescent Star-forming

Relaxed 39.2 60.2 39.9 60.1
Intermediate 34.2  65.5 39.0 61.0
Disturbed 355  63.9 37.5 62.6

In Table 4.4 we observe the galaxy fractions as we separate the galaxies by quenching state
and morphological types. We note that between relaxes and disturbed clusters, there is a
3.7% difference in the morphological type abundances, and 2.5% difference when separating in

quiescent and star-forming galaxies.

4.3.2 Mass dependence

To explore the dependence of morphological and physical parameters on galaxy masses, we
divide the sample into low-mass (log(M,/Ms) < 10.41) and high-mass (log(M,/Ms) > 10.41)
galaxies. This threshold corresponds to the median of the entire sample after making a cut at
90% completeness. In Figures 4.7 and 4.8 we present the distributions of structural parameters
for low-mass and high-mass galaxies, respectively. Next, in Figures 4.9 and 4.10 we display
the distribution of physical parameters in the same order. The median values and standard
deviations of these properties are tabulated in Table 4.5, and the results of the Kolmogorov-
Smirnov tests comparing the galaxy properties between relaxed and disturbed clusters in Table
4.6.

Before comparing the subsamples (relaxed, intermediate and disturbed clusters), we notice
that, in general, the median values of some morphological parameters are different for low-mass
and high-mass galaxies. Specifically, the concentration, compactness and Sersic index are higher
for high-mass galaxies. On the physical properties side, we note that low-mass galaxies are more
star-forming, and bluer than the high-mass counterpart.

Now, focusing on the differences between the three environments, we observe that low-mass
galaxies are more affected by the dynamical state of galaxy clusters, at least on morpholog-
ical transformations. This is supported by the fact that the concentration, asymmetry, Gini
coefficient and My, of galaxies present significant differences between relaxed and disturbed
clusters. However, high-mass galaxies only show differences in the asymmetry and the specific

star formation rate of galaxies.



70

4 Results
p-valuegp = 0.003 p-valuegp = 0,002
2 10.0
- 10
e 7.5
2
81 5.0 5
25
03 3 4 00752 o0 02 04 o8 0
(o) A
moum—%—.—{—nnmmo |—-—ﬁ->-m mamoco o oo
p-valuegp = 0.006 0.4- p-valuegp = 0,197 0.6 p-valuepp = 0.614
4
> 0.3
@ 21
o2
0.1 0.2
. -2.0 -1.5 10 %% 255 50 75 100°%%¢ 8 10 12
Msq n log(Z)

Figure 4.7: Similar to Figure 4.5, but only for low-mass galaxies.
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Figure 4.8: Similar to Figure 4.5, but only for high-mass galaxies
p-valueqs = 1.000 p-valuegn = 0.060 p-valuepp = 0,169
1o 0.4 2.0
o 1.5
2

0.5

0.0 9 10 11 0.0 —14 —12 —10 -8 IO'0—1.0 -0.5 0.0 0.5

log(M-/Mg) log (SSFR!yr‘l) (9 — Manarm

Figure 4.9: Similar to Figure 4.6, but only for low-mass galaxies.
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Figure 4.10: Similar to Figure 4.6, but only for high-mass galaxies.

Table 4.5: Median values (M) and standard deviations (o) of the morphological and physical parameters in the
three studied environments. Here, we separate between high and low mass galaxies.

Parameter Relaxed clusters Intermediate clusters Disturbed clusters
Low-mass

C M =258, 0=0.21 M = 2.56, 0 =0.19 M = 2.56, 0 =0.21
A M =0.01, c = 0.06 M =0.01, c =0.06 M =0.01, c = 0.06
G M =0.48, 0 = 0.03 M =0.48, 0 = 0.03 M =0.48, 0 = 0.03
My M=-167,06=010 M=-1.66,0=0.09 M=-1.66,0=0.10
n M =156, c = 1.58 M =149, 0 =2.07 M = 1.55, 0 = 1.67
log(2) M =8.69, 0 = 0.62 M =8.68, 0 = 0.63 M =8.70, 0 = 0.64
log(M. /M) M =10.01, 0 = 0.35 M = 10.00, c = 0.35 M =10.00, o = 0.35
log(sSFR/yr™!) M = —-10.62, 0 =1.08 M = —10.58, 0 =121 M = —10.58, 0 = 1.01
(9 — 7)norm M=-01506=027 M=-0.18,0=030 M =-0.15,0=0.29
High-mass

C M =269, 0=0.21 M =268, 0 =0.21 M =269, 0 =021
A M =0.01, 0 =0.05 M =0.01, c =0.05 M =0.01, 0 =0.04
G M = 0.50, 0 = 0.03 M = 0.50, 0 =0.03 M = 0.50, 0 = 0.03
My M=-172,0=009 M=-171,0=009 M=-1.72,0=0.09
n M =238, 0=1.65 M =230, 0 =1.66 M =2.32,0=1.30
log(%) M =9.32, c = 0.40 M =9.25, 0 =0.40 M =9.35, 0 =0.39
log(M. /M) M =10.69, 0 = 0.23 M =10.70, 0 = 0.23 M =10.69, c = 0.23
log(sSFR/yr™!) M =-1091,0 =087 M =-1091,0=083 M =-10.92, 0 =0.78

r ) norm

(9 —

M =0.03, 0 =0.15 M =0.02, 0 =0.17 M =0.03, 0 =0.16
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Table 4.6: Results of the Kolmogorov-Smirnov hypothesis tests applied to the physical and morphological
parameters for galaxies separated into high and low mass.

Parameter p-valuexs r1  p-valuexs rp p-valuexs
Low-mass

C 0.007 0.003 0.888
A 0.551 0.002 0.038
G 0.035 0.023 0.571
Mg 0.010 0.006 0.874
n 0.203 0.197 0.492
log(%) 0.354 0.614 0.172
log(M../Mg) 0.999 1.000 1.000
log(sSFR/yr1) 0.125 0.060 0.013
(9 — 7)norm 0.015 0.169 0.023
High-mass

C 0.125 0.748 0.723
A 0.536 0.001 0.029
G 0.066 0.907 0.226
Mg 0.008 0.101 0.516
n 0.186 0.174 0.171
log(%) 0.001 0.379 0.000
log(M. /M) 0.999 0.993 0.996
log(sSFR/yr1) 0.159 0.018 0.803
(9 — 7)norm 0.008 0.581 0.109

Table 4.7: Abundances of galaxies for low-mass and high-mass populations.

Fraction (%) Bulge Disk Quiescent Star-forming

Low-mass

Relaxed 28.3 T1.1 34.8 65.2
Intermediate 24.8  74.7 33.8 65.9
Disturbed 24.4  75.2 30.7 69.3
High-mass

Relaxed 426 379 37.5 43.7
Intermediate  37.2  43.9 36.7 44.7
Disturbed 39.8 40.6 37.1 44.0

In Table 4.7 we observe the galaxy abundances separating them by quenching state and
morphological types, for low-mass and high-mass galaxies. We notice that, for low-mass galaxies,
between relaxed and disturbed galaxy clusters, there is a 3.7% difference in morphological type
fractions, and 1.1% difference when separating in quiescent and star-forming galaxies. In the
same comparison, but for high-mass galaxies, we observe a 3.3% difference in the fraction of

morphological types, and 0.9% difference in the abundances of quenched galaxies.
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4.3.3 Morphology dependence

Now we study the dependence of structural and physical parameters on the morphological
type of each galaxy. We use the classifications of bulge-dominated and disk-dominated defined
in Section 3.5.3. It is worth noting that the fraction of mergers in our work is less than 1%,
so we do not include this type of galaxies in our analysis. For more details about this, refer to
Section 5.3.

In Figures 4.11 and 4.12 we display the distributions of structural parameters for bulge-
dominated and disk-dominated galaxies, respectively. Next, in Figures 4.13 and 4.14 we present
the distribution of physical properties in the same order. The median values and standard
deviations of these parameters are shown in Table 4.8, and the results of the Kolmogorov-
Smirnov tests comparing the galaxy properties between relaxed and disturbed clusters in Table
4.9.

Similar to the previous subsection, we first notice that, in general, regardless of the envi-
ronment, the median values of the several morphological and physical parameters are different
for each morphological type. Specifically, the concentration, Gini coefficient, Sersic index com-
pactness, and stellar mass is higher for bulge-dominated galaxies than for the disk-dominated
ones. On the contrary, the My, and specific star formation rate are lower. Additionally, bulge-
dominated galaxies are redder than the disk-dominated counterpart.

But, focusing on the comparison between the different environments, we observe that when
we separate galaxies into morphological types, the dependency on the dynamical state of clusters
almost disappears. We only find statistically significant differences in the specific star formation
rate of bulge-dominated galaxies, and in the asymmetry of the disk-dominated galaxies, between

relaxed and disturbed galaxy clusters.
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Figure 4.11: Similar to Figure 4.5, but only for bulge-dominated galaxies.
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Figure 4.12: Similar to Figure 4.5, but only for disk-dominated galaxies.
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Figure 4.13: Similar to Figure 4.6, but only for bulge-dominated galaxies.
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Figure 4.14: Similar to Figure 4.6, but only for disk-dominated galaxies.

Table 4.8: Median values (M) and standard deviations (o) of the morphological and physical parameters in the
three studied environments. Here, we separate between bulge-dominated and disk-dominated galaxies.

