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Brightest cluster galaxies (BCGs) are the predominant component of galaxy clusters
which serve as important tracers for galactic and cosmic evolution. They are a pow-
erful probe for estimating the dark matter and dark energy content of the Universe
via their mass function. Insight into the dynamical state of the cluster, which is
needed to investigate these relations, can be offered through the positions, kinemat-
ics, and structural characteristics of their BCGs. In this thesis, the properties of
BCGs are analyzed using the TNG300-1 run of the IllustrisTNG cosmological hy-
drodynamical simulation project. The study focuses on the relation of BCGs to its
host cluster mass, dynamics, and substructuring. A variety of observationally mo-
tivated indicators, such as the magnitude gap, peculiar velocities, and BCG central
offsets, are used to explore the relaxation of these galaxy clusters.

The analysis confirmed that BCG mass and half-mass radius strongly correlate with
the corresponding properties of its host cluster, implying that the BCG growth rate
is directly related to the growth of the cluster. Dynamical analysis revealed that
the majority of BCGs reside near the cluster potential well, with over 95% of them
having an offset smaller than their half-mass radius. Comparisons across redshift
demonstrate a clear trend toward increased BCG centrality and dynamical relax-
ation over time. As a comparison, clusters with greater BCG offsets in the current
epoch show to have a narrow magnitude gap, indicating dynamical disturbances and
possible substructuring within them. The analysis of cluster substructures, done via
Gaussian mixture modeling, showed that most commonly (in � 30% of the cases)
these systems exhibited two substructures, implying again that the entire set of
clusters cannot be assumed to be dynamically relaxed. When applying the virial
theorem and center of mass shift criteria, around 20% of clusters at z = 0 are consid-
ered to be in dynamical equilibrium, reinforcing the need for careful consideration
of dynamical state in both simulation and observational studies. These findings
contribute to a broader understanding of BCG formation and evolution and offer
proxies for evaluating cluster relaxation in future observational work.
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Introduction

Brightest cluster galaxies play a crucial role in cosmic structure formation, serving

as key tracers of galaxy evolution across di�erent mass scales. Their superior lu-

minosity enables high-redshift observations, providing insight into their formation

and evolution. According to The Central Galaxy Paradigm (van den Bosch et al.,

2005), the systems are typically assumed to have formed early on through hierar-

chical structure formation and to have reached dynamical equilibrium in the cluster

center. The assumption of the systems being relaxed is fundamental in many con-

clusions about their properties and their application in cosmology. Most notably,

it is used to determine cluster masses and, by that, via the mass function, to esti-

mate values for cosmological parameters related to the dark matter and dark energy

content in the Universe (Voit, 2005).

Yet, galaxy clusters are not a homogeneous ensemble of systems; their masses,

dynamical properties, and evolutionary stages vary greatly, and therefore the con-

ditions needed for relaxation are not always achieved or may have been temporarily

lost. In observational studies, this is expressed in peculiarities such as unexpected

brightest galaxy central o�sets, high peculiar velocities, and alignment of the BCG

with respect to the orientation of the cluster (e.g. Lopes et al., 2018; De Propris et al.,

2020). Thus, there is strong theoretical and observational interest in understanding

and identifying brightest galaxy and host system property-related indicators that

signify the relaxation of the host system and contribute to their formation. In ad-

dition to the local environment, the properties and evolution of brightest cluster

galaxies are reported to be in�uenced by the surrounding cosmic web, their location

in the large-scale density �eld, and connections to galaxy �laments (e.g. West et al.,

2017; Einasto et al., 2024). Due to the complexity of this issue, the theoretical basis

of these interactions is still poorly understood.

Solving this matter has only become recently possible through state-of-the-art
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hydrodynamical simulations, such as IllustrisTNG. The large-scale simulations pro-

vide a laboratory for analyzing these discrepancies in great detail. In this work, I

examine the galaxy clusters in the TNG300-1 simulation box to study the properties

of their brightest galaxies, compare the �ndings to currently existing observational

results, as well as discuss reasons for possible di�erences and considerations needed

to take into account to assess the results correctly.

The structure of the thesis is the following. In Chapter 1 the cosmological back-

ground and structure formation will be explained along with details concerning the

formation of clusters and their brightest galaxies. Chapter 2 covers the details

about cosmological simulations and how hydrodynamical simulations, including Il-

lustrisTNG, are run. After this, Chapter 3 goes into further detail about the bright-

est cluster galaxy properties, things we know from currently published studies, and

properties that are going to be analyzed in this work. In Chapter 4, everything

regarding the selection of data, its analysis and the results of the properties of the

clusters and their brightest galaxies (including their dynamical properties, substruc-

tures, evolution and dynamical state) will be discussed. Finally, in Chapter 5 the

main results are summarized and the �nal conclusions are made.
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1 Cosmological background

1.1 The cosmological model

Cosmology considers the Universe as a whole. It studies its structure and evolution

to answer questions regarding how the structures we currently see have formed and

predict what will be the future. The history of the Universe has been extensively

researched creating theoretical frameworks and models. The current leading theories

for structure formation are based on the� Cold Dark Matter ( � CDM) cosmology

with the assumption that the Universe is homogeneous and isotropic at large scales

� i.e. the galaxy distribution is independent of position and direction. The model

is well supported by statistical analysis and observations. With further data from

WMAP (Wilkinson Microwave Anisotropy Probe) and Planck, the parameters of

this paradigm have been well constrained. The values obtained showed excellent

consistency with independent measurements; the baryon density aligned with es-

timates from cosmic nucleosynthesis, the Hubble constant was in accordance with

values determined through direct measurements, and the implied large-scale clus-

tering in today's Universe matched the �ndings from extensive galaxy surveys and

weak gravitational lensing studies (Mo et al., 2010, and references therein).

In the � CDM model, the Universe is �at and dominated by non-relativistic (i.e.

cold) dark matter particles. Under these assumptions, the metric in the Einstein

�eld equation, which determines the geometry of the four-dimensional spacetime,

can be expressed as the Robertson-Walker metric

ds2 = c2dt2 � a2(t)
�

dr2

(1 � kr 2)
+ r 2(d� 2 + sin2� d� 2)

�
; (1)

where(r; �; � ) are co-moving spherical coordinates,c is the speed of light anda(t)

is the scale factor. The constantk represents the curvature of space, where� 1; 0; 1

account for an open saddle-like, �at and closed spherical Universe accordingly. With

the ratio of the scale factor to its time derivative, we can de�ne the Hubble parameter
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to describe the expansion of the Universe

H (t) =
a_(t)
a(t)

: (2)

By approximating the matter and energy content in the Universe as an ideal �uid,

the Einstein �eld equation can be solved with the Robertson-Walker metric, yielding

the Friedmann-Lemaître equations:

a•
a

= �
4�G

3

�
� +

3P
c2

�
+

� c2

3
; (3)

a•
a

+ 2
�

a_
a

� 2

+
2kc2

a2
= 4�G

�
� +

P
c2

�
+ � c2; (4)

where the two can be combined to obtain

�
a_
a

� 2

=
8�G

3
� �

kc2

a2
+

� c2

3
; (5)

hereP is the total pressure and� the total density of the Universe,G is the Newto-

nian gravitational constant and � the cosmological constant corresponding to dark

energy and accounting for the main factor in driving the expansion of the Universe.

