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EvorLuTtioN IN COSMOLOGICAL SIMULATIONS

Katrin Lehle

AbSt ract oacasis ubiquitous in the Universe and plays a fundamental role in shaping
the Universe we observe today. While nearly all galaxy clusters are filled with large-scale, hot,
and X-ray emitting intracluster gas, their central regions can differ significantly. Some clusters
host low-entropy gas that can cool efficiently, forming cool cores, whereas others contain only
high-entropy gas and lack a distinct core. Understanding why some clusters form and maintain
cool cores, while others do not, is essential for constraining the complex interplay of the many
physical processes operating in cluster centers. In this thesis, we analyze the properties and
evolution of the gas in the centers of galaxy clusters, with a particular focus on the cool-core
population, using the cosmological magneto-hydrodynamical simulation TNG-Cluster. First, we
analyze the population of 352 cool-core (CC) and non-cool-core (NCC) clusters, focusing on their
thermodynamic properties. Using several criteria to classify clusters, we find that TNG-Cluster
naturally produces unimodal distributions of these properties, whereby CCs and NCCs represent
the two extremes. We show that the CC fractions as well as the radial profiles of thermodynamic
quantities from | = 0 to | = 2 are in broad agreement with observations. This establishes TNG-
Cluster as a laboratory to study the evolution of cluster cores and the transformations between
CC and NCC states. To that end, we develop a method for identifying transformations based on
the evolution of central entropy. We find that clusters frequently undergo such events; on average,
clusters experience two to three transformations over their lifetime. Transformations can occur
in both directions, but the ones to higher-entropy cores, i.e., in the qualitative direction from CC
to NCC states, make up the overwhelming majority. We show that mergers occur statistically
more often  1Gyr prior to a transformation toward a higher- (but not lower-) entropy core.
We also show that transformations to higher core entropy in some clusters are accompanied by
an increase in AGN activity. Furthermore, we characterize the magnetic field properties of the
halos with a focus on central magnetic field morphology in CC versus NCC clusters. Compared
to low-redshift observations, TNG-Cluster produces reasonable magnetic field amplitudes in the
central regions of clusters. The main finding of this analysis is that | = O cool-core clusters
have preferentially tangential magnetic fields at a characteristic scale of 0 1Asggc. In contrast,
across the full cluster population, magnetic fields show isotropic configurations at all radii and
redshifts. Moreover, we examine the cool gas content of galaxy cluster cores and its morphology
at | = 0 and across cosmic time. We find that all clusters contain cool gas at some point in their
history, with a wide variety of morphologies ranging from clumpy and filamentary to rotating
disk-like configurations. The presence and amount of cool gas in cluster cores are linked to the

thermodynamic state of the host cluster and to the transformations of the core.






Zusammenfassu ng Gas findet sich tiberall im Universum und spielt daher eine

fundamentale Rolle fiir dessen Entwicklung. Wihrend fast alle Galaxienhaufen mit heilem,
Rontgenstrahlung emittierenden Gas gefiillt sind, konnen sich die Zentren unterschiedlicher
Galaxienhaufen stark voneinander unterscheiden. Manche Haufen beinhalten Gas mit niedriger
Entropie, das effizient kiihlt, sodass sich ein ausgeprigter kalter Kern im Zentrum bilden kann,
anderseits gibt es Haufen, die nur Gas von hoher Entropie enthalten und deshalb keinen Kern
ausbilden. Zu verstehen warum manche Galaxienhaufen einen ausgepragten Kern an kaltem
Gas bilden und aufrechterhalten, wihrend andere dies nicht tun, hilft dabei das komplexe
Zusammenspiel verschiedenster physikalischer Prozesse, die den Kern formen, zu entwirren.
In dieser Arbeit analysieren wir die Eigenschaften und Entwicklung des Gases im Zentrum
von Galaxienhaufen, wobei wir uns insbesondere auf Haufen mit kalten Kernen konzentrieren.
Dazu verwenden wir die kosmologische magnetohydrodynamische Simulation TNG-Cluster
Wir beginnen mit einer Analyse der Population von 352 cool-core (CC) und non-cool-core
(NCC) Galaxienhaufen, mit einem Fokus auf deren thermodynamischen Eigenschaften. Unter
Verwendung mehrerer Klassifizierungskriterien von CC-Galaxienhaufen, stellen wir fest, dass
TNG-Cluster auf natiirliche Weise unimodale Verteilungen dieser Eigenschaften hervorbringt,
wobei CCs und NCCs dabei die beiden Extreme darstellen. Wir zeigen, dass sowohl der Anteil
der CC Haufen als auch die radialen Profile thermodynamischer Groien von | = 0 bis | = 2
weitgehend mit Beobachtungen iibereinstimmen. Auf Grund dieser Ergbenisse eignet sich die
TNG-Cluster Simulation als hervorragendes Laboratorium um die Entwicklung von Haufenzen-
tren und die Transformationen zwischen CC- und NCC-Zustdnden zu untersuchen. Um dies zu
erreichen, entwickeln wir eine Methode zur Identifikation von Transformationen basierend auf
der Entwicklung der zentralen Entropie. Dabei zeigt sich, dass Galaxienhaufen hdufig Trans-
formationen durchlaufen. Im Durchschnitt wechseln Galaxienhaufen im Laufe ihrer Exsitenz
zwei- bis dreimal den Zustand. Transformationen konnen in beide Richtungen auftreten, wobei
Anderungen zu hoherer zentraler Entropie, also vom CC- zum NCC-Zustand, den GroBteil aller
Fille ausmachen. Wir zeigen, dass Kollisionen zwischen Galaxienhaufen etwa 1Gigajahr vor
einer Transformation zu hoherer zentraler Entropie statistisch hdufiger auftreten. In manchen
Galaxienhaufen werden diese Transformationen zudem von erhohter Aktivitit des zentralen
supermassereichen Schwarzen Lochs begleitet. Dariiber hinaus charakterisieren wir die Eigen-
schaften der Magnetfelder der Galaxienhaufen mit einem Schwerpunkt auf der Morphologie des
zentralen Magnetfelds in CC- gegeniiber NCC-Haufen. Im Vergleich zu Beobachtungen des
lokalen Universums finden wir realistische zentrale Magnetfeldstidrken. Das wichtigste Ergebnis
dieser Analyse ist, dass CC-Galaxienhaufen bei | = 0 bevorzugt tangentiale Magnetfelder bei
einem Radius von 0 1Asgo. aufweisen. Betrachtet man hingegen die gesamte Haufenpopula-
tion, sind die Magnetfelder, liber alle Rotverschiebungen und Radien hinweg, isotrop angeordnet.
Desweiteren untersuchen wir das kiihle Gas in den Zentren von Galaxienhaufen sowie dessen
Morphologie bei | = 0 und iiber kosmische Zeit hinweg. Wir zeigen, dass alle Galaxienhaufen
zu irgendeinem Zeitpunkt ihrer Entwicklung kaltes Gas enthalten, wobei eine Vielzahl an Mor-
phologien auftritt, die von klumpigen und filamentartigen Strukturen bis zu rotierenden Scheiben
reicht. Das Vorkommen und die Menge des kiihlen Gases stehen in Zusammenhang mit dem