Parameter Relaxed clusters Intermediate clusters Disturbed clusters
Bulges

C M =281, 0 =0.18 M =281,0=0.18 M =2.80,0=0.19
A M =0.01, 0 =0.04 M =0.01, c =0.04 M =0.01, c =0.05
G M =0.52, 0 =0.02 M =0.52, 0 =0.02 M =0.52, 0 =0.02
My M=-177,0=007 M=-176,0=007 M=-1.76,0=0.07
n M =280,0=1.70 M =278, 0 =2.02 M =2.70, c = 1.52
log(%) M =9.15, 0 = 0.50 M =9.12, 0 = 0.48 M =9.17,0 =0.51
log(M. /M) M =10.52, 0 = 0.45 M =10.54, 0 =047 M =10.56, 0 = 0.47
log(sSFR/yr™!) M = —11.08, 0 =097 M = —11.07,0 =1.07 M = —11.01,0 = 0.95
(9 — 7)norm M =0.00, 0 =0.18 M =0.01, 0 =0.21 M = —-0.01, c =0.19
Disks

C M =2.55, 0 =0.12 M =254,0=0.14 M =254, 0 =0.13
A M =0.01, c = 0.06 M =0.01, c =0.06 M =0.01, c = 0.06
G M =0.48, 0 = 0.02 M =0.48, 0 = 0.02 M =0.48, 0 = 0.02
My M=-166,0=007 M=-1.66,0=0.08 M =-1.650=0.08
n M =1.43, 0 =1.32 M =1.41,0=1.66 M =147, 0=1.33
log(%) M =8.94, 0 = 0.69 M =8.89, 0 = 0.66 M =8.95, 0 = 0.68
log(M. /M) M =10.20, c = 0.49 M =10.24, 0 = 0.48 M =10.23, 0 = 0.48

log(sSFR/yr—1)
(g —

r ) norm

M =-10.58,0 =097 M = -10.64, 0 =1.00 M = —10.64, 0 = 0.87

M= —0.11, 0 = 0.28

M =-0.13, 0 =0.29

M = —0.10, o = 0.29




4 Results 78

Table 4.9: Results of the Kolmogorov-Smirnov hypothesis tests applied to the physical and morphological
parameters for galaxies separated into bulge-dominated and disk-dominated.

Parameter p-valuexs r1  p-valuexs rp p-valuexs
Bulge

C 0.693 0.773 0.979
A 0.103 0.056 0.006
G 0.910 0.075 0.233
Mg 0.093 0.073 0.923
n 0.316 0.205 0.137
log(%) 0.165 0.194 0.007
log(M../Mg) 0.245 0.145 0.864
log(sSFR/yr1) 0.568 0.019 0.081
(9 — 7)norm 0.042 0.279 0.101
Disk

C 0.190 0.053 0.471
A 0.760 0.002 0.035
G 0.162 0.981 0.189
My 0.560 0.214 0.785
n 0.952 0.474 0.189
log(%) 0.049 0.338 0.005
log(M. /M) 0.252 0.707 0.701
log(sSFR/yr1) 0.754 0.240 0.295
(9 — 7)norm 0.293 0.605 0.149

4.4 Fundamental relations of galaxy clusters

Considering that we have at our disposal measurements of galaxy properties with which
we can characterize the fundamental relations of the clusters they belong to, we compare these
relations in systems of different dynamical states. Specifically, we compare the CMDs, the mass-
size relation, and the morphology/SFR vs. local environment relation (i.e., morphology /SFR-

density relation and morphology/SFR-clustercentric distance relation).

4.4.1 Color magnitude diagram

In all three subsamples (i.e., relaxed, intermediate, and disturbed clusters), we employ the
same robust linear regression model as in Section 3.2. The normalized CMDs for each environ-
ment are shown in Figure 4.15, along with the regression parameters and their respective errors.
These errors are calculated using 10,000 bootstrap iterations and robust biweight estimators. In
this context, we use the t-test to determine if there are significant differences between the slopes

of the RCS. This statistical method allows us to calculate the probability (p-value) of finding a
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difference between the slopes equal to or greater than the observed under the null hypothesis
that they are equal, using a certain level of confidence. Similar to the Kolmogorov-Smirnov test,
we use a confidence level of 95%. Therefore, with a p-value less than or equal to 0.05, we have
sufficient evidence to reject the null hypothesis. The results of this test are presented in Table
4.10, in which no significant differences between relaxed and disturbed clusters are observed,
whether in the slope or the intercept of the robust regression model. However, interestingly, we

find significant differences between relaxed-intermediate and disturbed-intermediate clusters.

Table 4.10: Results of the t-tests applied to the parameters of robust linear regressions applied to red galaxies
in the three types of clusters.

Paramter p-value; g1 p-value; rp p-valueg p
Slope 0.033 0.406 0.005
Intercept 0.015 0.701 0.059
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Figure 4.15: Normalized and stacked color-magnitude diagrams, separating the sample into relaxed, intermediate,
and disturbed clusters. Each gray point corresponds to a galaxy. The solid red line represents the best-fit Red
Sequence, while the red shaded area represents the +10 region. The solid blue line is the same best-fit Red
Sequence line but shifted 30 downwards. The text shows the parameters of the robust linear regressions with
their respective errors.

On the other hand, we can use the CMDs to delineate subpopulations within each cluster
type. We define Red Sequence galaxies as those falling within +10 of the best fit, while Blue
Cloud galaxies are identified as those lying beyond 30 from the best fit. Meanwhile, we define
the Green Valley as the intermediate zone between these two populations. This can be expressed

as
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Red Sequence: Mmodel"norm + Nmodel — Omodel S (9 - T)norm S Mmodel"norm + Nmodel + Omodel
Green Vaﬂeyi M model"norm + Nmodel — 3O'model < (g - T)norm < Mmodel"norm + Nmodel + Omodel

Blue Cloud: (g - T) < Mmodel"norm — 3O-rnodela
(4.1)

where mMyodel; Mmodel and 0 moger correspond to the slope, the intercept, and the scatter of the
best fit, respectively.

Next, we compare the structural and physical parameters in these three populations for the
three different environments, analogously to Section 4.3. We display the distribution of the
structural parameters of galaxies for the Red Sequence, Green Valley and Blue Cloud in Figures
4.16, 4.17 and 4.18, respectively. Also, we present the distribution of the physical properties
of galaxies in Figures 4.19, 4.20 and 4.21, following the same order. The median values and
standard deviations of these parameters are tabulated in Table 4.11, and the results of the
Kolmogorov-Smirnov tests comparing the galaxy properties for different dynamical states of
clusters in Table 4.12.

Regardless of the environment, we observe that the median values for the concentration, Gini
coefficient, Sersic index, compactness and stellar mass increase as the galaxies become redder
(i.e., following the sequence blue cloud-green valley-red sequence). On the other side, My and
specific star formation rate decrease.

Now, focusing on the differences between the relaxed and disturbed clusters, we find that
Red Sequence galaxies are the most affected by the dynamical states. The concentration index,
asymmetry, Msg, Sersic index, specific star formation rate and normalized color present signifi-
cant differences between relaxed and disturbed clusters. In the case of Green Valley and Blue

Cloud galaxies, they are only affected in their specific star formation rates.
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Figure 4.16: Similar to 4.5, but only for Red Sequence galaxies.
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Figure 4.17: Similar to 4.5, but only for Green Valley galaxies.
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Figure 4.19: Similar to 4.6, but only for Red Sequence galaxies.
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Figure 4.21: Similar to 4.6, but only for Blue Cloud galaxies.
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Table 4.11: Median values (M) and standard deviations (o) of the structural and physical parameters in the
three studied environments. Here, we separate between Red Sequence, Green Valley and Blue Cloud galaxies.

Parameter Relaxed clusters Intermediate clusters Disturbed clusters
Red Sequence

C M =268, 0 =0.20 M =267 0=0.20 M =2.67, 0 =0.20
A M =0.01, 0 =0.05 M =0.01, 0 =0.05 M =0.01, c =0.05
G M = 0.50, 0 = 0.03 M = 0.50, c =0.03 M = 0.50, 0 =0.03
Moy M=-171,0=009 M=-171,06=009 M=-1.70, 0 =0.09
n M =240, 0=1.73 M =234, 0=1.95 M =230, 0 =1.53
log(X%) M =923, 0=0.44 M =919, 0 =0.42 M =9.26, 0 = 0.44
log(M./My) M =10.45, 0 = 0.38 M =10.46, ¢ = 0.39 M =10.46, 0 = 0.39
sSFR M=-1111,0 =08 M=-11.11,0 =096 M = —-11.01, 0 =0.82
(9 — T)norm M =0.01, 0 = 0.07 M =0.02, 0 =0.07 M =0.01, c = 0.07
Green Valley

C M =262, 0 =0.23 M =258 0=0.19 M =262, 0 =0.22
A M =0.02, 0 =0.05 M =0.01, 0 =0.05 M =0.01, c =0.06
G M =0.49, 0 = 0.03 M =0.48, 0 = 0.03 M =0.49, 0 =0.03
Mg M=-169,6=011 M=-169,06=009 M=-1.70,0=0.11
n M =149, 0 =1.29 M =139, 0=1.45 M =149, 0=1.25
log(X%) M =889, 0 =0.47 M =885, 0 =0.47 M = 8.85, 0 =0.49
log(M./My) M =10.38, 0 = 0.47 M =10.43, 0 =0.43 M =10.32, c =0.45
sSFR M =-10.58,0 =065 M =-10.54,0 =066 M = —10.54, 0 =0.67
(9 — T)norm M=-019,0 =008 M=-021,0=008 M=-0.20,0=0.08
Blue Cloud

C M =251,0=0.18 M =248 0 =0.19 M =248, 0 =0.19
A M =0.02, 0 =0.07 M =0.02, 0 = 0.06 M =0.02, 0 =0.07
G M =0.46, 0 = 0.03 M =0.46, 0 = 0.03 M =0.46, 0 = 0.03
Mg M=-164,0=009 M=-163,06=009 M=-1.64,0=0.10
n M =0.95, 0 =0.85 M =0.93, 0 =1.50 M =0.97, 0 =1.28
log(X%) M =8.23, 0 =0.54 M =38.23, 0 =0.58 M =8.23, 0 =0.57
log(M, /M) M =978, 0 = 0.48 M =9.83, 0 =0.48 M =9.79, 0 =0.51
sSFR M=-992,06=042 M =-989,0=040 M =-9.92, 06=0.49

(9 — T)norm M=-055,0=014 M=-059,0=014 M=-0.58 0=0.15
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Table 4.12: Results of the Kolmogorov-Smirnov hypothesis tests applied to the physical and morphological
parameters for galaxies separated into Red Sequence, Green Valley and Blue Cloud.