If k = � = 0 , the density � reaches a critical value

� c =
3H 2

8�G
: (6)

The critical density is used to de�ne a dimensionless density parameter


 0 =
� 0

� c
; (7)

which is de�ned for each matter�energy component of the Universe: matter (bary-

onic and dark matter) 
 m , dark energy 
 � and radiation 
 r . These are used to

characterize cosmological models, where their sum, the total density parameter


 = 
 m + 
 � + 
 r , determines the geometry of the Universe. If
 < 1, the

Universe is negatively curved (open), if
 = 1 , the Universe is �at, and if 
 > 1,

the Universe is positively curved (closed) (Mo et al., 2010).
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1.2 Hierarchical structure formation

The large-scale structure of the Universe, as we know it, is believed to have formed

from small density perturbations caused by quantum �uctuations in the early Uni-

verse. A common understanding of this is that during the linear regime, small

regions which had a slightly higher density compared to the mean would attract

their surroundings more, causing matter to concentrate and making the regions

strongly over-dense. In contrast, matter from the under-dense regions would �ow

away due to the gravitational in�uence being weaker, making the regions even more

scarce of material. With expansion, the so-called emptier regions would become ex-

tensive voids, whilst gas in the denser regions would later via cooling form �laments

composed of galaxies and galaxy clusters within large dark matter halos.

In a more quantitative sense, the evolution of density �uctuations can be de-

scribed by the Linear Perturbation theory approximation with a second-order dif-

ferential equation, derived from the continuity, Euler, and Poisson equations as

�• + 2H�_� 4�G�� � = 0; (8)

where � = d�=�� is the density contrast parameter and�� the mean matter density.

The equation has a growing mode solution in the form

� (x; t) = D(t) �~(x); (9)

i.e., the spatial and temporal dependencies factorize. Here�~(x) is an arbitrary

function and the growth factor D(t) satis�es the condition

D• + 2HD_ � 4�G��( t) D = 0: (10)

In a special case of the Einstein-de Sitter model (
 m = 1; 
 � = 0), the solution

reaches a form where the growth factor is equal to the scale factora(t), and therefore

in the matter-dominated era, the density perturbations are linear:

� / a(t) � 1: (11)
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At around z � 30� 50, the cooling becomes su�cient to commence the formation

of stars and galaxies. At this stage, the density contrast factor starts reaching the

value 1, after which the perturbations become nonlinear (Mo et al., 2010).

Since dark matter interacts mainly gravitationally, its density perturbations be-

gan to grow earlier, meaning that the baryonic structures were growing within al-

ready existing gravitational dark matter wells (Schneider, 2006; Mo et al., 2010).

According to the standard theory of galaxy formation, the cooling of hot gas inside

the already virialized dark matter halos leads to matter accumulation at the cen-

ter of the halo's gravitational potential well. This is especially evident in the case

where the cooling time is shorter than the dynamical time, as the matter cannot

reach hydrostatic equilibrium but rather accretes directly onto the central proto-

galaxy. In case of slower cooling, the same e�ect can be discerned, because even in

case of reaching equilibrium, the denser inner regions may lose pressure support and

�ow onto the central object. This means that in any case cooling causes baryonic

matter to segregate from dark matter and accumulate to the center as dense, cold

gas, leading to the formation of a galaxy at the center of the dark matter halo.

The hierarchical structure formation depicts a "bottom-up" formation scenario

in which these dark matter halos merge to form even larger structures. The smaller

halo becomes a subhalo, and its central galaxy becomes a satellite galaxy, where it

no longer accretes hot gas � all the gas will accumulate in the center of the potential

well (Kau�mann et al., 1993; Somerville & Primack, 1999; Cole et al., 2002). Due

to accretion, the new central galaxy begins to grow, leading to the deduction that

it should become the most massive and brightest within the halo. This idea is

supported by the fact that, in case of the existence of another large galaxy, due to

dynamical friction, it is expected to eventually sink into the potential minimum and

merge with the �rst galaxy, hence leading to the formation of an even larger central

galaxy. The paradigm, named the Central Galaxy Paradigm, therefore strongly
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indicates that the brightest galaxy will always reside at the center of the cluster's

dark matter halo. This approach, of course, is a very simpli�ed version, as the �nal

outcome depends heavily on other interactions taking place within the halo. The

Central Galaxy Paradigm is considered a statistical statement and may not hold in

each individual case, e.g. in non-virialized or strongly interacting systems (van den

Bosch et al., 2005).

1.3 Formation of galaxy clusters

Clusters form as a direct result of hierarchical structure formation. As dark matter

halos merge, the structure becomes progressively more complex. First, in case of

single galaxy halo mergers, the two galaxies start orbiting around the potential

well of a common dark matter halo. Due to tidal stripping and dynamical friction,

material is removed from the galaxies and the orbital energy of the components is

decreased, leading the orbits to decay over time. The orbit decay time can depend

on various factors, such as the mass ratio of the merging halos, eccentricity of their

orbits, and mass loss from tidal stripping. The components may not merge, but

remain in a system where the larger of the galaxies makes its way to the gravitational

potential well of the halo, while the other remains a smaller satellite galaxy. As

discussed in the previous section, further mass accretion will be done mainly by the

central component. Dark matter halos containing multiple member galaxies can in

turn merge, leading to the formation of groups and clusters of galaxies (Kau�mann

et al., 1993). Factors such as the gravitational e�ects of dark matter, large decay

timescales, disruptions caused by galaxy interactions, AGN feedback, and constant

ongoing star formation due to the feeding of the clusters via �laments lead to the

systems not merging to a single galaxy, but to a gravitationally preferred cluster

system (Mo et al., 2010). It is important to note that the cooling remains e�ective

up to masses of around1012 � 1013 M � . Beyond this point, the increasing gas density
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and temperature prevent the cooling time from becoming shorter than the dynamical

time; as a result, the structure is unable to collapse into a single extremely massive

galaxy (e.g., Binney, 1977; Silk, 1977; Rees & Ostriker, 1977). Galaxy clusters are

described as the most massive gravitationally bound and relaxed cosmic structures.

Relaxation means that the system is in dynamical equilibrium (forces are balanced),

virialized (follows the virial theorem) and has a smooth morphology (no strong signs

of substructuring). However, it is important to note that due to mergers and the

accretion of material from �laments, clusters can often be out of equilibrium for a

certain time during their evolution (Neto et al., 2007; Mo et al., 2010).

A signi�cant fraction of galaxies in the present-day Universe are located in groups

(� 48%, Tempel et al., 2014) and clusters (< 10%) in which the number density of

galaxies is a few tens to a few hundred times higher than the average. As de�ned by

Mo et al. (2010), the densest, most populous, and most massive virialized systems

are called galaxy clusters, which typically contain more than 50 relatively bright

galaxies in a volume only a few megaparsecs across. There, however, is no actual

well-de�ned boundary between groups and clusters since they form a continuum on

systems with widely ranging masses. George Abell �rst classi�ed clusters as systems

with at least 50 members with apparent magnitudesm < m 3 + 2, but also listed

poorer clusters with richness between 30 and 50 members (Mo et al., 2010). Since

the richness limit is not a strict physical threshold, it varies across di�erent studies

depending on the speci�c requirements of the work. For instance, De Propris et al.

(2020) follow the same richness limit of� > 50, Seppi et al. (2023) restrict the

richness by� > 20, whereas, similarly to Chu et al. (2021), some studies may not

even limit the clusters based on the number of galaxies they host.