thermodynamischen Zustand sowie mit Transformationen des Haufenkerns.






PuBLISHED CONTENTS

This thesis is based on results published in the following first-author publications:

— Katrin Lehle, Dylan Nelson, Annalisa Pillepich, Nhut Truong, and Eric Rohr. The heart
of galaxy clusters: Demographics and physical properties of cool-core and hon-cool-core
halos in the TNG-Cluster simulation. A&A, 687:A129, July 2024.

— Katrin Lehle, Dylan Nelson, and Annalisa Pillepich. What drives cluster cool-core trans-
formations? A population-level analysis using TNG-Cluster. A&A, 702:A25, October
2025.

— Katrin Lehle, Mateusz Ruszkowski, Dylan Nelson, Marine Prunier, and Annalisa Pillepich.
Magnetic fields in the intracluster medium with TNG-Cluster: Properties, morphology,
and tangential anisotropy. A&A, 705:A41, January 2026.

— Katrin Lehle, Dylan Nelson, et al. The multiphase intracluster medium: a census of the
central cool gas and its morphology. In preparation.

The following co-author articles are mentioned in this thesis:

— Dylan Nelson, Annalisa Pillepich, Mohammadreza Ayromlou, Wonki Lee, Katrin Lehle,
Eric Rohr, and Nhut Truong. Introducing the TNG-Cluster simulation: Overview and the
physical properties of the gaseous intracluster medium. A&A, 686:A157, June 2024.

— Nhut Truong, Annalisa Pillepich, Dylan Nelson, Irina Zhuravleva, Wonki Lee, Moham-
madreza Ayromlou, and Katrin Lehle. X-ray-inferred kinematics of the core intraclus-
ter medium in Perseus-like clusters: Insights from the TNG-Cluster simulation. A&A,
686:A200, June 2024.

Xi


https://doi.org/10.1051/0004-6361/202348609
https://doi.org/10.1051/0004-6361/202348609
https://doi.org/10.1051/0004-6361/202348609
https://doi.org/10.1051/0004-6361/202554374
https://doi.org/10.1051/0004-6361/202554374
https://doi.org/10.1051/0004-6361/202554374
https://doi.org/10.1051/0004-6361/202556486 
https://doi.org/10.1051/0004-6361/202556486 
https://doi.org/10.1051/0004-6361/202556486 
https://doi.org/10.1051/0004-6361/202348608
https://doi.org/10.1051/0004-6361/202348608
https://doi.org/10.1051/0004-6361/202348608
https://doi.org/10.1051/0004-6361/202348562
https://doi.org/10.1051/0004-6361/202348562
https://doi.org/10.1051/0004-6361/202348562
https://doi.org/10.1051/0004-6361/202348562

— Mohammadreza Ayromlou, Dylan Nelson, Annalisa Pillepich, Eric Rohr, Nhut Truong,
Yuan Li, Aurora Simionescu, Katrin Lehle, and Wonki Lee. An atlas of gas motions in the
TNG-Cluster simulation: From cluster cores to the outskirts. A&A, 690:A20, October
2024.

— Urmila Chadayammuri, Lukas Eisert, Annalisa Pillepich, Katrin Lehle, Mohammadreza
Ayromlou, Dylan Nelson. ERGO-ML: A continuous organization of the X-ray galaxy
cluster population in TNG-Cluster with contrastive learning. October 2024.