Parameter p-valueks rr  p-valueks rp p-valuexs
Red Sequence

C 0.113 0.047 0.847
A 0.041 0.002 0.002
G 0.132 0.429 0.623
Moy 0.012 0.001 0.455
n 0.255 0.033 0.349
log(X) 0.008 0.205 0.000
log(M, /M) 0.546 0.692 0.943
sSFR 0.046 0.000 0.007
(9 — 7)norm 0.121 0.046 0.035
Green Valley

C 0.014 0.724 0.030
A 0.307 0.324 0.901
G 0.001 0.299 0.020
Mo 0.067 0.565 0.043
n 0.192 0.903 0.121
log(%) 0.185 0.631 0.376
log(M../Mg) 0.573 0.280 0.085
sSFR 0.106 0.515 0.032
(9 — T)norm 0.085 0.300 0.001
Blue Cloud

C 0.113 0.086 0.671
A 0.528 0.497 0.871
G 0.036 0.631 0.272
My 0.134 0.479 0.123
n 0.468 0.365 0.666
log(%) 0.738 0.761 0.787
log(M, /M) 0.370 0.898 0.300
sSFR 0.064 0.213 0.494

(9 — 7)norm 0.002 0.005 0.167
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Table 4.13: Abundances of galaxies for color-magnitude diagram populations.

Fraction (%) Bulge Disk Quiescent Star-forming
Red Sequence

Relaxed 49.6 499 58.1 41.5
Intermediate 45.1 54.6 58.8 41.2
Disturbed 45.8 53.8 53.2 46.8
Green Valley

Relaxed 36.2  63.0 20.3 79.7
Intermediate 25.8 74.0 13.7 86.3
Disturbed 33.1 66.1 19.8 80.2
Blue Cloud

Relaxed 145 84.7 14 98.7
Intermediate 14.0 85.7 0.6 99.4
Disturbde 12.8  86.0 14 98.6

In Table 4.13 we observe the galaxy fractions as we separate galaxies by quenching state and
morphological types, for Red Sequence, Green valley, and Blue Cloud galaxies. Separating by
morphological type, we find a 3.4&, 3.1% and 1.7% difference between relaxed and disturbed
clusters, for RS, GV and BC galaxies, respectively. In the same comparison, we note that there
is a difference of 0.8%, 3.1% and 0.9% in the abundances of quenched galaxies, following the

same order.

4.4.2 Mass-size relation

We study the mass-size relation by classifying galaxies in two different ways. On one hand,
we separate galaxies by morphological types, and on the other hand, according to their quench-
ing state. For the latter, we employ the criteria where quenched galaxies are those with
log(sSFR/yr™ ") < —10.5, and star-forming galaxies are those with log(sSFR/yr™') > —10.5
(Brown et al., 2017; Cora et al., 2018; Lacerna et al., 2022).
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mass-size space, separated into the three studied environments. The solid lines show the linear regressions
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for each type of galaxy.
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Figure 4.23: Similar to Figure 4.22, but separating galaxies into quiescent and star-forming.

In Figures 4.22 and 4.23, the mass-size relations for morphology and sSFR, respectively, are
depicted. They show the slopes of the linear regressions fitted with the Huber Regressor and
their respective errors calculated using bootstrap.

While some differences are observed among the various environments for the mass-size rela-
tions, quantifying them is necessary. For this purpose, we again utilize the t-test to determine
if there are statistically significant differences among the slopes. The results of these tests are
presented in Table 4.14. We find no statistically significant differences between relaxed and
disturbed clusters. However, similar to the results of the CMDs, we notice that differences
between relaxed-intermediate and disturbed-intermediate clusters are present.

Finally, we study the mass-size plane by separating it into morphological types and using
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Table 4.14: Results of the t-tests applied to the slopes of the linear regressions for the three types of clusters in
the mass-size plane.

Galaxy type p-value, g p-value, rp  p-valuey, 1p
Morphology

Bulge 0.006 0.837 0.010
Disk 0.052 0.982 0.055
Star-formation rate

Quiescent 0.006 0.842 0.010
Star-forming 0.054 0.986 0.057

two different parameters as controls. Firstly, we employ the Sersic index (Figure 4.24), followed
by the specific star formation rate (Figure 4.25). In both figures, we use bins of width 0.2 dex
in masses and width 0.1 dex in sizes (R.). The color of each bin represents the average within
it. If there are insufficient elements to form a bin (a value of 7 was arbitrarily chosen), then
individual data points appear with the same color scale.

In disk-dominated galaxies, we observe a gradient from low-mass, high-size galaxies to high-
mass, low-size galaxies, in which the Sersic index increases and the specific star formation rate
decreases. This is not observed in bulge-dominated galaxies, so as we discuss later (Section 5),

this behavior may be due to the fact that we have a morphological mix in this category.
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Figure 4.24: Mass-size relation using Sersic index as control parameter and separating galaxies into morphological
types. The data are grouped into bins of size 0.2 for stellar mass, and of size 0.1 for effective radius. The number
of elements required to form a bin was arbitrarily chosen as seven. If not met, the isolated points are displayed,
following the same color scale.
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Figure 4.25: Mass-size relation using sSFR as control parameter and separating galaxies into morphological
types. The data are grouped into bins of size 0.2 for stellar mass, and of size 0.1 for effective radius. The number
of elements required to form a bin was arbitrarily chosen as seven. If not met, the isolated points are displayed,
following the same color scale.

4.4.3 Morphology/SFR vs local environment

To investigate whether there are differences in the relationship between galaxies and their
local environment, we have used parameters such as the normalized clustercentric distance
(R/Ryp0) and the local density. The latter parameter is defined as log(¥X19) = 10/A, where A is
the circular area containing the 10 nearest neighbors of a galaxy (Dressler, 1980; Vulcani et al.,
2023a).

Figure 4.26 displays the fractions of galaxy types according to morphology (solid lines) and
star formation rate (SFR) (dashed lines) as a function of local density, whereas Figure 4.27
presents the same fractions but as a function of the clustercentric distance. The position of the
X-ray peak has been utilized as the center of these systems.

For the morphology-density relation, we observe that the fraction of bulge-dominated galax-
ies increases to the densest regions of the clusters, regarding the dynamical state, but this be-

havior is less pronounced in intermediate clusters. In the case of the sSFR-density relation, the
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Figure 4.26: The Morphology /SFR~density relation for relaxed, intermediate, and disturbed clusters (from left
to right). Data are binned into 10 categories. Solid blue (red) lines correspond to disk (bulge) galaxies, while
the dashed blue and red lines represent star-forming and quiescent galaxies, respectively. Upper panels display
histograms indicating the number of elements in each bin. Lower panels show the fraction of galaxies per bin.

quiescent fraction increases to the densest regions in the three different environments. On the
other hand, the morphology-clustercentric distance relation and sSFR-clustercentric distance
relations are clearly seen, with the bulge-dominated and quiescent galaxy fractions increasing
to the centers of the clusters.

However, it is important to note that the bulge-dominated galaxy fractions are unusually
low for galaxy clusters, as reported by previous findings (e.g., Dressler, 1980; Postman and
Geller, 1984; Dressler et al., 1997; Blanton and Moustakas, 2009; Vulcani et al., 2023a,b). This

is appropriately discussed in Section 5.
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Figure 4.27: The Morphology/SFR-clustercentric distance relation for relaxed, intermediate, and disturbed
clusters (from left to right). Data are binned into 10 categories. Solid blue (red) lines correspond to disk (bulge)
galaxies, while the dashed blue and red lines represent star-forming and quiescent galaxies, respectively. Upper
panels display histograms indicating the number of elements in each bin. Lower panels show the fraction of

galaxies per bin.



Chapter 5

Discussion

5.1 Photometric redshifts and cluster membership

As shown in Section 4.1, the photometric redshifts determined by Wen and Han (2022)
exhibit high precision, reflected in their residuals (meangw = 0.005, ogw = 0.03). However,
for the purposes for which they were used, they have a disadvantage, as mentioned in Section
3.1. Following the photometric member assignment method developed by Pell6 et al. (2009), in
addition to having the photometric redshift of candidate galaxies, the probability distribution
of this value is also required to assign membership to a given object. One solution to this
problem could have been to use the photometric redshifts calculated by Le Phare. However,
as observed in Table 4.1, this method has a lower precision than the one used by Wen and
Han (2022). Considering this, we decide to approximate the probability distribution of the
photometric redshifts of galaxies using a Gaussian function with mean p1 = zpnes and standard
deviation 0 = Zphoterr- Although we are aware that these distributions may not necessarily
follow this form (Pell6 et al., 2009), we are willing to sacrifice this information in exchange for
greater precision in determining the photometric redshifts. With these choices, we ensure at
least 80% completeness in assigning members to galaxy clusters, with contamination reaching
a maximum of 25%.

In Figure 5.1, we show the probability threshold used in other works as a reference. In Pelld
et al. (2009), the authors focused on the completeness of the membership selection, rather than
the contamination. In the case of Rodriguez-Munoz et al. (2019), their aim was to achieve a
contamination level lower than 20%. As a result, a subsample of their data has a completeness
lower than 70%, but for the rest of the data, they achieved a good balance. In this thesis, similar
to Kesebonye et al. (2023), we seek a compromise between completeness and contamination.

Although we use similar photometric data to Kesebonye et al. (2023), we attribute our slightly

94
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Figure 5.1: Completeness-contamination plane for the probabilistic cluster membership method. The color code
indicates the probability threshold used in each case. Our work is marked with a dot, and for reference, we
include the thresholds used by Pell6 et al. (2009, triangles), Rodriguez-Munoz et al. (2019, X-markers) and
Kesebonye et al. (2023, square).

lower quality of membership assignment (i.e., higher contamination, lower completeness) to the
fact that we do not have the probability distribution of photometric redshifts. In their case, they
used the ZCLUSTER package (Hilton et al., 2021; Pillay et al., 2021) to estimate the maximum
likelihood galaxy photo-zs and their probability distribution using the template-fitting method.

5.2 Dynamical state of galaxy clusters

5.2.1 BCG selection method

As mentioned earlier, the BCG selection is a crucial step in classifying the dynamical state of
galaxy clusters. Considering this, we use an automatic method to pre-select the BCG, which is
then confirmed or rejected through visual inspection. This approach yields a 70% accuracy for

the automatic method. Previous studies have reported that the three common characteristics of
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BCGs (being the brightest, most extended, and most central member) can conflict in up to 20%
of cases, especially when shallow photometry is used or when dealing with unrelaxed clusters
(Von Der Linden et al., 2007; Kluge et al., 2020). Additionally, Kluge et al. (2024) employed
eROMaPPer, an enhanced version of redMaPPer (Rykoff et al., 2014), for BCG selection. By
reanalyzing different literature samples, they found that the BCG is correctly identified in
~ 80% of cases.