Due to their large masses, clusters are an important tool in cosmology as they

can be used as probes to provide cosmological constraints, complementary to those

based on analysis of the CMB, stellar clusters, supernova luminosity distances, and



10

gravitational lensing (Ludlow et al., 2012; Planck Collaboration et al., 2020). Their

cosmological evolution is linked to the growth of cosmic structures. Due to their high

galaxy density, groups and clusters provide an ideal setting for investigating galaxy

interactions and their in�uence on the overall galaxy population. For instance,

the prevalence of elliptical galaxies in clusters suggests that local galaxy density

plays a signi�cant role in shaping their morphology and evolution (the so-called

morphology-density relation, Dressler et al., 1997; Schneider, 2006).



11

2 Cosmological simulations

Interpreting the results of observational data requires a good understanding of the

theoretical basis of the properties and evolution of galaxies. Once the density per-

turbations become non-linear (� � 1), using cosmological simulations is essentially

the only way to deal with this complex issue. The main building blocks for these

models consist of dark matter, which is responsible for the structure formation, and

dark energy that is accountable for the accelerated expansion of the Universe. De-

spite us not knowing about the nature of these two, simulations are able to make

reliable predictions just based on some general characteristics using N-body simula-

tions. Even though visible matter, i.e. baryons, comprises only about �ve percent

of the energy of the Universe, it is essential to incorporate them into simulations to

be able to study galaxies (Vogelsberger et al., 2019). However, introducing bary-

onic processes is a challenging aspect that adds a strong computational strain on

the simulation. Over the last years simulations have evolved to an extent where

large-scale simulations incorporating both dark matter and baryons are possible to

run at large scales.

2.1 Hydrodynamical simulations

Hydrodynamical simulations combine dark matter N-body simulations with baryons.

The interactions between the two a�ect the composition of dark matter on smaller

scales which is especially important to consider when looking at the internal struc-

ture of dark matter halos (Vogelsberger et al., 2019).

The simulations are given initial conditions, which specify the perturbations im-

posed on top of a homogeneous expanding background � typically a spatially �at

Friedmann-Lemaître-Robertson-Walker spacetime with de�ned composition of dark

matter, dark energy and baryons. This is in accordance with the� CDM model.

The simulation particles are placed in a uniform Cartesian lattice or glass-like parti-
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cle con�guration using a linear theory approximation (see Chapter 1.2) or low-order

perturbation theory. Based on the Zeldovich approximation, the matter power spec-

trum (MPS) is applied to the lattice to con�gure a disturbed �eld which follows the

MPS distribution. A gravitational "glass" is composed by moving particles from

random initial positions using the opposite sign of gravity until they freeze in co-

moving coordinates. The positions and velocities of baryons are set in a similar way,

and their temperature is often roughly initialized to the CMB temperature. The

baryon component starts o� as gas, mostly hydrogen and helium. The gas com-

ponent is typically described as an inviscid ideal gas following the Euler equations.

During the structure formation step, part of the cold and dense gas will eventually

be turned into collisionless star particles. The distribution and evolution of dark

matter are described by the collisionless Boltzmann equation paired with the Poisson

equation, which outlines the gravitational potential. A more detailed description of

the evolution of each component is provided by Vogelsberger et al. (2019).

Other aspects that need to be taken into account when creating a cosmological

simulation entail the choice of the simulation volume and resolution. As even state-

of-the-art simulations cannot capture all relevant scales, hydrodynamic simulations

are typically separated into two categories: uniformly sampled periodic large-volume

simulations and zoom simulations, where the speci�c area of focus is highly resolved

and depends strongly on the mass of the studied object. For the sake of this re-

search, we will focus more speci�cally on large-volume simulations. Large-volume

simulations, such as EAGLE (Schaye et al., 2015), Magneticum (Bi� et al., 2013),

Illustris (Nelson et al., 2015), and the latest IllustrisTNG (Nelson et al., 2018, used

in this work), apply periodic boundaries to mimic the large-scale homogeneity and

isotropy of matter distribution in the Universe.
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2.2 IllustrisTNG simulation

The simulations known as IllustrisTNG are large-scale cosmological models con-

ducted with the AREPO moving-mesh code. AREPO (Springel, 2010) models cos-

mic gas dynamics using a mesh based on Voronoi tessellation. It is generated from

a set of control points that can move with the velocity of the local �ow, allowing

to obtain a Lagrangian formulation of continuum hydrodynamics that does not suf-

fer from the mesh distortion limitations intrinsic to other mesh-based Lagrangian

schemes (see Springel, 2010; Nelson et al., 2018, for more details).

These simulations incorporate gravo-magnetohydrodynamics and are organized

into three distinct volumes: TNG50, TNG100, and TNG300 with three di�erent runs

with varying resolution in each volume. All TNG runs start from cosmologically

motivated initial conditions, assuming an updated cosmology consistent with the

Planck Collaboration et al. (2016) results (shown in Table I) with Newtonian self-

gravity solved in an expanding Universe.

Table I. Cosmological parameters used in the TNG simulation suite. From left to
right: dark energy density parameter, matter density parameter, baryon density
parameter, amplitude of the matter power spectrum, scalar spectral index and di-
mensionless Hubble parameter.


 � ;0 
 m;0 
 b;0 � 8 ns h

0.6911 0.3089 0.0486 0.8159 0.9667 0.6774

Each run solves for the coupled evolution of dark matter, luminous stars, cosmic gas

and supermassive black holes from a starting redshift ofz = 127 to the present epoch,

z = 0. In the current work, I will focus on the TNG300-1 run speci�cally as it is the

largest simulation box with the highest resolution at these large scales, allowing to

analyze galaxy clusters with the best accuracy. The main properties and parameters

of this run, such as size, resolution, and particle masses, are shown in Table II. Since

the spatial resolution of hydrodynamical simulations is highly adaptive, it can not
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Table II. Some physical and numerical parameters for the TNG300-1 run. From left
to right: the box volume, box side length, initial number of gas cells and dark matter
particles, the target baryon mass, dark matter particle mass, minimal physical gas
cell radius measured atz = 0, the median gas cell radius (z = 0). For more details
regarding the parameters, refer to Nelson et al. (2018)

Volume Lbox NGAS, DM mbaryon mDM r cell, min r� cell

[cMpc3] [cMpc/h] � [M � =h] [M � =h] [pc] [kpc]

302:63 205 25003 7:6 � 106 4:0 � 107 47 31:2

be described by a single number but rather a distribution. Figure 1 shows the

distribution of Voronoi gas cell sizes in the three simulations, where TNG300 is

marked in orange. The �gure highlights the high spatial resolution in star-forming

gas (i.e., within galaxies); whereas the largest gas cells are located in the low-density

intergalactic medium. To evolve these high-resolution runs to redshift zero, an order

of 10 million individual time steps are needed. The group and subgroup catalogs are

computed during the simulation using the Friends-of-Friends (FoF) and SUBFIND

substructure identi�cation algorithms.

2.2.1 Friends-of-Friends (FoF)

The FoF algorithm has been historically used to de�ne groups and clusters of galaxies

in observations, and has also been adopted to identify them within simulations

(Davis et al., 1985). The algorithm considers two particles to be members of the

same halo (that is, "friends") if their separation is smaller than a given linking

length, typically b= 0:2, which corresponds to 180 times the average global density.