— Marine Prunier, Julie Hlavacek-Larrondo, Annalisa Pillepich, Katrin Lehle, and Dylan
Nelson. X-ray cavities in TNG-Cluster: AGN phenomena in the full cosmological context.
MNRAS, 536(4):3200-3219, January 2025.


https://doi.org/10.1051/0004-6361/202348612
https://doi.org/10.1051/0004-6361/202348612
https://doi.org/10.1051/0004-6361/202348612
https://doi.org/10.1051/0004-6361/202348612
https://doi.org/10.48550/arXiv.2410.22416
https://doi.org/10.48550/arXiv.2410.22416
https://doi.org/10.48550/arXiv.2410.22416
https://doi.org/10.1093/mnras/stae2743
https://doi.org/10.1093/mnras/stae2743
https://doi.org/10.1093/mnras/stae2743







ACKNOWLEDGMENTS

First and foremost, I would like to thank my supervisor, Dylan Nelson, who was the best person
I could imagine to guide me through these years. I have learned so much from you, not only
about simulations and astrophysics, but also valuable lessons for life. I am especially grateful
for your support and encouragement you gave me in all my projects. Finally, I am thankful for
the freedom to travel to conferences and visit other institutes as often as I wished, and for never

hesitating to introduce me to new people.

I would also like to thank Annalisa Pillepich, my unofficial second supervisor. Although you
were never my formal supervisor during my time in Heidelberg, you have taught me so much
since we first met in 2018. Your thoughts and feedback have constantly been invaluable to me,
and throughout the years you have always been a role model for me.

Further, I want to thank Mateusz Ruszkoswki for hosting me in Ann Arbor and for the lively
collaboration. I have always appreciated your amazing knowledge and your enthusiasm regarding

physics.

My thank you also goes to Bjorn Malte Schifer, who agreed to be the second referee for my
thesis. Further, I want to thank Anna Pasquali and Michela Mapelli for accepting to be on my

defense committee and for always being so encouraging.

As T approach the end of my PhD and studies in in Heidelberg, I would like to thank everyone who
has shaped me and my way of thinking. In particular, I would like to thank Matthias Bartelmann,
whose theory lectures had a profound influence on how I think about physics. I would also like
to thank Robert Schmidt, who was my experimental physics tutor in my first semester and has
been a source of help and inspiration now and then ever since. Of course, there are many other
important people who are not named here, but who have nonetheless influenced me in lasting

ways.

In addition, I would like to thank Jessica Werk, who was so kind to welcome me in Seattle when
life brought me there.

XV



Special thanks go to the fellow members of Dylan’s and Annalisa’s research groups, who have
been a constant source of support and advice, fascinating discussions, and joy over the past
few years. I am particularly grateful to Rahul, Chris and Reza for always helping me with any
questions I came across. I would also like to thank Marine, Joey and Bipra; I enjoyed our cooking
sessions, drinking hot chocolate, our meaningful conversations and the mini-adventures on the

road bike at every weather.

During my doctoral studies I had the privilege of meeting so many wonderful people, that would
be impossible to name them all without unintentionally leaving someone out. Among them,
I would especially like to thank all the fellow IMPRS students of my generation, the amazing
people from the Hector Fellow Academy, and the fellow ITA folks.

I also want to thank everyone who gave me feedback on this thesis, your help was highly
appreciated: Bipra, Fabi, Marine, Joey, and Julia.

I am thankful for all the people who accompanied me during my time in Heidelberg outside
of work, especially my friends Anna, Julia, Lisa, Tristan, and Thomas. You were always there
to listen, to support me with advice and help whenever I needed it, and you were a welcome

distraction and reliable source of laughter.

Von Herzen mochte ich mich bei meinen Eltern und meinem Bruder bedanken. Ohne euch
waire ich nicht an dem Punkt, an dem ich heute stehe. Danke, dass ihr mich immer habt meinen
eigenen Weg gehen lassen und mich dabei bei jedem Schritt mit so viel mehr unterstiitzt habt,

als ich je hitte erwarten konnen.

Finally, I would like to thank Fabi for supporting me in countless ways throughout all these
years, and for encouraging me to grow beyond my limits. This has meant more to me than I can

express.

XVi









Contents

Abstract vii
Zusammenfassung ix
Published Contents Xi
Acknowledgements XV
Contents XiX
Prologue 1
1 Introduction 3
1.1 Physicsofgalaxyclusters . . . . . . ... .. .. ... .. 6
1.1.1 Formation ofgalaxyclusters . . . . .. ... ... . ... ....... 7
1.1.2 Cooling . ... .. . . . e 9
1.1.3 Heating . . . .. . . . 19
1.14 Magnetic elds . . .. .. .. . . . . ... . 20
1.1.5 The multiphase intraclustermedium . . . . ... ... ... ...... 22
1.2 Cosmological (magneto-)hydrodynamical simulations . . . . . . ... ... .. 23
1.2.1 Ingredients of a cosmological hydrodynamical simulation . . . .. .. 24
1.2.2 Cosmological simulations of galaxy clusters . . . . . .. ... ... .. 28
1.2.3 The TNG-Cluster simulation . . . . . ... ... .. ... ....... 29
1.2.4 The lllustrisTNG galaxy formationmodel . . . . . .. ... ... ... 31
Scienti ¢ Results 35
2 Demographics and physical properties of cool-core and non-cool-core halos 37
2.1 Introduction . . . . . . ... e 38
2.2 Methods . . . . . . . e 41
2.2.1 Thermodynamical quantities . . . . . . .. .. .. ... ... ... .. 41