Our method’s accuracy is lower but consistent with previous works, given that we use a
simpler automatic approach. Specifically, we select the brightest galaxy within +1¢ of the best
RS fit as the BCG. Interestingly, when we calculate the accuracy of the method separately
for relaxed and unrelaxed clusters, we find no significant differences, obtaining 62% and 64%
agreement with visual inspection, respectively.

We propose several explanations for the incorrect selections. In the case of relaxed cool-core
clusters, cold gas can directly reach the BCG, triggering significant star formation and/or nuclear
activity (e.g., Rawle et al., 2012), resulting in bluer BCGs. Additionally, specific clusters may
have central dominant galaxies still forming, with another galaxy farther from the center being
redder than the central one, leading to incorrect BCG selection (e.g., Abell 3827, Carrasco
et al., 2024, in prep.). Moreover, irrespective of the cluster dynamical state, non-member
galaxies might be included due to the 25% contamination of the membership method, causing a
foreground galaxy to be misclassified as the BCG. Furthermore, the photometry of some BCGs
might be contaminated by nearby sources, as in the case of RXC J0138.0-2155 and Abell 3017

(see Figure 5.2).

Figure 5.2: RGB images created using the g, r, and ¢ filters, exctracted from the Legacy Survey Sky Browser'.
Examples of clusters with BCGs that have contamination are shown. Left: RXC J0138.0-2155 (relaxed cluster).
Right: Abell 3017 (intermediate cluster).
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5.2.2 Dynamical parameters

While classifying dynamical states based on a single parameter can be quite useful for distin-
guishing the most extreme cases, a proper combination of these indices can be more robust. To
quantify this, we compare our results with those obtained by Yuan and Han (2020) and Yuan
et al. (2022). For the disturbed clusters, we find consistent results between our classification
system and that used by Yuan and Han (2020) and Yuan et al. (2022) (6 > 0). However, we
note a discrepancy for the relaxed clusters. Of the 32 relaxed galaxy clusters in our sample,
13 do not fall into this category according to the Yuan and Han (2020) and Yuan et al. (2022)
criteria (0 < 0). This fraction corresponds to 40%, and given that this is a rather high value, we
have individually analyze these 13 systems. All of them have a wbs value of -0.0057, which is
almost at the threshold of our separation between relaxed and intermediate clusters. However,
upon inspection, only Abell 3322, Abell 3783 and MCXCJ0528.9-3927 exhibit interaction fea-
tures typical of a disturbed cluster (see Figures A.1, A.2 and A.3). This indicates the need for
an intermediate systems category, rather than opting for a binary classification between relaxed
and disturbed cluster, and our combined use of dynamical state proxies allows us to do this
robustly.

The binary separation between relaxed and disturbed clusters arises from the bimodalities
found in the distributions of these dynamical parameters, but in some cases, the bimodalities
may be absent, making the classification task more challenging (e.g., Campitiello et al., 2022). It
has been shown that using two dynamical state proxies together in a two-dimensional parameter
space can aid in this classification task (e.g., Cassano et al., 2010, 2013). However, even more
robust results can be obtained by combining multiple dynamical parameters, such as with the M
statistic (e.g., Rasia et al., 2013; Lovisari et al., 2017). In our case, we have chosen to use PCA
with our set of six proxies, finding that the first principal component can effectively separate

the dynamical states of the clusters, which is consistent with Campitiello et al. (2022).

5.2.3 Classification of dynamical states

To determine the dynamical state of the galaxy clusters in our sample, we jointly use six
commonly employed dynamical parameters from the literature. We decide not to utilize other
proxies of dynamical state, such as the magnitude gap between the first and second BCG (e.g.,
Dariush et al., 2007; Raouf et al.,; 2019; Lourenco et al., 2023). Considering the percentage of
failures in BCG selection and the contamination of the membership method, we deemed the
number of clusters where the parameter Am; 5 could be contaminated by non-member galaxies

to be sufficiently high to potentially affect the results.
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However, the set of parameters we have is quite robust, and, as can be observed in the
principal component analysis (see Figure 3.5), its first principal component traces the dynam-
ical state of these systems. While one could argue that the training sample to generate this
classification is small, it is true that at least in the projected plane of the sky, the results are,
in general, consistent with what is expected for different dynamical states, in terms of their gas
and member galaxy distributions (see Appendix A.2). Specifically, the X-ray contours are more
irregular for disturbed clusters (Yuan and Han, 2020; Yuan et al., 2022), and the RS contours

are more consistent with the gas distribution in relaxed clusters (Zenteno et al., 2020).
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Figure 5.3: Radar charts with the medians of the six dynamical parameters used in this thesis for the three
subsamples. The colors blue, green, and red indicate the relaxed, intermediate, and disturbed dynamical states,
respectively. The parameters are standardized, and the radar charts are on the same scale for all clusters
for comparison purposes. This scale corresponds to —3.30 < param value < 2.60, where param value is the
dimensionless scaled value of any dynamical parameter.

Furthermore, in Figure 5.3, one can observe that the shape of the radar charts with the
median values of the dynamical state proxies is nearly opposite for the relaxed and disturbed
clusters, leaving the clusters with intermediate dynamics as a transition zone, giving us con-
fidence in the results. Moreover, in Figure 5.4, we see the median values of each dynamical
parameter with their respective standard errors for each dynamical state. We observe a signif-
icant difference between relaxed and disturbed clusters, placing the intermediate clusters in a
transitional zone between them, which gives us confidence in the methodology employed (i.e.,
PCA). It is important to mention that the sign of the concentration values has been inverted in
Figure 5.4. This was done to facilitate visualization, as this is the only proxy where higher val-
ues indicate relaxation, and this can lead to misinterpretations when observing an overlapping

zone between relaxed and disturbed clusters that does not actually exist.
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Figure 5.4: Median values of the six dynamical state proxies for the subsamples of relaxed clusters (blue stars),
intermediate clusters (green dots), and disturbed clusters (red triangles). The parameter values are scaled in
the same way as in Figure 4.2. The concentration parameter c is inverted for visualization purposes only. The
shaded areas and error bars represent the 1o regions.

From our full sample of 87 galaxy clusters, we classifiy 32 (~ 36%) as relaxed clusters,
30 (~ 34%) as systems with an intermediate dynamical state, and 25 (~ 29%) as disturbed
clusters of galaxies. Thus, we identify a fraction of ~ 63% of galaxy clusters in an unrelaxed
state (intermediate and disturbed), which is consistent with the expected range of 30 — 80%
according to previous studies (e.g., Dressler and Shectman, 1988; Santos et al., 2008; Fakhouri
et al., 2010; Wen and Han, 2013; Yuan and Han, 2020; Yuan et al., 2022).

5.3 Structural parameters of galaxies

To determine the structural properties of the galaxies, several steps are necessary, as ex-
plained in Section 3.5. After downloading the images, the first step was to process them with
SExtractor to obtain segmentation maps and catalogs with relevant morphological and pho-
tometric properties for our study. As mentioned earlier, our SExtractor configuration file is
based on the one used to construct catalogs in the Legacy Surveys and on the one used in the
DES DR2 (Abbott et al., 2021), aiming to make direct comparisons and build catalogs based
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on configurations that have already been tested and widely used.

Regarding the cutouts of the images, we ensure that there are no issues with galaxies near
the boundaries of our study range (Rgg from the center of the clusters). This is done by
downloading images of the clusters with a side length of 2.4 Ryg.

On the other hand, concerning the selection of an adaptable stamp size for all galaxies,
the choice to use a factor of 5 in Equation 3.24 instead of a factor of 2.5, as proposed by
Hiaussler et al. (2007), is based on empirical results where we found that this factor ensures that
codes calculating parametric and non-parametric morphology can find the necessary sky box to
perform robust statistics. Additionally, considering that statmorph creates a new segmentation
map (i.e., Gini segmentation map), in cases where the S/N is low, this map tends to encompass
more pixels, which could risk reaching the stamp limits if its size is small.

Regarding the photometric calibrations, we emphasize that the fixed aperture magnitudes
used for comparison between the magnitudes obtained by SExtractor and those extracted from
the DES DR2 catalogs are the same. Additionally, since the configuration files of this algorithm
used in this work are similar, we are confident in the robustness of the calibration. Another
reason for our confidence is the careful selection of stars. We ensure to select objects with a
probability of being a star greater than 99% according to GAIA DR3 data (Gaia Collaboration
et al., 2023), and we identifiy main sequence stars to carry out the calibrations. This is done
using the DBSCAN clustering algorithm. It is important to clarify that this clustering algorithm
is less efficient in images of clusters where the number of stars in the field was small, and even
when the number of stars is high, there is a contamination rate close to 1%. Furthermore,
another criterion used to select good stars in the context of photometric calibrations (which
would later be used for PSF construction as well) is to exclude those with nearby objects within
a radius of 25 pixels. This radius is chosen because it coincides with the length of the stamps
used for PSF creation. However, diffuse objects that were not detected by SExtractor due
to low S/N or areas with higher than average statistical noise could not be excluded by our
algorithm, adding a certain degree of contamination.

Subsequently, we compute the non-parametric indices using statmorph. As mentioned in
the analysis, the input files consisted of science images, weight maps, segmentation maps, and
masks. This code provides flags to determine the reliability of the results. In total, we obtain
a 0.44% galaxies with unreliable measurements. The unreliable measurements (i.e., FLAG > 1;
S/N < 2.5) indicate issues with the calculation of the parameters. For example, the asymmetry
minimizer attempts to leave the edges of the stamps, there are negative fluxes in the science
images, or their surface brightness is so low that the random background noise predominates

over the galaxy. In Figure 5.5, some examples of galaxies with unreliable measurements are
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shown. Additionally, SERSIC_FLAGS are provided, associated with the fits of these models.
Since in this work we use GALFITM to fit parametric models, we are not interested in whether
the measurements made by statmorph are erroneous or unreliable. In fact, in Figures 3.10 and
3.11, strange residuals are observed after fitting Sersic models to galaxies, but the analysis and

discussion of this are beyond the scope of this thesis.
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Figure 5.5: Some example of unreliable morphology measurements flagged by statmorph. From left to right, we
have J001937.55+033607.2 (CL0019.6+0336), J010626.08-594313.9 (SPT-CLJ0106-5943), J030704.23-284026.4
(Abell 3088), J040414.95-270521.0 (Abell 3213) and J052851.36-392809.4 (MCXC J0528.9-3927). In general,
these galaxies are too dim; therefore their Gini segmentation maps are contaminated by background fluctuations.