This value refers to the theoretical virialization criterion of the dark matter halo in

the spherical collapse model. The linking length is the only free parameter of the

method, de�ned as the mean interparticle separation (Kravtsov & Borgani, 2012).

The algorithm iterates over all particles, �rst identifying neighbors within the linking
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Figure 1. The spatial resolution of the TNG simulations atz � 0. The highlighted
regions of the distributions refer to star-forming gas inside galaxies. The median
values are indicated by vertical dotted lines (Nelson et al., 2018).

length for each particlei , then extending the group by evaluating the neighbors of

these neighbors. Any particle within a distance less thanb from any group member

is included. This process continues until no further particles meet the criterion,

�nalizing the group structure. With the given linking length, this algorithm is

unable to detect substructures within larger virialized objects; therefore, a di�erent

algorithm, SUBFIND, is used to tackle the issue of substructure identi�cation.

2.2.2 SUBFIND

The SUBFIND algorithm (Springel et al., 2001) is created to extract locally over-

dense self-bound particle groups within a larger parent group (in practice, galaxies

within a cluster). For the purpose of this simulation, the authors use the FoF groups

as input data for the SUBFIND algorithm. The algorithm starts by computing a

local density estimate at the positions of all particles in the input group. All locally
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Figure 2. Galaxies (blue) and cluster centers (red) in the slice of the TNG300-1
simulation box at z 2 [30; 90] Mpc. The zoom panel shows an example of a galaxy
cluster with 362 members. The size is scaled by the galaxy stellar masses.

overdense regions (simulation particles) are identi�ed by progressively lowering the

density threshold, and any region that has a density greater than the local average

is considered a substructure candidate. The densities of these candidates are com-

pared with those of their neighbors. The subgroups are grown around the particles

with the highest density until all of the particles are assigned to a subgroup.

Next in the algorithm, the boundedness of the particles assigned to the subgroups

is checked. Each subhalo candidate is subjected to an unbinding procedure in which

particles with positive total energy are removed, until only bound particles remain.

This ensures that the remaining substructures are part of a self-bound particle group.

The unbinding takes into account the subhalo's center as the coordinates of the most

bound particle, and the velocity center is taken as the mean velocity of all particles

in that group. Physical velocities relative to the group center are obtained by adding

the Hubble �ow to each particle's peculiar velocity. If more than a threshold value of

particles remains, they form a subhalo. To make sure that each particle is assigned

to a subhalo only once, the �nal assigning is done in an inverse sequence as they
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have been generated in, i.e. the subgroup particles are worked through from low to

high density to ensure that a smaller subhalo within a larger subhalo will always

be processed later than its parent subhalo, and the label assigned to it will belong

to the latest classi�cation. An example of the layout of the halos (clusters) and

subhalos (galaxies) in the TNG300-1 simulation box is shown in Figure 2.
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3 Brightest cluster galaxies

Out of all cluster members, the brightest galaxies hold a particularly signi�cant

status � being expected to reside close to the potential well of their host cluster,

their properties and evolution are closely linked to those of their host environment

(Marini et al., 2021). As a result of the dynamical friction that takes place during

hierarchical structure formation in the center of newly formed large dark matter

halos, the material accreted by the central galaxy causes it to grow rapidly. Due to

this rapid accretion, BCGs are typically observed as early-type elliptical galaxies that

show little evidence of ongoing star formation, despite their large masses (Kravtsov

& Borgani, 2012). The formation and growth are commonly described by a two-

phase formation model: an initial (z � 2) in situ star formation driven by infalling

cold gas in the central galaxy, followed by an extended phase (aroundz � 3) during

which ex situ stars are primarily accreted to the central galaxy (Oser et al., 2010).

These mergers play a crucial role in comprising the brightest galaxies, as it has

been noted that the majority of the �nal mass is bound to these galaxies at late

evolutionary stages (i.e., half of the �nal mass is reached atz � 0:5, De Lucia &

Blaizot, 2007). At the same time, various quenching mechanisms, such as AGN

feedback and shock heating, act to suppress further star formation, especially in the

dense cores of massive halos, contributing to the passive nature of these brightest

galaxies (Croton et al., 2006).

Although these systems have been dubbed the brightest cluster galaxies, the

exact de�nition of a BCG often depends on the focus of a given study, making it es-

sential to clarify the selection criteria before drawing comparisons between di�erent

studies. In many cases, the BCG is simply identi�ed as the most luminous galaxy

within the cluster (e.g. Cui et al., 2016; Dalal et al., 2021). However, additional fac-

tors are sometimes considered, such as morphology � for instance, Lauer et al. (2014)

include only elliptical galaxies � or, in observational studies, the spatial extent of
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the cluster is often also taken into account (e.g. Lopes et al., 2018; De Propris et al.,

2020; Chu et al., 2022). Alternatively, the BCG can be de�ned as the most massive

galaxy or the one residing in the center of the host cluster's potential well, as was

done by Pillepich et al. (2018). In this work, I adopt a straightforward approach,

de�ning the BCG strictly as the galaxy with the highest luminosity.

As suggested by the paradigm, these brightest galaxies are often located near

the clusters' potential minima. However, since the location of the gravitational

potential well is not observable, a proxy often used for observations is the location

of the X-ray luminosity peak. The o�set between the location of the BCG and

the peak of the X-ray emission by the hot gas in the cluster has been observed

to be typically small. For instance, Haarsma et al. (2010) found that around 90%

of clusters at z < 0:2 host a BCG within 30 kpc of the X-ray peak, and a study

by Rossetti et al. (2016) obtained a median BCG o�set of 21.5 kpc. Furthermore,

BCGs are assumed to move in unison with their host cluster, that is, their observed

peculiar velocities are expected to be low (e.g. Lauer et al., 2014). As a key tracer

for its host cluster properties, the BCG dynamical and structural properties can

be investigated to draw conclusions on the cluster state and evolution. Due to the

close link between the cluster and its brightest galaxy, BCGs can be directly used to

probe cosmological constraints under the preliminary assumption that the systems

are dynamically relaxed. The dynamical state of the cluster plays an important role

in these conclusions, as in case the system is not relaxed, the mass pro�les, and

therefore the cosmological constraints, will be evaluated incorrectly (e.g. Kravtsov

& Borgani, 2012; Lauer et al., 2014). In particular, this is due to the fact that

out-of-equilibrium systems lead to underestimating the cluster virial masses, and

therefore the cluster mass function, which directly in�uences the inferred values of

parameters� , 
 m , and � 8, relating to the assumptions of structure formation and

the expansion of the Universe (Voit, 2005; Allen et al., 2011).
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To assess cluster relaxation, studies such as Zhang et al. (2022) and the refer-

ences therein suggest using observable properties that are generally associated with

relaxed and unrelaxed clusters. For instance, dynamically relaxed clusters are typi-

cally expected to exhibit a nearly spherical morphology and a line-of-sight velocity

distribution that follows a Gaussian pro�le (Faltenbacher & Diemand, 2006). In

contrast, unrelaxed clusters often show signi�cant deviations from this velocity dis-

tribution (e.g. Hou et al., 2009) and are characterized by the presence of massive

substructures, as well as a small magnitude gap between the two brightest member

galaxies (Lopes et al., 2018). Given the strong connection between the BCG and its

host cluster properties, it is reasonable to expect that the observable properties of

the BCGs can also provide estimates of cluster relaxation.

In this work, I analyze the dynamical state of galaxy clusters (de�ning them as

either dynamically relaxed or not relaxed) through their brightest galaxy properties.