XiX



Contents

XX
2.22 Cool-corecriteria . . . . . . ... 41
2.3 The | = 0 cluster population of TNG-Cluster. . . . .. . ... ... ... ... 45
2.3.1 Maps of thermodynamical properties . . . ... ... ... ...... 46
2.3.2 Radialprolesofcoolingtimes . ... ................. 51
2.3.3 Radial pro les of thermodynamical properties. . . . . . .. ... ... 52
2.3.4 Cool-cores versus non-cool-coresat1 =0 . . . ... ... ....... 55
2.3.5 Masstrends of core properties . . . . . . ... ... L. 58
2.3.6 Clustercool-corefractions . . . . ... ... ... .. .. ....... 60
2.3.7 Cool-core versus non-cool-core cluster structure (radial proles) . . . . 65
2.4 Evolution of cool-core and non-cool-core clusters with redshift . . . . . .. .. 68
2.4.1 Cool-core propertiesversusredshift . . . . ... ... ... ...... 69
2.4.2 Cool-core fraction versus redshift . . . ... ... ... ... ..... 72
2.4.3 Redshift evolution of clusterproles . . . .. .. ... ... ...... 75
2.4.4 Comparisonstoobservations . . . . ... ... .. .. ... ...... 78
25 SUMMAIY . . . . e 79
3 What drives cluster cool-core transformations? 83
3.1 Introduction . . . . . . ... 84
3.2 Methods . . . . . . . . 86
3.2.1 De nition of cluster properties . . . . . . . .. ... L 86
3.2.2 ldentifying cluster transformations . . . . .. .. ... ... ...... 87
3.2.3 Identifying mergingevents . . . . . . .. ... 89
3.3 Statistics of cluster transformations . . . . . . . ... ... L. 90
3.3.1 Clusters form with low-entropy cores and collectively move toward NCC
states at lower redshift . . . .. ... ... oL 90
3.3.2 Frequency and timing of core transformations across the TNG-Cluster
population . . . . .. .. 94
3.3.3 Core transformations in individual cluster histories . . . . . . ... .. 97
3.3.4 Timescales of cluster core transformations . . . . . ... ... ... .. 98
3.3.5 Thecaseoftemporaryphases .. .. .................. 100
3.3.6  Adiversity of past histories for the coresof clusters . . . . .. ... .. 101
3.4 Mergers and cluster core transformations . . . . ... ... ... ........ 103
3.4.1 Correlation between mergers and core transformations . . . ... ... 104
3.4.2 Properties of mergers associated with core transformations . . . . . . . 108
3.5 AGN feedback-driven cluster core transformations . . . . . . . ... ... ... 111
3.6 DISCUSSION . . . . . . . 116
3.6.1 Coregasdisplacementorheating . . ... ... ............ 116
3.6.2 Mergers as possible drivers of cluster core transformations . . . . . . . 119
3.6.3 The interplay of AGN feedback and mergers. . . . . .. ... ... .. 121
3.7 Summaryandconclusions . . .. .. .. ... ... e 123
4 Magnetic elds and their morphology in the intracluster medium 127
4.1 Introduction . . . . . . .. 128
4.2 Methods . . . . . . . e 131
4.2.1 Magnetic eldsin TNG-Cluster . . . . .. .. ... ... ....... 131
4.2.2 Quantifying clusters and their magnetic elds . . . . .. ... ... .. 132
4.3 Results on magnetic elds from TNG-Cluster . . . . .. ... ... .. .... 133



Contents XXi

4.3.1 Magnetic eld strength at z=0 and global morphology in the intracluster

medium . . ... e e 133
4.3.2 Time evolutionofmagnetic elds . . .. ... ... .......... 136
4.3.3 Plasmabetaparameter . . . . ... ... ... ... e 138
4.3.4 Magnetic eldanisotropy . . . . . . . . . ... . o e 141
4.3.5 Correlations of magnetic eld anisotropy with halo, galaxy, and SMBH
Properties . . . . . . .. e 145
4.3.6 \Velocity anisotropy . . . . . . . . .. 146
4.4 DISCUSSION . . . . . . o e e e 148
441 AGN feedback: Bubblesandshocks . . . .. ... ... ... ..... 148
4.4.2 Mergers: Sloshing motionsandshocks . . . ... ... ......... 151
443 Trappingofgravitywaves . . . . .. ... ... ... ... 152
4.4.4 Timescales of formation and existence of tangentially biased magnetic
elds. . . . . e 158
45 Summaryandconclusions . . .. ... . ... ... e 159
5 The multiphase intracluster medium: a census of the central cool gas 161
5.1 Introduction . . . . . . . . .. e 161
5.2 Methods . . . . . . . . . e 163
5.3 Centralcoolgasin TNG-Cluster . . . . . ... .. ... ... ... ...... 164
5.3.1 Centralcoolgasmassatl=0 .. ... ................. 165
5.3.2 Evolution of the cool gas withredshift . . . . . ... ... ....... 167
5.4 Acensus of the cool gas morphology . . . . . .. ... ... ... .. ..... 169
5.4.1 Coolgasmorphologyatl=0 ... ................... 169
5.4.2 Occurrence of cool gas morphologies over the lifetime of galaxy clusters 173
5.4.3 Redshift evolution of halo properties across cool gas morphologies . . . 174
5.4.4 Evolution of the cool gas morphology . . . . .. ... ... ...... 177
5.5 Discussionandoutlook . . . . ... ... L 181
5.5.1 Connecting cool gas properties to cool-cores and their transformations . 182
5.5.2 Ontheoriginofcentralcoolgas . . . ... ............... 183
5.5.3 Toward linking cool gas morphologies to cluster evolution . . . . . .. 184
5.6 Summary . . . ... e e 185
Epilogue 189
6 Concluding thoughts and future directions 191
6.1 Mainresultsofthisthesis . . . . ... ... ... ... ... .. .. .. ..., 191
6.2 Futuredirections . . . . . . . ... 196
6.3 Concludingthoughts . . .. .. .. .. ... .. .. . .. . . 199
Appendix 201
A Appendix:
Demographics and physical properties of cool-core and non-cool-core halos 203
A.1 Redshift evolution of progenitors . . . . . . . .. ... Lo 203

A.2 Toward new cool-core criteria and Sunyaev-Zel'dovich observables . . . . . . . 205



XXii

Contents

B Appendix:
What drives cluster cool-core transformations?