On the parametric measurements side, we use GALFITM. In other works, multiple two-
dimensional models are often fitted to galaxies. For instance, fitting a Sersic profile and an
exponential one allows decomposing galaxies into their bulge and disk components (e.g., Haufler
et al., 2022; Lima-Dias et al., 2024). In our case, we opt for Single Sersic Models, as the res-
olution of our images does not allow us to fit more than one component reliably. We notic in
the distribution of x? (see Figure 3.16) that the majority of our fits have a value lower than
1, indicating overfitting. Generally, overfitting is undesired as models fit the data so well that
they might include noise, and most importantly, they might not generalize well to new data.
However, in our case, this is not of major concern since we do not plan to use the fitted model
to predict new information; rather, we aim to obtain all the information associated with the
model for a single galaxy in each fit. Hence, the observed overfitting does not have significant
implications for the results, and as seen in Figures 4.11 and 4.12, the distribution of the Ser-
sic index for bulge and disk galaxies is consistent with what is reported in the literature, i.e.,
bulge-dominated galaxies have higher Sersic indices that the disk-dominated counterpart (e.g.,
Shen et al., 2003; Lange et al., 2015).

Regarding the morphological classification, where use the Gini and My, parameters directly,
and indirectly the Sersic index, asymmetry, and SNR, we generally obtain results consistent
with what is expected in the literature for bulge and disk galaxies, i.e., the bulge galaxies are
redder, less star-forming, more compact, more concentrated and less disturbed that disk galaxies

(Conselice, 2003; Lotz et al., 2004; Conselice, 2014). In the case of merger galaxies, we notice
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that the detected fraction is very small (< 1%). We attribute this to the masks used as input for
statmorph. If SExtractor is capable of detecting and separating sources near an object, then
these will be masked, and we will not be able to detect a high My, value, which is characteristic
of irregular or merging galaxies. Thus, we prefer not to consider these galaxies in the analyses,
as our detection capability for them is not reliable.

It is worth noting that the method used for morphologically classify galaxies follows the
idea of Sazonova et al. (2020). In the data used in that work, the spatial resolution is better
than ours by a factor of ~ 2. Therefore, to determine how much the difference in resolution
affects, we use an image of Abell 3827 in the r filter obtained with GMOS and perform the
same morphological classification as in the data obtained with DECam. In this cluster, the
difference in spatial resolution between both instruments is also a factor of ~ 2. As shown in
Figure 5.6, 9% of galaxies are detected as bulges in DECam and disks in GMOS, while 6% are
detected as disks in DECam and bulges in GMOS. Therefore, we found an error rate of ~ 15%

in differentiating between bulge and disk galaxies.
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Figure 5.6: Comparison of the morphological classification carried out using GMOS and DECam in the Abell 3827
galaxy cluster. The confusion matrix shows the fractions of classified member galaxies for each morphological

type.

Something important to mention is that all analyses of galaxy structural properties are
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conducted in the r-band. The reason for this is that historically, CAS and G-My, systems
have classified galaxies in filters covering a similar range of rest-frame wavelengths (Conselice,
2003; Lotz et al., 2004). Nevertheless, for completeness, in Figure 5.7 we show the differences
in the morphological parameters of the other filters compared to the r-band. We notice that
the asymmetry has a very broad distribution in the g-filter, and we attribute this behavior to
the lower signal-to-noise ratio in this band compared to the others. Another reason responsible
for the differences in the other filters and parameters is that while SExtractor can detect
and separate nearby sources, this capability decreases if the S/N of a galaxy is low. For this
reason, it may happen that in some filters a galaxy close to another one for which morphological
parameters are being calculated is detected and masked, while in other bands, this does not

occur. This is visually confirmed with the checkplots obtained from the output of statmorph.
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Figure 5.7: Comparison of structural parameters between different photometric bands with respect to the -
band.

5.4 Physical parameters of galaxies

Regarding the physical properties of galaxies, these are determined using the Le Phare code,
applying SED fitting with photometric data using the g, r, 7, z, Y, W1, and W2 filters. In Table
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4.1, we note that the mean of the residuals of the photometric redshift derived with this code
in relation to the spectroscopic redshifts is 0.043. Additionally, in Figure 5.8, the distribution
of uncertainties for the masses and sSFR determined with Le Phare is shown, indicating that
the mass calculations are generally good (uncertainty < 0.12 dex) and acceptable for the sSFR
(uncertainty < 0.92 dex) for 75% of the data.
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Figure 5.8: Uncertainties for mass and sSFR.

Additionally, in other works such as Chen et al. (2024), it has been shown that the SED
fitting for obtaining photometric redshift and the physical properties used in this work (i.e.,
stellar mass and specific star formation rate) yields reliable results with the same bands used
in this thesis. Furthermore, when we separate galaxies according to morphology or color, we
find that their physical properties are consistent with what is expected from previous knowledge
provided by the literature (e.g., van der Wel, 2008; Blanton and Moustakas, 2009; Wijesinghe
et al., 2010; Schneider, 2015). Specifically, in Figures 4.13 and 4.14, it can be seen that bulge
galaxies are more massive and have less active star formation compared to disk galaxies. On
the other hand, in Figures 4.19, 4.20 and 4.21, it is observed that stellar mass increases from
blue to red galaxies, and the specific star formation rate decreases. This consistency provides
us with confidence in the results obtained.

On the other hand, let us recall that the y? statistic measures the difference between the
expected (best-fit) and observed magnitude, divided by the standard error of the observed

magnitude. In the case of an excellent fit, we would expect to obtain y? values very close to
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zero. However, as observed in Figure 3.16, the y? statistic takes values that may seem quite
high. Nonetheless, upon visually inspecting the fits, we do not notice anything particularly
unusual, such as a data point that is an outlier compared to the rest. Additionally, in Coupon
et al. (2009), it is noted that among the conditions to consider the photometric redshifts reliable,
is that x? < 1000, using five filters. Therefore, we trust that a cut-off at y? ~ 26 is more than

sufficient to obtain reliable results using seven filters.

5.5 Galaxy properties on different environments

With the obtained results, we can argue that the effect of cluster dynamics on their member
galaxies is complex, and may or may not influence their physical and structural properties,
depending on the type of galaxy under consideration. On one hand, we observe significant
differences between relaxed and disturbed clusters in the distributions of concentration, asym-
metry, Moo, Sersic index, and star formation rate, in general. As a summary for all the results
find in Sections 4.3.1, 4.3.2 and 4.3.3, we present in Figure 5.9 a matrix with the p-values of the
KS tests applied to compare the galaxy properties between relaxed and disturbed clusters. We
observe that the effect of cluster dynamical state on galaxies is differential. Concerning mass
dependence, we observe that low-mass galaxies are more susceptible to structural changes due
to cluster dynamics. Regarding morphological types, disk galaxies are predominantly impacted
in terms of asymmetry, whereas bulge galaxies are affected in their star formation rate. Lastly,
concerning the classification based on the normalized CMD, galaxies in the red sequence expe-
rience the most significant physical and structural changes. Other populations show minimal
effects, except for some color variations in the Green Valley and the Blue Cloud.

Combining the information from both the boxplots and the KS-tests (summarized in Figure
5.9), we propose that in relaxed clusters, galaxies tend to exhibit higher concentration, lower
irregularity (as evidenced by lower asymmetry and My values), and more prominent bulges,
compared to galaxies in disturbed clusters.

Regarding clusters with intermediate dynamical states, we observe that there is no clear
trend, suggesting that these systems are not precisely in an intermediate evolutionary stage
between relaxed and disturbed clusters. This could imply that these galaxy clusters indeed
possess a more complex dynamics, which may not be fully captured using the six proxies of the

dynamical state employed in this study.
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Figure 5.9: Summary of the results of applying the Kolmogorov-Smirnov test to all the cluster populations
studied in this thesis. This heatmap presents the p-values that result from comparing relaxed clusters with
disturbed ones.

On the other hand, we can observe form Table 4.4 that our results show a higher fraction
of disk-dominated galaxies compared to bulge-dominated in the three environments studied.
This may seem surprising, as one might expect the opposite when studying galaxies in dense
environments such as galaxy clusters (Dressler, 1980; Postman and Geller, 1984; Dressler et al.,
1997; Blanton and Moustakas, 2009). he reason for having more disk-dominated morphological
types is that, using this classification system, this category includes galaxies that have a disk and
also transitional galaxies (Sazonova et al.; 2020). Thus, this category may include lenticular
galaxies, and considering the large number of such galaxies at low redshifts (Dressler, 1980;
Fasano et al., 2012; Vulcani et al.; 2023a), it is not unreasonable for the fraction of disk galaxies
to increase in our sample. In Figure 4.22, we observe a gradient in disk galaxies where the Sersic
index increases from galaxies with lower mass and larger effective radius to those that are more
massive and smaller. This behavior is not observed in bulge galaxies, which would support the

scenario that the disk-dominated classification includes lenticular and transitional systems.
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Nonetheless, even taking this into account, our results indicate that the fractions of quenched
and bulge-dominated galaxies do not show significant differences between relaxed and disturbed
clusters. The result concerning the quenching fraction contrasts with Kesebonye et al. (2023),
who found that this fraction is ~ 23% higher in merging clusters. However, they used radio
images to classify the dynamical state of clusters and radio luminosity to estimate the galaxy

star formation rates, which is quite different from our methods.