I use characteristics such as BCG central o�sets, peculiar velocities, the magnitude

gap between the two brightest members, and the number of substructures present

in each cluster to assess this matter and provide indicators for cluster relaxation

through directly observable traits.
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4 Analysis and results

This chapter outlines the key characteristics of the analyzed systems. Firstly, Sec-

tion 4.1 introduces the selection criteria for the clusters and galaxies. Section 4.2

examines the general properties of BCGs and their relation to the host systems.

In Section 4.3, the dynamical properties of the BCGs, such as the central o�sets

and peculiar velocities, will be covered. Section 4.4 focuses on the cluster evolution,

namely, to investigate how certain BCG and cluster properties evolve from redshift

z = 1 to the current epoch. Substructuring within the clusters will also be explored

in this section. Lastly, Section 4.5 assesses the dynamical state of the clusters and

determines observational indicators for cluster relaxation.

4.1 The data

The main data set was acquired from the IllustrisTNG website1 as az = 0 group

catalog and downloaded and run locally. The information in the �les was imported

using a Python code provided in the IllustrisTNG tutorial. In addition, data at

z = 0:33; 0:68; 1 were used to get an overview of the properties of cluster evolution.

Since the focus of the work was on galaxies and clusters of galaxies, certain

�ltering steps were necessary to obtain meaningful data. The data reduction for

subhalos was done following Galárraga-Espinosa et al. (2020). Firstly, all objects

in the catalog �agged with a false SubhaloFlag variable were removed � these are

objects that the SUBFIND algorithm has deemed as subhalos but they have not

followed the usual processes of galaxy formation, instead they have originated from

other types of baryonic processes. For the remainder, a lower limit was applied for

the stellar mass of the subhalos. Based on observational studies (e.g., Brinchmann

et al., 2004; Taylor et al., 2011), a subhalo can be considered a galaxy when its

stellar mass is at least of109 M � . No upper mass limit was provided to ensure that

1https://www.tng-project.org
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no BCGs would be removed from the sample. The most massive object in the set

had a stellar mass of7:8 � 1012 M � . Regarding halos, the lower limit for the virial

mass was chosen as M200 > 1013 M � to ensure that the halos are large enough to

surround clusters of galaxies. In addition, the sample was limited to clusters with

at least 20 galaxies. This selection was done to provide enough data for a reliable

statistical analysis.

Due to periodic boundary conditions, it was also vital to �lter out halos that

are located on the edges of the simulation box, as they might be divided into two

along the simulation box edge. For this, a limit that the halo center must be at

least 2 Mpc from the simulation box edge was chosen. Atz = 0, the �nal sample

contained 945 clusters and 45614 galaxies therein.

4.2 BCG properties

The brightest galaxy in each cluster was de�ned based on the r-band magnitude.

The absolute r-band magnitudes of the BCGs are compared with those of the other

galaxies in the dataset in Figure 3. The same de�nition was used to determine the

second brightest cluster galaxies (SBCGs, also shown in the �gure). As expected,

the BCG r-band magnitude distribution has notably smaller values compared to the

other cluster members; however, there are also systems in which the magnitudes

of the two brightest members are quite similar. An example of one of these TNG

cluster systems is provided in Figure 4. This cluster has 329 member galaxies with

the BCG and SBCG shown in di�erent colors. The sizes of the points represent the

stellar masses of each galaxy; hence the BCG and SBCG are of similar size due to

the stellar mass and magnitude correlation. The locations of the cluster potential

well and center of mass are marked with crosses and the black circle demonstrates

the area within the virial radius (R200) of the cluster. In the case of this cluster,

it can be observed that the SBCG is located outside of the virial radius and seems
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Figure 3. Absolute r-band magnitude distribution of the brightest, second brightest
and the remaining galaxies within the clusters. The median values for the distribu-
tions are � 23:6, � 22:2 and � 19:1 mag respectively.

Figure 4. An example of a plane projection of a cluster with 329 members. The
member galaxies are marked with blue dots where the marker size represents the
galaxy stellar mass. The BCG and SBCG are shown in separate colors. Crosses
indicate the locations of the cluster center of mass and potential well and the area
within the virial radius is surrounded by a black circle.
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to be forming a separate substructure within the cluster. Details concerning these

properties will be discussed in the upcoming chapters.

4.2.1 Mass relations

The BCG and SBCG stellar masses were analyzed as a function of the host cluster's

virial mass. The relations are visible in Figure 5 and it can be seen that for BCGs,

there is a strong correlation between these values, which indicates that larger clusters

are also capable of hosting more massive galaxies. This dependency is also visible

for SBCGs, but in this case there is a stronger dispersion along the y-axis. For all

other cluster members (not shown in the �gure), the stellar mass dispersion is even

more prominent, meaning that the BCGs have a unique relation to the halo masses.

This relation, in units of solar masses, can be expressed as:

logM � = (0 :795� 0:012) logM200 + (0 :749� 0:165) (12)

which is also shown in the �gure as the black dashed line. The errors shown here (and

in future plots) are the standard errors given by the linear regression model. Pre-

viously done observational studies also show a correlation between the BCG stellar

mass and cluster virial mass. For instance, Erfanianfar et al. (2019) �nd the relation

to be logM � = (0 :41� 0:04) logM200 +(5 :59� 0:54) (red line in Figure 5), which is a

slightly weaker correlation than for the current simulated data. Similarly, Kravtsov

et al. (2018) found a relation oflogM � = (0 :39� 0:17) logM500 + (12:15� 0:08) and

Oliva-Altamirano et al. (2014) show a power-law relation M� / M0:32� 0:09
halo . These and

many other studies have explored the BCG stellar mass and halo mass relation also

at varying redshifts, and have found it to be less than unity, which implies that the

BCG does not grow at the same rate as the host cluster (e.g. Lidman et al., 2012).

Since in this work the BCG de�nition was based on the galaxy's absolute magni-

tude � and the galaxies' stellar mass to magnitude relation is dispersed in the lower

mass end � it is reasonable to also examine how the stellar masses of the BCGs
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Figure 5. BCG (blue) and SBCG (green) stellar mass as a function of cluster virial
mass. The black dashed line corresponds to the �t to BCG stellar mass to halo virial
mass data, the error band of the linear �t is shown in light gray. A comparison with
the correlation provided by Erfanianfar et al. (2019) is shown in a red dashed line.

compare to SBCGs. This distribution is seen in Figure 6. The median values for the

stellar masses of BCGs and SBCGs are1011:41 M � and 1010:78 M � respectively. As

expected, in most cases the BCG is more massive than the SBCG. However, it is ev-

ident that there are 29 halos in which the SBCG is slightly more massive. For these

instances, the absolute magnitudes of the brightest and second brightest galaxy are

analyzed and it is found that these clusters follow a magnitude gap condition

M2 � M1 < 0:487mag; (13)

where M1 is the BCG and M2 the SBCG absolute r-band magnitude. As will be

demonstrated later in this work, other clusters tend to have magnitude gap values

between 0 and 4 mag. A small magnitude gap can suggest that the system has not

yet reached dynamical equilibrium, i.e., it is not a relaxed system and might still
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Figure 6. Stellar masses of BCGs and SBCGs. The median values of the distribu-
tions are 1011:41 M � and 1010:78 M � respectively.

be undergoing merger events. From observational data, Lopes et al. (2018) have

noted that the distinction between relaxed and not relaxed (disturbed) systems can

already be drawn from a magnitude gap M2 � M1 = 1 mag, meaning that these

clusters are very likely disturbed systems.