B.1 Identifying transformations . . . . . .. .. .. ... ... .....
B.2 Scenarios of Cluster Evolution . . . . . . . . . ... ... .....
B.3 Low-mass cluster core transformations: TNG50 . . . . .. ... ..

C Appendix:
The multiphase intracluster medium: a census of the central cool gas

C.1 Identifying cool gas morphologies . . . . . ... ... ... ....

List of Figures
List of Tables

Bibliography









Part |

Prologue






Introduction

Galaxy clusters are the largest bound objects in the Universe. Within their deep potential well,
hundreds to thousands of galaxies coexist with hot, X-ray emitting plasma. While galaxies are
the most striking visual component of galaxy clusters, they make up only a small fraction of the
total baryonic mass. Instead, the dominant baryonic component is the hot plasma, that permeates
the space between those galaxies, also known as intracluster medium (ICM).

Since galaxy clusters are the largest and most massive virialized objects known in the Universe,
they represent the latest stage of cosmic structure formation. In addition, they are very rare objects
that form at the nodes of the cosmic web and therefore are very sensitive to the cosmological
parameters governing the evolution of the Universe. As a result, their properties, abundance,
and spatial clustering make galaxy clusters powerful probes for cosmological models.

In addition, galaxy clusters serve as excellent astrophysical laboratories for studying both baryons
as well as dark matter. Their interior is shaped by a complex and rich interplay of many di erent
physical processes. In particular, they provide unique environments, allowing us to study
baryonic physics, such as plasma processes, under extreme conditions that cannot be realized
elsewhere in the Universe.

Hence, a detailed understanding of the physical processes that shape the internal structure
of galaxy clusters is of key importance for both of these roles. Although their formation and
evolution are mainly governed by gravity, cluster observables are strongly in uenced by baryonic
physics. Consequently, precise cluster cosmology requires an accurate modeling of the cluster
interior. From an astrophysical perspective, the interior is the main focus of interest as it is shaped
by many intertwined processes, such as cooling, heating and other plasma physics e ects.

Early X-ray studies of the ICM revealed that the surface brightness in the core of some galaxy
clusters is strongly, centrally peaked (Fabian et al., 1974; Gorenstein et al., 1978; Lea et al.,

3



4 Prologue

1973). Hence, the ICM in these clusters is subject to rapid cooling. Based on these observations
theoretical models where developed that predict the formation of cooling ows in these clusters
(Cowie and Binney, 1977; Fabian and Nulsen, 1977). However, these models could not withstand
subsequent high-resolution X-ray imaging and spectroscopy, and had to be discarded (Kaastra
et al.,, 2001; Molendi and Pizzolato, 2001; Peterson and Fabian, 2006; Peterson et al., 2003;
Tamura et al., 2001). From then on, clusters were divided into two more or less strictly separated
classes depending on their core properties. Based on a proposal by Molendi and Pizzolato
(2001), clusters with centrally peaked X-ray surface brightness were named cool-core clusters
(CCs), while clusters without that feature are referred to as non-cool-core clusters (NCCs). Since
then it was of interest to understand the di erences between these type of clusters. Quickly after
introducing these classes, studies found a dichotomy in the central properties of CCs and NCCs
(Cavagnolo et al., 2009; Sanderson et al., 2006, 2009).

Observationally, there have been many studies of CCs and NCCs addressing various questions,
such as: How to best distinguish between CCs and NCCs? (e.g. Hudson et al., 2010); What are
the properties of CCs and NCCs? (e.g. Cavagnolo et al., 2009; Hudson et al., 2010; Sanderson
etal., 2009); What is the fraction of CCs versus NCCs? (e.g. Andrade-Santos et al., 2017; Eckert
et al., 2011); Is there really a bimodality in core properties? (e.g. Andrade-Santos et al., 2017)
How does the picture change at higher redshifts? (e.g. McDonald et al., 2017; Santos et al.,
2008); How do CCs and NCCs evolve over cosmic time? (e.g. McDonald et al., 2013, 2014;
Molendi et al., 2022; Santos et al., 2010)

Despite being addressed in various observational studies, many of these questions remain open,
while other aspects of cool-core physics cannot be fully addressed observationally. Cosmological
simulations instead o er a complementary approach, allowing the analysis of cool-core physics

in simulated galaxy clusters that evolved in a cosmological environment.

Early cosmological simulations failed to generate a population of clusters with and without
cool cores (Borgani and Kravtsov, 2011, and references therein). They typically either su ered
from over-cooling, producing too many cool-cores, or generated too steep entropy pro les
(Borgani et al., 2002; Suginohara and Ostriker, 1998); in other simulations cool-cores were to
resilient against mergers (Burns et al., 2007). With the advent of more sophisticated modeling of
heating and cooling processes, cosmological simulations were able to produce cluster populations
including both types, and their properties as well as the fraction of CC and NCC clusters were
studied (Barnes et al., 2017, 2018; Burns et al., 2007; Hahn et al., 2017; Planelles and Quilis,
20009).

Cosmological simulations are excellently suited to answer the questions raised by observations:
What are the properties of CCs and NCCs (even beyond properties that are observable at the
moment)? They further allow to investigate whether the distributions of central properties are

bimodal or not. In this context, they enable to assess whether CCs and NCCs are two distinct type
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of objects or whether clusters can change between the two states. If such transitions occur, what
drives these changes? Furthermore, simulations make it possible to understand how CCs can
persists of cosmic time scales, how NCC clusters can form, and how CC and NCC populations
evolve with redshift.