5.6 Fundamental relations of galaxy clusters

Color-magnitude diagram

The Red Cluster Sequence is a fundamental relation in the CMD and can provide important
insights into the formation and evolution of clusters and their populations (e.g., Martin et al.,
2007; Faber et al., 2007; Wetzel et al., 2012; Mei et al., 2012; Nilo Castellén et al., 2014). In
our study, we find that the slopes and zero-points between relaxed and disturbed clusters do
not show significant differences. However, clusters with intermediate dynamical states exhibit
significant differences. In fact, the slope in these clusters is significantly less steep than in the
others, and the zero-point is significantly lower. This may seem counterintuitive because if
we were in a scenario of an evolutionary sequence from relaxed clusters, through intermediate,
and finally to disturbed clusters, where the dynamical state alters this fundamental relation,
we would expect the slopes to become less steep in this order, and the zero-points to increase
progressively. Recalling that the zero-point reflects the intrinsic color of red sequence galaxies,
and the slope provides information about the relationship between mass and metallicity of
galaxies, one possible scenario is that in environments with intermediate dynamics, the fainter
galaxies (less massive) still do not experience a decrease in their star formation processes,
preventing quenching and metal enrichment. This could explain the significant differences in
the sSFR distributions for red galaxies in the three environments (Figure 4.19 and Table 4.11).
However, we must be careful with this interpretation, as we are working within a constrained
radius of Rygg, considering the center of the clusters as their peak X-ray emission. Therefore,
we cannot rule out the possibility that if we considered galaxies located further from the center
(R > Ryn), the expected behavior could be reproduced. Whatever the case, these results are
consistent with Aldas et al. (2023), where the RCS of a sample of relaxed and disturbed clusters
was compared, finding no significant differences at low redshift, within Ryq.

Regarding the Blue Cloud, we observe in Figure 4.15 that this population gradually stands

out in the density contours, from relaxed clusters, to intermediate ones, and finally to disturbed
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clusters. In fact, this is one of the few cases where our results suggest that intermediate clusters
could be an evolutionary stage between relaxed and perturbed clusters. On the other hand, the
results of the KS tests (Table 4.12) show us that the color distribution for Blue Cloud galaxies
is significantly different between relaxed and disturbed clusters. This is reflected in Figure 4.21,
where we notice that in disturbed clusters, this population is bluer than in relaxed systems.
Finally, for the Green Valley, no significant differences are observed in any physical or struc-
tural parameters between relaxed and disturbed clusters. However, it is interesting to note the
bimodal nature in the color distribution in intermediate and disturbed clusters, which is not
observed in relaxed systems. This may support a scenario where relaxed clusters provide an
environment in which the conditions are ideal for accelerating the evolution of galaxies, sup-
pressing the bimodalities observed in disturbed and intermediate clusters, which result from a

more “natural” evolution, i.e., less affected by the environment.

Mass-size relation

In the case of the mass-size relation, this has also been extensively studied in the literature
(e.g., Shen et al., 2003; Mowla et al., 2019; Strazzullo et al.; 2023). Following the approach
of van der Wel et al. (2014), we fit a single power law to this relation (R, oc M?) using the
robust Huber Regressor regression model, separating galaxies according to their morphologies.
Similar to Shen et al. (2003), we find that the slope of early-type galaxies (bulge-dominated)
is significantly steeper than that of late-type galaxies (disk-dominated) in any environment
(Figure 4.22). Furthermore, when separating galaxies according to their specific star formation
rate, we find consistent results with Chen et al. (2024), where quiescent galaxies have a steeper
slope than star-forming galaxies (Figure 4.23).

Now, when comparing across different environments, we notice that there are no significant
differences in the slopes of the mass-size relation between relaxed and disturbed clusters for
bulge, disk, quiescent, and star-forming galaxies. However, for clusters with intermediate dy-
namics, we do find significant differences in some cases. This again suggests that the dynamics
in these systems are more complex and may affect this fundamental relation differently.

On the other hand, we highlight that in Figure 4.24 a clear gradient of the Sersic index can
be observed in a diagonal direction, which is more noticeable for disk galaxies. We propose that
with adequate separation, it is possible to differentiate morphological types in the logarithmic
mass-size parameter space. This behavior is also observed for the specific star formation rate
in Figure 4.25, which strengthens this proposed galaxy classification, because as discussed,

morphology has a known correlation with sSFR.
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Morphology/SFR vs local environment

Regarding galaxy morphology, it is well-established in the literature that there exists a de-
pendence on the environment (e.g., Dressler, 1980; Dressler et al.; 1997; Fasano et al., 2012;
Sazonova et al.,; 2020; Vulcani et al.,; 2023a). Furthermore, this dependency is also strongly re-
lated to the quenching state of galaxies (e.g., Gomez et al., 2003; Kauffmann et al., 2004; Quadri
et al.,, 2012). In our findings (Figure 4.26), we observe that the relationship between galaxy
morphology and sSFR with local density is reproduced. That is, the fraction of bulge/quiescent
galaxies increases in the denser regions of both relaxed and perturbed clusters. However, there
appears to be a decoupling between the fraction of quenched galaxies and bulge galaxies in
intermediate clusters. This behavior could be attributed to the low completeness in the bins at
the extremes (see histograms in Figure 4.26). However, upon examining the morphology/SFR
vs. clustercentric distance relationship (Figure 4.27), where the expected behavior for relaxed
and disturbed clusters is also reproduced, we note that this decoupling also occurs, despite all
bins exhibiting more consistent completeness (Figure 4.27). Thus, once again, we observe a

fundamental relationship altered in intermediate clusters.



Chapter 6
Summary, conclusions and outlook

In this research, we addressed the impact of the dynamical state of galaxy clusters on their
respective populations, analyzing in detail their physical and structural properties, as well as
the fundamental relations in relaxed and perturbed systems. To conduct this study, we use
optical data from the Legacy Survey DRI10, infrared data obtained from unWISE, along with
X-ray information provided by the Chandra and XMM-Newton archives. Additionally, we use
spectroscopic data available in the literature, as well as from recognized databases such as Vizier

and NED. In the following, we summarize the main results:

e We identified cluster member galaxies using a probabilistic method based on photometric
redshifts, which ensured a completeness of at least 80% and contamination lower than
25%.

e We classified galaxies into morphological types (bulge and disk) using both parametric
and non-parametric approaches, along with PCA. In our study, we can resolve galaxies at
scales larger than 1 kpc, resulting in a 15% misclassification rate. Regarding mergers, our
methods do not allow reliable identification of them, so they were not considered in the

analyses.

e We derived the physical properties of galaxies by applying SED fitting with the Le Phare
code. We obtained errors of 0.12 dex and 0.92 dex for the masses and specific star for-
mation rates obtained, respectively, for the 75% of the data. With this, we separated the

galaxies according to their masses and quenching states.

e We determined the dynamical state of galaxy clusters using a combination of six proxies.
We employed PCA to calculate the statistical weights for each, and through a weighted

boolean sum (wbs), classified these systems as relaxed, intermediate, and disturbed.

110



6 Summary, conclusions and outlook 111

e We compared the physical and structural properties of member galaxies in galaxy clusters
with different dynamical states. We found significant differences in concentration, irreg-
ularity (asymmetry and My, bulge prominence (Sersic index), and star formation rates
between the populations of relaxed and disturbed clusters, suggesting that dynamics have
an effect on their distributions. However, this impact is differential, and we observed
that disk-dominated galaxies, less massive and belonging to the Red Sequence, are more
susceptible to being affected. Furthermore, the fundamental relationships of relaxed and

disturbed clusters show no significant differences.

Taking all of this into account, we can conclude that the dynamical state of massive galaxy
clusters at low redshift (z < 0.55) does not significantly alter their more global properties,
such as their fundamental relationships, within Rsgy. This is in agreement with the hypothesis
proposed by Zenteno et al. (2020), suggesting that significant differences begin to emerge at
z > 0.55, and with the findings of Aldas et al. (2023), who confirm this for the red sequence
of clusters. However, despite the fact that dynamics do not have a large effect on the median
values of the physical and structural parameters of galaxies within the redshift range of our
study, they do have a significant impact on their distributions. Specifically, in these systems,
we find galaxies that are less concentrated, more irregular, and with a higher specific star
formation rate. This could suggest, for example, that the scenario of a merger process between
two clusters could alter the structures of galaxies, making them more irregular through physical
processes such as extreme ram pressure stripping and/or tidal stripping, and also triggering star
formation.

Furthermore, we noticed that the clusters initially classified as intermediate do not behave
precisely like systems in an intermediate evolutionary stage between relaxed and disturbed
clusters in most cases. Instead, these structures appear to be peculiar and perhaps we cannot
reliably determine their dynamical states with the methods used in this thesis. A deeper analysis
of these galaxy clusters could be very interesting, but it is beyond the scope of this thesis.

In light of the conclusions drawn from this research, the next logical steps in this field would
involve conducting a similar study at higher redshifts (z > 0.55). However, this adds complexity,
as good spatial resolution is required for morphological studies. This can be addressed by using
HST images. Additionally, it would also be interesting to expand the study radius (3Rano-
5Rs00) to include the outskirts of galaxy clusters and determine whether the results obtained
are related to the study radius or are intrinsic to the systems. Finally, characterizing the physical
processes responsible for the observed differences between relaxed and perturbed clusters would

be intriguing, which could be achieved using cosmological simulations.
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Appendix A