4.2.2 Fossil systems

Another proxy to try to estimate if a cluster has reached dynamical equilibrium

can be via identifying if they are so-called fossil systems. Fossil systems are galaxy

groups and clusters whose luminosity is provided mainly by a massive central galaxy

(e.g. De Oliveira et al., 2006). These objects were formed hierarchically at an early

epoch in the Universe, hence why they are called fossils. These systems are assumed

to have assembled half of their dark matter mass long beforez = 1, after which the

majority of growth is performed via minor mergers alone. The accretion rate of these

systems should be 1/3 of what is typical for regular groups or clusters (Von Benda-

Beckmann et al., 2008; Zarattini et al., 2014). The �rst observational de�nition of
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fossil groups was provided by Jones et al. (2003) as follows:

i. magnitude gap M2 � M1 > 2 mag,

ii. BCG and SBCG distance< 0:5 R200,

iii. X-ray halo with luminosity L X > 1042 h� 2
50 erg s� 1.

I apply the conditions i. and ii. to the TNG cluster sample for an estimation of

fossil systems in the simulation. Due to there being no current available information

on the halo X-ray luminosities, the last criterion was neglected. Since this criterion

is only given to ensure that the system is located in a potential well that is similar

in mass to a group or cluster, not considering it does not remove an important

parameter as the previously set halo mass limits cover the same condition. Of the

sample of 945z = 0 clusters, 88 of them (9.3%) follow the fossil system criteria,

indicating that only a small part of the clusters are old systems with mainly one

luminous galaxy, very low accretion and e�ectively no star formation. Previous

studies on the same topic suggest that on average the fraction of fossil systems is

around 10� 15% (e.g. overview article by Aguerri & Zarattini, 2021), which is in

good agreement with the TNG300 results presented here.

4.2.3 Star formation rates

A galaxy's star formation rate is related to multiple factors, including the galaxy's

age and the amount of cold gas it contains. In the case of BCGs, it is expected that

their speci�c star formation rate (sSFR), that is, the star formation rate per unit

stellar mass, would be lower compared to other cluster members (Croton et al., 2006;

Mo et al., 2010). This is related to the assumption given in the cluster formation,

where it is supposed that due to being moved to the cluster potential minimum

by dynamical friction and matter accumulating there, the BCG has gone through

a rapid growth and will not have strong star formation at current time. The star
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Figure 7. Distribution of speci�c star formation rates of the BCGs, SBCGs and
remaining galaxies in the clusters.

formation rate of a galaxy can also depend on factors such as AGN feedback, which

can lead to either increased or suppressed star formation, depending on the exact

interactions in the vicinity of the central black hole. The TNG simulations provide

a great tool for analyzing these complex interactions; however, this would be a

separate study and thus is beyond the scope of this work.

The BCGs', SBCGs' and other cluster members' speci�c star formation rates

are compared in Figure 7. It is visible that, indeed, for BCGs, the sSFR is notably

smaller than that for other member galaxies in the cluster. The maximum BCG

sSFR is2:67�10� 10 yr � 1 and the median is4:8�10� 13 yr � 1. This is in good agreement

with observational studies, e.g. Orellana-González et al. (2022) �nd the BCGs to

have a sSFR between5 � 10� 15 and 6 � 10� 10 yr � 1.

According to a study by Koyama et al. (2013), a galaxy is considered quiescent

(i.e. no longer star-forming) at a given redshift when its sSFR satis�es the condition

sSFR(z)[yr � 1] = 10� 10(1 + z)3. Based on this, all BCGs and most of the other

galaxies atz = 0 in these systems are quiescent, meaning most of the growth has to
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come from accretion of stars and mergers. This idea of cluster galaxies in general

having very low star formation rates is backed up by a study by Vulcani et al. (2010),

where they analyzed the in�uence of environment on a galaxy's star formation. The

authors concluded that cluster galaxies show much lower star formation than similar

mass �eld galaxy counterparts, indicating that the cluster environment strongly

suppresses star formation.

4.3 BCG dynamical properties

Dynamical properties are the properties related to the cluster members' motion. In

this section, the BCG central o�sets relative to the potential well of the cluster and

BCG peculiar velocities will be discussed in particular.

4.3.1 Central o�sets

The o�set do� between the halo potential minimum and the center of mass of the

BCG was calculated for each cluster. Similar o�sets were also found for the second

brightest members. Based on the central galaxy paradigm, we should see a good

alignment between the BCG center of mass and the cluster potential minimum,

assuming that the systems are relaxed. The distribution of the o�sets is shown

in Figure 8. Most BCG mass centers are located within 100 kpc of the potential

minimum, with the median distance being 89.6 kpc. For SBCGs, the median dis-

tance is 830.2 kpc. The o�sets can be compared with those found in observations of

the BCG location relative to the cluster's X-ray peak. For instance, in De Propris

et al. (2020), they �nd a few tens of kpc o�sets for a signi�cant fraction of BCGs.

Chu et al. (2021) �nd that 51% of the BCGs are within a 30 kpc radius range

from the X-ray center of the cluster; however, 20% of the BCGs are located farther

than 100 kpc from the center. Seppi et al. (2023) note an average BCG distance

of 76.3 kpc. Compared with observational results, the o�sets are somewhat larger
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Figure 8. Distribution of BCG (top) and SBCG (bottom) distances from the poten-
tial minimum with the median value shown in a black horizontal line. The median
distances are 89.6 kpc and 830.2 kpc respectively.

in the TNG300 simulation. This for one can be related to the fact that in the case

of simulations, the distances are "true distances", whilst for observations it is only

possible to calculate distances projected along the line of sight. When calculating

the distances as a plane projection for the simulated data, there was a 24% decrease

in the total distances due to projection e�ects. Another di�erence that has to be

taken into account is that in this work the distances are taken between the BCG

center and the potential well of the cluster; for observations, the best equivalent

approximation is to �nd the distances from the X-ray center. In reality, there is

evidence that the potential well does not always exactly coincide with the X-ray

center, leading to di�ering o�sets. The importance of choosing the cluster center
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has been emphasized in multiple studies. Cui et al. (2016) note a di�erence between

the locations of the BCG, the X-ray luminosity peak, and the minimum of gravi-

tational potential. In their work, the center of BCG was found to correlate more

strongly with the potential well than with the X-ray center. In Roche et al. (2024)

they analyze how in the TNG300-1 simulation box the BCG o�sets di�er based on

the choice of the cluster center. In their work, they also �nd that the estimation

of the potential well as the cluster center (compared to dark matter, lensing, and

gas centers) leads to the smallest BCG o�sets. Additionally, the paradigm is de-

�ned under the assumption that the systems are relaxed, a condition that is not

con�rmed for the current data. An analysis of the clusters' dynamical state and the

o�set values in relaxed systems will be presented in Section 4.5.

The BCG and SBCG o�set distributions were compared with those of randomly

selected cluster member galaxies to assess whether the o�sets of BCGs and SBCGs

are statistically distinct. While the BCG o�set distribution shows a clear deviation

even under visual inspection, it was necessary to employ a statistical test to evaluate

the SBCG distribution. The Kolmogorov-Smirnov (KS) test was chosen for this.