Although, cosmological simulations are well suited to unravel the evolution of CC and NCC
clusters and their underlying drivers, many key questions have so far been explored primarily in
idealized simulation setups. Of course, these approaches o er valuable insight into individual
physical processes, but they do not capture the full complexity of cluster evolution compared to
cosmological simulations. In contrast, when these questions were addressed in a cosmological
setting, the studies were limited to small sample sizes, often constituting less than ten clusters.

Motivated by these limitations, a particular focus of this work is to improve the theoretical
understanding of the evolution of cluster cores, transformations between CC and NCC states
as well as the physical mechanisms driving these changes by analyzing a statistical sample of
galaxy clusters in a fully cosmological context.

Observations further indicate that the ICM is weakly magnetized (Carilli and Taylor, 2002; Gov-
oni and Feretti, 2012; Kim et al., 1991). However, the properties of magnetic elds in simulated
galaxy clusters have so far mainly been studied in idealized setups, as it is computationally chal-
lenging to include a self-consistent treatment of magnetic elds in cosmological simulations. To
improve on that, this work investigates the magnetic eld properties of galaxy clusters with a
particular focus on magnetic eld morphology in a cosmological setup.

Observations of cool-core galaxy clusters reveal striking structures of cold gas in their central
regions. A prominent example is the Perseus cluster, where cold gas is distributed in extended
lamentary structures (Fabian et al., 2006). In a variety of other cool-core clusters, cold gas
has been identi ed with a diverse range of morphologies, from lamentary structures to rotating
disks (Hamer et al., 2016; Olivares et al., 2019). Due to observational limitations, it remains
unclear how common central cool gas is among cool-core clusters, whether some cool-cores lack
cool gas altogether, and how the presence of cool gas depends on the thermodynamic state of the
cluster. Motivated by these open gquestions, this work aims to provide a systematic census of the
central cool gas, its morphology and its evolution.

Altogether, the overall goal of this thesis is to advance the theoretical understanding of cool-
core and non-cool-core galaxy clusters by studying their properties and evolution in a fully
cosmological setting using a large statistical sample, with a particular focus on cluster core
transitions, magnetic eld structure, and other related aspects of the multiphase ICM.

Structure of the thesis. In the remainder of this chapter, we introduce the relevant physical
processes that shape the properties of the ICM (Section 1.1), as well as the background required
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for understanding cosmological simulations (Section 1.2). Since the origin of the terms cool-
core and non-cool-core cluster cannot be discussed without introducing the theory of cooling
ows, we rst review the relevant concepts of classical cooling ow models in Section 1.1.2.1.
In Section 1.1.2.2 we summarize the observations that lead to the cooling ow problem, before
introducing cool-core and non-cool core clusters in Section. 1.1.2.3.

In Chapter 2 we lay the groundwork for the subsequent analysis by assessing the CC and
NCC populations in the TNG-Cluster simulation and comparing it to observations and other
simulations. This chapter aims to evaluate the properties of CCs and NCCs, their fractions
within the population, and the evolution of these populations across redshift. Importantly, we
gauge how the results depend on di erent criteria used to classify clusters as CCs and NCCs.

Chapter 3 is dedicated to investigating whether galaxy clusters can transform between CC and
NCC states and to identifying the driver of these changes. To this end, we introduce a method
that allows the systematic study of cluster core transformations of the full sample of 352 clusters.

The TNG-Cluster simulation is, to date, one of very few cosmological cluster simulations that
self-consistently include magnetic elds. In Chapter 4, we exploit this unique feature to assess
the properties of magnetic elds in CC versus NCC halos, with a particular emphasis on magnetic
eld morphology.

In Chapter 5, we investigate the multiphase nature of the central intracluster medium of CC and
NCC clusters. Speci cally, we identify cool gas in cluster cores and analyze its morphology
across all redshift.

In Chapter 6, a summary of the scienti c results, presented within each chapter, as well as a
synthesis of the ndings of this thesis and a discussion of future directions can be found.

1.1 Physics of galaxy clusters

Although galaxy clusters are sometimes portrayed as boring and simple closed boxes, they in fact
host a rich interplay of physical processes that shape their formation and evolution. The collapse
of dark matter and gas produces an extended halo of hot plasma (Sec. 1.1.1), that cools over time
(Sec. 1.1.2). This cooling is counteracted by various heating mechanisms (Sec. 1.1.3). Besides
these thermal processes, a range of non-thermal processes are also at play such as turbulent and
bulk motions, magnetic elds (Sec. 1.1.4) and cosmic rays. Together, these processes give rise
to the complex, multiphase nature of the intracluster medium (Sec. 1.1.5). In this section, we
introduce the key physical processes relevant to this work and establish the foundation for the
main results of this thesis.
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1.1.1 Formation of galaxy clusters

The visible components of galaxy clusters we can observe today reside within massive dark matter
halos. These halos originate from the growth and collapse of initially small density perturbations
in the cosmic density eld. According to the currently leading theory, during in ation (Guth,
1981; Linde, 1982), a phase of rapid accelerated expansion, quantum uctuations seeded small
density uctuations (Bardeen et al., 1983; Guth and Pi, 1982; Mukhanov and Chibisov, 1981),
which gravitationally grew over time. An early snapshot of these density perturbations is the
cosmic microwave background (Dicke et al., 1965; Penzias and Wilson, 1965). The density
perturbations grow and expand with the Hubble ow, until self-gravity in the overdensities
reaches a critical value. At this point the overdensities decouple from the expansion of the
universe and collapse. In general, the non-linear gravitational collapse is di cult to describe
analytically, therefore numerical simulations are often used to follow the evolution in detalil.
Nonetheless, when making simplifying assumptions about the geometry of the system, analytical
models can be constructed.