Additional data of galaxy clusters

A.1 Galaxy cluster properties

Table A.1: Full cluster catalog

Name RA Dec z mi Ry Myy N log(c) log(w) log(Ps/Fy) B Dpcc-xp Dpoc-x., Dynamical state
0 2) G @ B ® O 0 (10) (1) (12) 3w (15)
Abell 2715 0.67922 -34.6622 0.116 16.89 1.24 3.08 39 -0.76 £0.01 -1.52+0.01 -5.64 £0.03 1.51 £ 0.01 24 83 Disturbed
Abell 2697 0.80039  -6.09371 0.2484 1875 1.56 6.12 154 -0.66 = 0.02 -2.38 £0.02 -6.67 £ 0.13 -0.27 & 0.01 40 57 Relaxed
Abell 2744 3.5801 -30.39224  0.308 19.31 1.95 11.91 146 -1.01 £0.03 -1.54 +0.01 -6.19 £ 0.11 0.71 £ 0.01 155 336 Disturbed
CL0019.64-0336 4.91008  3.60216 0.2685 18.95 1.81 9.48 148 -0.70 +0.01 -1.78 £ 0.01 -6.26 &= 0.09 0.49 + 0.01 45 139 Disturbed
Abell S67 10.25233 -44.48705 0.3237 1944 1.79 9.22 125 -0.71 £0.02 -2.75 £ 0.05 -4.66 £0.04 1.37 £ 0.01 41 33 Intermediate
Abell 2811 10.53096 -28.53597 0.1079 16.72 1.42 459 134 -0.61 +£0.01 -2.39 £0.01 -7.10 £0.09 -0.10 £ 0.01 37 40 Relaxed
Abell 2813 10.85321 -20.62456 0.2924 19.17 1.95 11.83 99 -0.67 £+ 0.02 -2.26 + 0.04 -7.32 £ 0.33 0.09 + 0.01 122 108 Intermediate
Abell S84 12.34609 -29.52026 0.108 16.72 1.53 5.69 107 -0.46 + 0.01 -3.16 + 0.05 -9.05 + 0.51 -0.56 £ 0.01 4 5 Relaxed
Abell 122 14.34501 -26.2826 0.1135 16.84 1.37 4.07 23 -0.66 = 0.01 -2.40 £0.01 -8.54 £0.33 0.26 £+ 0.01 10 31 Relaxed
WHL J010455.4+000336  16.23031  0.06045 0.2767 19.02 1.76 873 172 -0.87 £0.01 -1.62 +0.01 -6.67 +0.04 1.36 &+ 0.01 8 121 Disturbed
Abell 141 16.38698 -24.64534 0.23 18.55 1.85 10.12 40 -0.92 +£0.02 -1.29 £ 0.01 -5.34 £0.06 1.53 £ 0.01 517 368 Disturbed
SPT-CLJ0106-5943 16.61843 -59.7206  0.348 19.63 1.49 524 186 -0.54 +0.01 -2.62 +0.01 -7.03 £ 0.03 0.27 £ 0.01 14 35 Relaxed
7348 16.70622  1.05579  0.2514 18.78 1.27 324 72 -0.19+0.01 -3.84 £0.01 -7.51 £0.02 -0.34 £ 0.01 207 207 Intermediate
RXC J0117.8-5455 19.46415 -54.92244 0.251 18.77 1.16 247 119 -0.40 £ 0.01 -4.16 £ 0.01 -5.59 £ 0.02 -0.01 £ 0.01 4 4 Relaxed
Abell 2895 19.54764 -26.96692 0.227 18.52 1.56 6.04 74 -0.87 £0.02 -1.68 £ 0.01 -6.42 £ 0.09 0.77 £ 0.01 43 60 Disturbed
PS71G295.60-51.95 23.36198 -64.56945 0.333 19.51 1.5 541 66 -1.14+0.03 -1.77 £0.08 -5.41 4 0.08 1.69 £ 0.01 864 534 Disturbed
Abell 222 24392  -12.99177 0.213 1835 1.73 826 111 -0.89 £0.02 -1.90 £ 0.02 -6.81 +0.24 0.98 £ 0.01 5 110 Disturbed
Abell 223 24.48318 -12.82163 0.207 18.28 1.86 10.33 42 -0.63 £0.01 -2.71 £0.02 -6.92 + 0.09 0.30 £ 0.01 25 24 Relaxed
RXC J0138.0-2155 24.51611  -21.926 0.338 19.55 1.65 7.20 182 -0.29 +£0.01 -3.51 £0.01 -7.91 £0.15 -0.42 £ 0.01 11 16 Relaxed
Abell 2941 26.236  -53.01854 0.1183 16.93 1.54 585 118 -0.89 +0.01 -1.61 +£0.01 -7.05 4 0.10 1.01 £ 0.01 139 92 Disturbed
7ZGX J015223-140420 28.09012 -14.08814 0.3304 19.49 1.27 3.28 133 -0.90 £0.02 -1.81 £0.04 -6.14 4+ 0.16 1.15 £ 0.01 66 75 Disturbed
MACS J0152.5-2852 28.14429 -28.89389 0.341 19.58 1.68 7.63 162 -0.52 £0.03 -2.85 £ 0.07 -6.53 &£ 0.05 0.52 £ 0.01 322 276 Intermediate
Abell 267 28.17592  1.00993  0.2327 18.58 1.44 4.72 113 -0.58 £0.01 -2.17 £0.01 -9.28 +£0.34 -0.04 = 0.01 40 9 Relaxed
RXC J0153.5-0118 28.39337 -1.30215 0.2438 187 1.33 3.72 92 -0.80 £0.02 -2.39 £0.03 -6.17 £ 0.13 0.57 £ 0.01 6 66 Intermediate
Abell 286 29.61077 -1.77821 0.1603 17.65 1.38 4.21 95 -0.77 £0.02 -1.95+ 0.02 -6.57 + 0.09 0.71 £ 0.01 28 53 Intermediate
GMBCG J030.1+00.7  30.12775  0.74093  0.3448 19.61 1.07 1.98 49 -0.31 4+ 0.01 -3.36 + 0.01 -4.95 +0.03 0.31 + 0.01 19 18 Intermediate
WHL J020046-064230  30.19207 -6.70814 0.3383 19.55 1.24 3.08 86 -0.71+0.02 -2.85+0.06 -5.98 £0.16 1.13 + 0.01 4 51 Intermediate
Abell 291 30.43004 -2.19734  0.197 1816 1.32 3.69 97 -0.31 £0.01 -3.72£0.26 -9.20 & 0.56 -0.60 = 0.01 9 5 Relaxed
ACT-CLJ0217-5245 34.2794  -52.74937 0.3432 19.59 145 4.84 58 -1.074+0.01 -0.754+ 0.05 -6.92 + 0.41 1.46 + 0.01 399 190 Disturbed
RXC J0220.9-3829 35.23594 -38.48076 0.2287 1853 1.34 384 67 -0.37 £0.01 -3.72£0.01 -7.84 &£ 0.06 -0.45+ 0.01 11 13 Relaxed
PLCKESZG256.4-65 36.35559 -42.01465 0.22 1844 1,51 549 164 -0.58 £0.01 -2.99 £0.05 -6.97 £ 0.18 0.25 £ 0.01 25 45 Relaxed
WHL J022544-031233 36.42859 -3.20936 0.1412 1735 1.3  3.52 53 -0.99 £0.01 -0.82 £0.01 -6.08 4+ 0.02 1.09 £ 0.01 7 286 Disturbed
Abell 3017 36.47139 -41.91673 0.2195 1843 1.66 7.3 73 -048 +£0.02 -3.13+£0.08 -5.87 £0.10 0.22 + 0.01 28 56 Intermediate
Abell 362 37.91986 -4.88616 0.1843 17.99 1.75 859 54 -0.94 £0.01 -1.27 +£0.01 -6.64 + 0.14 0.80 £ 0.01 44 79 Disturbed
SPT-CLJ0232-4421 38.07887 -44.34691 0.2836 19.09 1.73 830 133 -0.51 £0.01 -2.89 £0.06 -6.65=+ 0.15 0.55 £ 0.01 119 104 Intermediate
ACT-CLJ0235-5121 38.93774 -51.35299 0.278 19.04 1.56 6.01 137 -0.82 £0.01 -1.36 £0.01 -6.23 £ 0.10 0.65 £ 0.01 27 115 Disturbed
Abell 368 39.36578 -26.50819  0.22 1844 1.52 564 110 -0.38 £0.01 -3.26 £0.01 -7.72 £ 0.04 -0.21 &+ 0.01 2 14 Relaxed
Abell 3038 39.49933 -52.41362 0.135 17.24 1.29 3.43 138 -0.59 +£0.01 -2.00 £ 0.01 -6.26 + 0.02 0.80 £ 0.01 8 56 Intermediate
WHL J023941-012812  39.93056 -1.46822 0.3246 19.44 1.31 3.57 129 -0.95 £ 0.03 -1.62 £0.04 -5.20 & 0.05 1.32 £ 0.01 122 45 Disturbed
Abell 3041 40.3412  -28.65396 0.2352 18.61 1.9 10.93 110 -0.90 £0.02 -1.25£0.01 -5.76 +£0.05 1.31 £ 0.01 107 136 Disturbed
MCXC J0244.1-2611 41.05261 -26.17476 0.1362 17.26 1.57 6.15 81 -0.97 £0.01 -1.74 +£0.02 -6.22 £ 0.08 1.35 = 0.01 7 79 Disturbed
Abell S295 41.36247 -53.02913 0.3 19.24 148 519 198 -0.80 + 0.01 -0.90 + 0.01 -7.02 4+ 0.06 1.12 + 0.01 88 256 Disturbed

Notes. Columns: (1) galaxy cluster name; (2-3) right ascension and declination in J2000; (4) redshift; (5) characteristic magnitude
in the r-band; (6) R2oo in Mpc; (7) Mago in 1014 M /M units; (8) member galaxies with reliable measurements; (9) concentration;
(10) centroid shift; (11) power ratio; (12) morphological parameter; (13) BCG/X-ray peak offset in kpc; (14) BCG/X-ray centroid
offset in kpc; (15) Dynamical state.