From the entire set of galaxies, the brightest and second-brightest members were

removed. After that, the galaxies were grouped by their cluster indices and from

each group one random galaxy was chosen and its distance to the potential minimum

was calculated. This process was done 100 times and the KS test was applied

pairwise to each random distribution and the SBCG distribution. In all cases the

null hypothesis of the test was rejected, meaning that the distributions of SBCG

o�sets di�er from other member galaxies. The median p-value for a two-sided test

was 0.00028 (mean 0.00078) and in case of a one-sided test, it was made certain

that the SBCG o�sets were smaller than the random selections. The test was also

applied to the BCGs to con�rm that the p-values for a two-sided test were e�ectively

zero, and the o�sets were smaller than for other galaxies.



32

Figure 9. Magnitude gap in the case when the potential well is located within the
BCG half-mass radius and when it is outside of it.

To put these distances into perspective, it is reasonable to also look at the o�sets

in terms of the BCGs' half-mass radius (r1=2), i.e., the comoving radius containing

half of the total mass of the BCG. This approach will give a good estimate on

whether the center of the cluster's potential minimum is located somewhere within

the BCG. De�ning the condition

do�

r1=2
� 1; (14)

it was found that in 903 (95.5%) of the halos, the cluster's potential minimum is

located within the BCG's half-mass radius. This may indicate that the system is

approaching dynamical equilibrium or that the BCG might be oscillating about the

potential well of the cluster. The magnitude gaps for these systems were analyzed.

The purple bins in Figure 9 represent the systems in which the potential well of the

cluster is not within the BCG's half-mass radius (i.e. equation 14 does not apply),

and the black bins portray the case where it is within the half-mass radius. The



33

"not in r 1=2" situation follows a magnitude gap relation

M2 � M1 < 0:868mag: (15)

This can again indicate that, in case there is a larger BCG o�set, the magnitude

gap tends to be smaller, therefore the system has likely not reached dynamical

equilibrium and can be considered a disturbed system, as was de�ned by Lopes

et al. (2018). The distribution for the "in r1=2" case is considerably wider, the

peak is between 1.2 and 1.8 magnitudes, and the median value is 1.51 mag. The

larger magnitude gaps are typically associated with the old age and relaxation of

the system, as was shown, for instance, in the previous section regarding the fossil

systems. In these fossil groups, the mediando� is 51.7 kpc and in all cases the

potential well is located within the BCG half-mass radius.

Furthermore, Kravtsov (2013) has noted that the relation between BCG sizes and

virial radii of their host halos is close to linear over the entire range of stellar masses

(where a power-law relationlogr1=2 / (0:95� 0:065) log(0:015R200) is mentioned).

In this work, the half-mass radius of the BCG correlates with its halo's virial radius

(both in units of kpc) as

logr1=2 = (0 :991� 0:039) log(0:015R200) + (1 :567� 0:045): (16)

Furthermore, this can be expressed linearly as

r1=2 = (0 :512� 0:012) R200 + (38:91� 11:00); (17)

which corresponds well to the relation of larger (more massive) clusters hosting

larger BCGs.

Moreover, it is found here that in 96.6% of the clusters, the BCG, and 52.8%

cases, the SBCG is within the cluster virial radius R200. This is in accordance

with the hierarchical structure formation, indicating that the BCG is sinking to the

potential well. On the other hand, there are 54 cases in which the SBCG is located
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closer to the potential well compared to the BCG. Here, the magnitude gaps tend

to di�er at a greater range: M2 � M1 2 [0:0017; 3:3235]. The BCG o�sets (do� ) also

vary on a large scale, meaning there are systems where both of the two brightest

galaxies are near the potential minimum as well as systems where the BCG might

instead be a part of a separate substructure formed after a recent merger event.

These kinds of systems are expected to still be dynamically active and show signs

of high peculiar velocities.

4.3.2 Peculiar velocities

The peculiar velocities of BCGs and SBCGs are de�ned as the velocities relative to

the motion of the cluster (i.e. the velocity di�erences) along all three dimensions.

The total velocities are found as scalar sumsv =
p

v2
x + v2

y + v2
z . The average and

median values for BCG peculiar velocities were 71.2 km/s and 38.5 km/s respectively,

which is similar to the result obtained by Diaferio et al. (1999), where they found

the average to be� 80km/s. On the other hand, De Propris et al. (2020) �nd a

larger median peculiar velocity where the scaled valuevBCG =� � 0:26 corresponds

to around 100 to 200 km/s. In all cases, the existence of a non-zero peculiar velocity

could indicate that the BCG is either moving towards the cluster potential well or

oscillating about it, depending on its location within the cluster.

To get a clearer overview of these relations, the peculiar velocity of the BCG is

compared with its o�set from the potential minimum and the magnitude gap be-

tween the BCG and SBCG r-band magnitudes. In the velocity vs. o�set relation

shown in Figure 10, there is a noticeable region where after an o�set ofdo� > 500kpc

(vertical light gray line), the peculiar velocities have a lower limitvpec > 145km/s

(horizontal line). The halos in this region tend to mostly be of low and intermediate

mass based on the color bar shown in the �gure. This peculiar velocity limit corre-

sponds to the magnitude gap M2 � M1 < 1:6 mag, as seen in Figure 11, given with
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Figure 10. BCG peculiar velocity relative to the BCG o�set. The color bar rep-
resents the halo virial masses. The vertical gray line is atdo� = 500 kpc and the
horizontal at vpec = 145 km/s.

the vertical line. This indicates that all the clusters that have a large BCG peculiar

velocity have a SBCG which is at around a similar magnitude (so also a similar mass

based on the galaxies' mass�magnitude relation). The large velocity can therefore

be driven by the other cluster members' gravitational in�uence. On the other hand,

the limits also form a region of mostly intermediate-to-heavy mass halos are located,

that is, at the high magnitude gap and low peculiar velocity region. The clusters

in this region show lower BCG o�sets, again supporting the assumption that larger

magnitude gaps are mostly related to relaxed systems with smaller BCG peculiar

velocities. Observational data analyzed by Lauer et al. (2014) con�rm a similar

relation. They found that small BCG separations from the cluster center relate to

smaller peculiar velocities, and larger o�sets are associated with higher velocities.

In a similar manner, these relations can be analyzed for the clusters' second
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Figure 11. BCG peculiar velocity as a function of the magnitude gap. The vertical
gray line is at M2 � M1 = 1:6 mag and the horizontal atvpec = 145 km/s.

Figure 12. SBCG peculiar velocity relative to the SBCG o�set.
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brightest members. Figure 12 shows the peculiar velocity vs. o�set relation for the

SBCGs. Here, with some exceptions, more massive clusters tend to have both a

larger SBCG o�set and a larger peculiar velocity. This could show that in case of

a more massive (and, based on the previous �gures, a more likely relaxed system),

the BCG is located near the cluster center while the SBCG forms a di�erent sub-

structure, which has a larger peculiar velocity relative to the cluster's motion. The

exceptions in this case are clusters where the SBCG o�set isdo�, SBCG < 2000kpc

and peculiar velocitiesvpec, SBCG > 700km/s. For these, the SBCG-to-BCG stellar

mass ratios (M� , SBCG =M � , BCG ) were found and compared to the remaining sample.

The smaller distance and higher velocity SBCG systems displayed a lower mass ratio

indicating that the SBCGs are notably less massive in this type of con�gurations.