The most simple model one can assume is the collapse of a spherical overdensity in a homoge-
neous, expanding background. Clearly, no realistic collapse will proceed in a perfectly spherical
manner, but, nonetheless, this model allows to approximately predict when and where density
perturbations will collapse and what the halo mass function approximately looks like. Within
that framework, an overdensity can be considered as collapsed when its linearly extrapolated
density contrast X = 1d d°ed reached a critical value of X1+69. In reality, the collapse is not
perfectly spherical, as a consequence, dark matter particles do not fall on perfectly radial orbits.
Instead, they interact gravitationally with each other, which leads to the formation of a virialized
dark matter halo. In collisionless systems, multiple relaxation mechanisms are at play, such as
phase mixing, chaotic mixing and violent relaxation. The virialization leads to the formation of
an extended dark matter halo, that is gravitationally bound and in equilibrium. Using the results
from the spherical collapse model and the virial theorem one can show that virialized dark matter
halos have an average overdensity gf 178.

Building on this simple spherical collapse model, Press and Schechter (1974) introduced a
formalism to count the number of halos at a given mass and to predict the halo mass function.
Assuming halos can only form, when the amplitude of the density uctuations in the cosmic
density eld are larger than the critical overdensity X1+96, one can de ne a characteristic

mass scale ¢1C° that gives an estimate for the mass scales up to which dark matter halos
can form. It turns out that a signi cant number of halos can only form for overdensities with
"®" ¢.Inotherwords, atany giventime C, the universe contains a variety of halos with masses
up to " ¢. In hierarchical cosmological model, such as cold dark matter modglsntreases

over time. Hence, increasingly massive halos form as time progresses. In such a scenario the
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formation of cosmic structure proceeds in a bottom-up fashi®he Press-Schechter formalism
predicts that most of the halos that form have small masses and towards higher massed the
mass function drops exponentially. Comparing the results of the Press-Schechter formalism to
numerical simulations, it turns out that the halo abundances of the Press-Schechter formalism
are in rough agreement. The Press-Schechter mass function slightly overpredicts the number of
low mass halos and underpredicts the number of high mass halos (e.g. Springel et al., 2005).

Based on these simple considerations, a common picture for the evolution of the cosmic density
elds arises. For mass-scales of * " ¢, the density perturbations evolve in the linear regime

and linearly grow over time. For mass-scales "¢, the density uctuations collapse

and form virialized, gravitationally bound objects. For mass-scales in between, "¢, the
density uctuations are in the quasi-linear regime (Zel'dovich, 1970) and they are dominated by
pancake- or lamentary-like structures. Taken together, the cosmic density eld at any time can
be imagined as a complicated web-like structure, the cosmic web. Virialized halos are connected

by laments and both are surrounded by large voids.

These analytical predictions can be tested with numerical simulations, which broadly con rm the
above described picture (e.g. Springel et al., 2005). The cosmic matter is distributed in a web-like
structure where the highest density halos with " ¢ are being located at the intersections of

the laments and smaller halos being embedded in the laments. Galaxy clusters are the ultimate
outcome of this hierarchical growth of structures. They reside at the nodes of the cosmic web
and are the most massive gravitationally bound objects in the universe. These halos grow over
time through the accretion of surrounding material and smaller halos, or by merging with other
halos.

So far we have only considered the dark matter component in the picture of galaxy cluster
formation, for a complete picture, however, we have to include a description of the baryonic
component. When the evolution of density perturbations is still within the linear regime, it is
expected that dark matter and baryons cluster in the same way. As soon as the structures begin
to collapse, the evolution of both matter components begin to dier. (Cold) gas is accreted
onto the gravitational potential and also collapses, but while dark matter is collisionless and the
collapsing mass shells can cross and oscillate around the center, the gas is not collisionless and
collapsing mass shells will be stopped by already collapsed material. Due to the abrupt stop, the
gas is shock heated by accretion shocks at radii similar to the virial radius. If there is no cooling
happening, the gas will form a hot gaseous halo in hydrostatic equilibrium in the potential well

of the dark matter halo.

For other models, for example a hot dark matter model, the growth of structures may proceed the other way
round. First large objects form and smaller objects form by the fragmentation of bigger ones.
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1.1.2 Cooling

In the previous considerations we have neglected that the gas in halos can cool. If cooling
becomes non-negligible the assumption of the ICM being in hydrostatic equilibrium is no longer
satis ed. In the following we discuss the general physics of cooling of gas and then turn to the
speci ¢ situations for galaxy clusters.

Gas can radiatively cool by the emission of photons, if the gas is optically thin to the emitted
photons, a cooling function can be de ned 1)° = Coﬁ:. Here C is the total cooling rate per
unit volume and % is the hydrogen number density. The cooling rate can be used to de ne
a cooling time-scale:§e. The cooling time is the time-scale that it takes to radiate away the
internal energy Y with the cooling rate C:

dy

Cool = < * (1.2)

To assess the importance of cooling for a cluster one can compare the cooling time to other
time-scales such as the Hubble time=C1e 1I° or the free-fall time C = 13¢*32 d ,°1*2.
Considering these three time-scales one can identify three di erent cooling regimes:

Gool i C4 The gas cannot cool e ciently, thus the gas stays in hydrostatic equilibrium.

C Y Goo Y G In this regime, the gas can be described by a quasi-hydrostatic equilibrium.
The gas cools slowly as it contracts, thus there is enough time for the gas to
always establish a new hydrostatic equilibrium.