https://www.youtube.com/watch?v=AlkYhgjpEsglist=PLj-
wdMGnooBkZghGvk8QM4yzI TtZbagJW
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Table A.2: Continuation of Table A.1
Name RA Dec z m;  Ragy Mo N log(c) log(w) log(Ps/Pp) B Dpcc-xp Dpcee—x., Dynamical state
1) 2 (3) @ B © @O ©® ) (10) (11) (12) (13) (14) (15)
Abell 3048 41.49346  -20.48822 0.3085 19.31 1.37 4.07 65 -0.64 & 0.02 -2.57 £0.04 -6.25+0.14 0.35 £ 0.01 22 37 Intermediate
PLCKG205.0-63.0 41.60763  -20.5556 031 1932 171 7.95 97 -1.034+0.02 -1.60 £0.02 -6.28 +0.24 1.21 4+ 0.01 48 37 Disturbed
Abell 383 42.01462  -3.52909 0.1898 18.07 1.5 539 45 -0.27+£0.01 -3.68 £0.03 -8.18 £0.04 -0.59 £ 0.01 4 6 Relaxed
Abell 384 42.04975 -2.2765 0.236 18.61 1.63 6.87 119 -0.73 £0.02 -2.13 +0.02 -7.10 £0.24 0.23 £ 0.01 203 202 Intermediate
Abell 402 44.42285 -22.15555 0.3224 19.43 1.96 11.94 26 -0.47 +0.01 -2.56 £ 0.01 -6.39 =+ 0.01 0.26 &+ 0.01 28 28 Intermediate
WHL J025932+001354  44.88504  0.23107  0.2007 1821 124 3.01 66 -0.69+ 0.02 -1.75 £ 0.03 -6.43 +£0.12 0.97 = 0.01 11 39 Intermediate
Abell 3088 46.759  -28.66657 0.2534 188 1.57 6.22 77 -0.46 & 0.02 -2.71 £0.03 -8.22 + 0.56 -0.70 £ 0.01 10 7 Relaxed
MCXC J0320.6-4311 50.15519  -43.1972 0.149 1748 1.38 4.2 47 -0.67 £ 0.01 -2.24 £0.04 -5.89 +0.03 0.79 &+ 0.01 13 13 Intermediate
MCXC J0336.8-2804 54.21032 -28.08287 0.105 16.66 1.53 5.69 35 -0.85+0.01 -2.36 £0.02 -6.07 £0.04 0.98 £ 0.01 27 28 Intermediate
SPT-CLJ0348-4514 57.07059 -45.24917 0.3251 19.45 1.7 7.87 151 -0.68 £0.01 -1.94 + 0.01 -6.38 £ 0.03 0.43 £ 0.01 14 1 Intermediate
Abell 3213 61.0708  -27.09348 0.2502 18.76 1.77 8.84 149 -0.56 + 0.01 -2.56 = 0.01 -5.04 £ 0.02 2.19 + 0.01 2 53 Intermediate
WHY J040650-565840  61.71024 -56.97864 0.2262 18.51 1.18 2.65 149 -0.68 £0.02 -2.10 = 0.07 -6.51 £ 0.12 1.59 £ 0.01 16 42 Intermediate
RXC J0439.2-4600 69.80913 -46.01457  0.34  19.57 1.26 3.18 26 -0.40 £0.01 -3.06 £ 0.01 -7.96 £ 0.12 0.06 £ 0.01 21 25 Relaxed
Abell S506 75.28562 -24.42084 0.32 1941 1.52 559 41 -0.93 £0.02 -1.58 +£0.02 -5.98 £ 0.11 0.77 £ 0.01 38 44 Intermediate
Abell 3322 77.56952  -45.31999 0.2 182 1.64 7.06 123 -0.65+0.02 -2.60 = 0.05 -7.02£0.11 0.53 £ 0.01 36 33 Relaxed
Abell 520 79.15079  -54.50209 0.2952 19.19 1.77 889 83 -1.03£0.02 -1.37+£0.01 -6.73 £0.45 1.57 £0.01 51 312 Disturbed
SPT-CLJ0522-4818 80.56641 -48.30555 0.296 19.2 1.33 3.75 137 -0.44 £+ 0.01 -3.00 £ 0.05 -6.38 £ 0.02 0.03 £ 0.01 20 38 Intermediate
Abell 3343 81.45457 -47.25281 0.1913 18.09 1.52 5.62 47 -0.55=+0.01 -3.16 £0.01 -6.73 £ 0.01 -0.07 £ 0.01 0 21 Relaxed
RXC J0528.2-2942 82.06221 -29.72152 0.1582 17.62 1.39 4.31 122 -0.62 £0.01 -3.17 + 0.03 -7.35 £0.04 0.34 £ 0.01 40 33 Relaxed
MCXC J0528.9-3927 82.22145 -39.47189 0.263 18.89 1.55 592 117 -0.62 £ 0.01 -2.28 £ 0.01 -7.36 & 0.36 0.29 £ 0.01 6 65 Relaxed
RXC J0532.9-3701 83.23233 -37.02731 0.2747 19.01 1.88 10.58 82 -0.53 £0.01 -2.56 £ 0.03 -7.02 £ 0.03 -0.28 £ 0.01 10 12 Relaxed
Abell 3364 86.90931 -31.87085 0.1483 17.47 1.61 6.65 50 -0.68 £ 0.01 -2.09 + 0.02 -7.96 £ 0.28 0.16 £ 0.01 28 38 Relaxed
Abell 3378 91.47533  -35.3029 0.141 17.35 133 3.78 76 -0.34 +£0.01 -3.74 £ 0.01 -6.83 &+ 0.01 -0.36 £ 0.01 6 12 Relaxed
Abell 8579 94.13566  -39.7998  0.152 17.53 1.3 347 210 -0.75£+0.01 -2.14 £0.03 -6.71 £0.12 0.83 £ 0.01 23 69 Intermediate
RXC J2011.3-5725 302.86424 -57.42007 0.2786 19.04 1.15 2.4 33 -0.38+£0.01 -2.96 +£0.11 -7.08 = 0.12 -0.19 £ 0.01 16 20 Relaxed
RXC J2023.4-5535 305.84066 -55.59667 0.232 18.57 2.01 1298 130 -0.94 +0.01 -1.26 £ 0.01 -6.16 = 0.06 1.10 & 0.01 28 160 Disturbed
SPTCL J2031-4037 307.97092 -40.62381 0.3416 19.58 1.5 536 84 -0.63+0.01 -1.77 £0.01 -6.25+0.01 0.95+ 0.01 27 95 Intermediate
SPTCL J2032-5627 308.11939 -56.48356 0.284 19.09 1.52 5.62 203 -1.07 4+ 0.02 -0.82 £0.01 -5.74 +0.13 1.27 4 0.01 896 432 Disturbed
PLCKG334.8-38.0A 313.0701 -61.20882 0.35 19.65 1.12 224 85 -0.56 £ 0.01 -3.05+ 0.04 -7.41 4+ 0.44 0.36 £ 0.01 9 31 Relaxed
PLCKG334.8-38.0B 313.27912 -61.18801 0.35 19.65 1.3 355 74 -1.00+0.01 -0.93 £0.03 -7.24 £ 041 1.57 +£0.01 12 39 Intermediate
Abell 3718 313.98318 -54.92679 0.139 1731 1.52 564 82 -0.3140.01 -3.01 £0.05 -7.53 +0.10 0.19 & 0.01 30 8 Relaxed
Abell 3739 316.07916 -41.34586 0.1651 17.73 1.5 544 74 -0.70 £0.01 -2.46 £ 0.05 -7.63 + 0.41 0.22 &+ 0.01 10 21 Intermediate
RM J2118.84-0033 319.73815  0.54787 027 1896 1.8 924 54 -1.00+0.01 -0.86 £0.01 -4.93 +£0.02 1.50 £+ 0.28 526 452 Disturbed
RBS1748 32241705 0.08834  0.235 186 1.51 552 141 -0.36 = 0.01 -2.99 +0.03 -7.78 £ 0.19 -0.29 + 0.01 13 23 Relaxed
WHL J213004-002108  322.51651 -0.35262 0.2431 18.69 1.42 4.59 172 -0.56 + 0.02 -2.55 £+ 0.02 -6.00 + 0.06 0.32 + 0.01 6 21 Intermediate
WHL J213027-000024 ~ 322.6115  -0.00957 0.1432 17.38 1.28 3.34 42 -0.96 +£0.02 -1.77 £0.02 -5.81 £ 0.05 1.85 % 0.01 27 20 Intermediate
SPT-CLJ2130-6458 322.73469 -64.97957 0.316 19.37 128 336 40 -0.63 £ 0.01 -2.50 £0.05 -7.00 = 0.19 0.44 £+ 0.01 28 21 Relaxed
Abell 3783 323.50307 -42.64773 0.1955 18.14 1.95 11.85 86 -0.69 + 0.01 -2.28 £0.04 -7.58 + 0.38 0.12 & 0.01 5 32 Relaxed
SPT-CLJ2138-6007 324.50529 -60.1328 0.319 194 1.8 938 40 -0.68 £0.02 -2.42 £0.04 -6.56 = 0.20 -0.09 £ 0.01 23 31 Relaxed
Abell 3827 330.47385 -59.94638 0.0984 16.51 1.62 6.77 136 -0.67 = 0.01 -2.82 £ 0.03 -7.45+ 0.26 -0.55 + 0.01 8 9 Relaxed
Abell 3830 330.9509 -61.60083 0.2107 18.33 1.26 3.23 61 -047+0.02 -2.81 +£0.03 -5.59 £+ 0.02 0.44 £ 0.01 13 46 Intermediate
Abell 51063 342.18533 -44.53105 0.3475 19.63 1.86 10.25 45 -0.57 £0.01 -1.76 £0.03 -8.02 £ 0.72 0.04 = 0.01 27 73 Intermediate
Abell 2537 347.09221 -2.19281 0.2972 19.21 1.98 1248 69 -0.51 £0.01 -2.79 £ 0.03 -7.42 £ 0.05 -0.26 £+ 0.01 11 23 Relaxed
Abell 2631 354.40755  0.26709  0.273 1899 1.6 6.56 90 -0.88 4+ 0.03 -1.68 £0.02 -6.46 + 0.17 0.87 &+ 0.01 138 34 Disturbed
Zw(C12341.14+0000 355.89806  0.33129 0.27 1896 1.78 894 42 -1.254+0.04 -0.75 £0.01 -6.74 £ 0.40 1.50 = 0.01 9 322 Disturbed

Notes. Columns: (1) galaxy cluster name; (2-3) right ascension and declination in J2000; (4) redshift; (5) characteristic magnitude
in the r-band; (6) R200 in Mpc; (7) Mago in 10 M /Mg units; (8) member galaxies with reliable measurements; (9) concentration;
(10) centroid shift; (11) power ratio; (12) morphological parameter; (13) BCG/X-ray peak offset in kpc; (14) BCG/X-ray centroid

offset in kpc; (15) Dynamical state.
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A.2 Red galaxies and hot gas distributions
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Figure A.1: Contours of the X-ray surface brightness distribution (solid green lines) and the distribution of
galaxies belonging to the red sequence (solid gray lines). Black crosses symbolize the positions of the X-ray
peaks, black “X” marks represent the positions of the X-ray centroids, and open red circles denote the positions
of the BCGs. The blue circle corresponds to the Rogg of each cluster.
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Figure A.2: Continuation of Figure A.1.
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Figure A.3: Continuation of Figure A.1.
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