The median ratio was 0.126 (compared to 0.261 for the rest of the halos), and a

KS test was used to con�rm that the distributions of these two were di�erent along

with the fact that these peculiar systems were con�rmed to have signi�cantly lower

values for the mass ratio.
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4.4 Cluster evolution

As these galaxy systems interact with their surroundings, their properties are ex-

pected to change over time, ultimately to reach a relaxed state. In this chapter, I

introduce how some di�erent cluster characteristics, including BCG central o�sets

and number of substructures in the clusters, evolve with redshift.

4.4.1 Cluster substructures

Trying to explain why a cluster may not have yet reached dynamical equilibrium

is a complex matter. Besides the reason possibly being that there has simply not

been enough time, as typically it takes around a few Gyr for a system to relax

and virialize (Poole et al., 2006), di�erent types of ongoing dynamical interactions

can prevent the system from reaching equilibrium sooner. Since galaxy clusters

are typically located at the nodes of the cosmic web, where the systems are far

from being isolated, interactions on di�erent scales can occur quite regularly. Such

interactions can for example be recent or upcoming cluster merger events, especially

major mergers, where the mass of the counterparts is similar. Traces of these are

believed to be visible in the form of distinct substructures that can be spatially

separated from the rest of the cluster or have speci�c peculiar velocities that di�er

from the rest of the cluster (e.g. Ricker & Sarazin, 2001; Poole et al., 2006). To �nd

evidence of substructures in the TNG300-1 simulation clusters, the multidimensional

model-based clustering and classi�cation algorithmMclust (Fraley & Raftery, 2002;

Scrucca et al., 2023) was used.

The Mclust package is available as open source code written in the R program-

ming language. The algorithm is based on parameterized �nite Gaussian mixture

models. Models are estimated by expectation-maximization algorithm initialized

by hierarchical model-based agglomerative clustering. The optimal model is then

selected according to the Bayesian Information Criterion (BIC).Mclust has a se-
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lection of 14 models with combinations of varying orientation, volume and shape.

By default, the algorithm searches for the best �tting model among all the possible

models, �nds the optimal number of components as well as gives the classi�cation

and probability of each particle belonging to the chosen component. The uncer-

tainty is calculated as one minus the highest probability. Since in the case of galaxy

cluster data, we do not expect the substructure components to be of equal size or

shape, the models with such constraints may be disregarded to save computational

time. The model employed for this task was "VVI" � diagonal, varying volume and

shape. In a few example cases, the goodness-of-�t (i.e. BIC) of this model was

compared to all other models and gave generally the best or second best results,

justifying the selection. The number of components that the algorithm was given

to try modeling was between 1 and 6. This was su�cient to capture both the cases

where there is no sign of distinct substructures and the cases where the cluster shows

strong segmentation. The multidimensionality of the algorithm allowed me to ana-

lyze each cluster's 6-dimensional phase space data, i.e. the three spatial coordinates

and peculiar velocities in the direction of each coordinate.

The analysis was done for clusters at redshiftsz = 0; 1. The main purpose

of this approach is to see if there are notable di�erences in clustering at di�erent

evolutionary steps. The fraction of the number of substructures found at each

redshift is shown in Figure 13. At both redshifts, the most common number of

substructures was two: 34.6% atz = 0 and 30.8% atz = 1. Additionally, it is seen

that at a larger redshift, the fraction of clusters with more substructures is higher.

This supports the idea of clusters moving towards dynamical equilibrium over time,

where the number of detectable substructures is expected to decrease.

Next, the median magnitude gaps at both redshifts for each number of substruc-

tures were found. In Figure 14, one can see that in nearly all cases the magnitude

gap is larger atz = 0, again supporting the idea that larger magnitude gaps are more
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Figure 13. Fraction of substructures found with Mclust at redshiftsz = 0; 1.

prevalent when systems approach equilibrium. The magnitude gap plot also shows

an u-shaped con�guration when going across all number of substructures atz = 0.

This kind of relation could be associated with cluster masses, as we would expect

that more massive systems are able to host more substructures. To investigate if

that is the case, I �nd the median halo virial masses and BCG stellar masses for

each substructure group. The masses are as seen in Table III. These results indicate

a correlation between the number of Mclust substructures, the system masses, and

the magnitude gaps (up to 4 substructures), i.e., more massive clusters tend to have

more substructures, and the larger number of substructures might indicate traces of

major mergers where then the BCG and SBCG of the merged system have a similar

luminosity. In case of a higher number of substructures (5-6) it can be assumed

that an additional bias is caused by the velocity component. It is interesting to

note that although there is a correlation with cluster virial mass, no distinct corre-

lation is observed between the number of substructures and the BCG stellar masses,

meaning that BCG masses do not depend on how many other components there are

surrounding it.
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Figure 14. Median magnitude gap as a function on the number of Mclust substruc-
tures for redshiftsz = 0; 1.

Table III. Median BCG stellar masses and halo virial masses for di�erent number
of Mclust substructures at redshiftz = 0.

Substructures 1 2 3 4 5 6

M � , BCG (1011M � ) 5.73 5.45 5.18 6.20 4.75 5.90

M200 (1013M � ) 6.84 6.53 6.67 7.58 5.31 8.26

Lastly, in this section, I had a look at how the BCG and SBCG o�sets and their

peculiar velocities relate to the number of substructures in their host halo. The

median o�sets and peculiar velocities of the BCGs showed no correlation with the

number of substructures, meaning that these properties are distributed similarly for

clusters with a di�erent number of substructures, causing the median value to be

similar. For SBCGs at redshiftz = 0, there was a sign of slight correlation between

the o�sets and number of substructures, hinting at the fact that more substructures

are a result of distortions originating from cluster mergers � the initial system's

BCG, after merging, has become the new system's second brightest member that
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remains further from the cluster potential well due to not having su�cient amount

of time to sink towards the center. The SBCG peculiar velocities didn't however

correlate with the number of substructures, meaning that there is no strong relation

between the SBCG velocity and where it might be located in the halo.

4.4.2 Redshift dependencies

In this section, we have a more in-depth look at the BCG properties depending on

the redshift. For this analysis, redshiftsz = 0; 0:33; 0:68; 1 were used. The prop-

erties are compared with the recent results obtained from the DESI Legacy Imaging

Surveys and analyzed by Wen & Han (2024). The survey identi�ed 1.58 million

galaxy clusters, with 877 806 of them being found for the �rst time, providing the

most complete observational selection to date for galaxy clusters and their brightest

members up to redshiftsz � 1:5.

First, the dependence of BCG central o�sets was evaluated as a function of

redshift. To characterize this trend, the mediando� was calculated at eachz. The

values are shown in Figure 15 on a logarithmic scale as a function oflog(1+ z). The

data points were �t to a linear function which is described by the equation

logdo� = (0 :581� 0:079) log(1 + z) + (1 :963� 0:016): (18)

In the �gure, it is represented by the solid red line. This shows that at higher

redshifts, the BCGs tend to have larger o�sets from the cluster potential well, and it

is in accordance with the assumption that the clusters are moving towards dynamical

equilibrium over time.

To express the dominance of a BCG in its host cluster, Wen & Han (2024)

analyze how the BCG mass fraction (BCG stellar mass over total stellar mass) as

a function of the cluster virial mass. To have a comparable selection of clusters, I

restricted the data to M500 � 0:47�1014 M � , which was the observational limit in the

DESI. For the simulation data at the four redshifts combined, I �nd a correlation
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