Gool Y C In this regime the cooling is catastrophic. The gas can cool very e ciently
and no new hydrostatic equilibrium can be established fast enough. Due to
cooling the gas looses its pressure support and falls to the center on the free-fall
time-scale.

Using the time-scales de ned above, we can introduce the concept of a cooling radius, which
is de ned as the distance from the halo center to the radius where the cooling time equals the
free-fall time.

If the cooling radius is much larger than the virial radius, the ICM can cool very e ciently and

the halo enters a regime of catastrophic cooling. Since the gas collapses on the free-fall timescale
to the core, no accretion shocks will form and no hot stable atmosphere will exist. Consequently,
newly accreted gas does not become shock heated, it will just stream into the core. This is known
as the cold accretion mode, it is most relevant for halos with masses balgy/\" 101"« .

In contrast, when the cooling radius is much smaller than the virial radius, gas at large radii
cannot cool substantially. As the halo assembles, an accretion shock forms close to the virial
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radius, establishing a hot and stable atmosphere. Newly accreted material gas is shock-heated
near the virial radius and the gas cools gradually as it moves inward allowing the cluster to stay
in quasi-hydrostatic equilibrium. This is the hot accretion mode and relevant for clusters with
masses above fz0j 10 12" o .

For halos with masses between these two thresholds it depends on other parameters such as
metallicity or redshift whether they accrete gas in the cold or hot mode.

Now that we know what e ects cooling can have on a system, we want to assess how the gas
in gaseous halos can actually cool. In the ICM the most relevant processes for cooling are
two body interactions (higher order interactions can be ignored due to the low densities in the
ICM). We list the most important two-body interactions in ascending order of the temperatures
at which they dominate: above 4R (few 10 7 K), primordial (enriched) gas is fully ionized

and the only main form of cooling is via the emission of bremsstrahlung. Bremsstrahlung is
emitted when a charged particle, usually a free electron, is accelerated due the de ection by
another charged particle, usually an atomic nuclei. At somewhat lower temperatures, cooling
due to recombination becomes more important. In this process photons are emitted when a
free electron recombines with a nucleus. Additional photons may be emitted when the electron
de-excites to lower states. Another process is collisional ionization, in which electrons can ionize
an atom and the freed electron carries away (kinetic) energy. Lastly, in the process of collisional
excitation photons are emitted by bound electrons who decay after being excited due to a collision
with another electron.

The gas in galaxy clusters mainly cools via the emission of bremsstrahlung, simply because the
ICM is hot and fully ionized, due to the heating by accretion shocks during the formation of
the cluster. Recombination-line emission of heavy ions can also contribute to the cooling for
clusters with slightly lower temperatures.

For bremsstrahlung the cooling timescale scales approximately as

©

)

—4

Gool / . (1.2)

The cooling time is proportional to the square root of the temperature and the inverse density.
Clearly, as the density increases toward the core, which is the case for an ICM in hydrostatic
equilibrium, the cooling time decreases in the cluster center.

1.1.2.1 Cooling ows

For some clusters the cooling timescale in the core is smaller than the Hubble timescale, such
that the cluster core enters the regime of quasi-hydrostatic equilibriunt Goo Y Gi; see
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above). This implies that the gas in the core of such clusters cools and therefore its pressure
decreases. To ensure pressure equilibrium the gas has to increase its density, which is achieved
by an in ow of gas to the center. The gas at a given radius within the cooling region is replaced
by hotter gas from a larger radius, that, as it enters the regime of e cient cooling, also cools and
therefore streams to the core. This leads to a slow, subsonic in ow of gas, a cooling ow forms.

The early observations of low central cooling times in the ICM lead to the development of a
simple cooling ow (CF) model, to so-called single-phase cooling ow model. In this model

it is assumed that at every radius the ICM has a single temperature and density. With simple
theoretical arguments this model gives predictions for the mass depositidamatkthe cold

gas mass in the core of galaxy clusters.

These predictions can be derived from the hydrodynamical equations

md . Pd@&° =0 (continuity eq.)— (1.3)
m®E 1P &E°® %@A) = @ (Euler eq.)— (1.4)
mY , BY@° P ® = =,= 1)—/° (energy eq.) (1.5)

In this framework it is assumed that the ICM is spherically symmetric, in a steady state and can
be described by an ideal gas in hydrostatic equilibrium. Furthermore, there are no additional
sources of heating and the cooling ow is subsonic, implying terms that are quadratic or higher
in velocity can be neglected. Applying these assumptions, the continuity equation simpli es to
1d,

T RdEC =0+ (1.6)

Integrating this equation yields
A dEx = conste — (1.7)

which can be used to de ne the mass deposition rate
"B 4cA 2dEx = conste ¢ (1.8)

This can be interpreted as the mass ux through a radial shell. In the single-phase CF model
the mass deposition rate is constant across all radii, which is an important feature that can be
directly tested by observations.

The Euler equation simpli es to

. (1.9)
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Inserting Y = 3¢2=:), the continuity equation, and the equation of hydrostatic equilibrium (1.9),
the energy equation can be brought into the following form
)]

§=E\: dr ’ Aar 4

= 1)— /0. (1.10)
Equations 1.8, 1.9, and 1.10 are the main equations describing the single-phase cooling ow
model. They can be used to derive predictions for the mass deposition rate and the temperature
pro les.

An expression for the mass deposition rate as a function of X-ray luminosity can be obtained by
integrating the energy equation (1.10) over volume

1 1

dracR=g, 29 9 _ dV=4= 1)—/0e (1.11)

2dr> ~ Cdr
On the left hand side, the mass deposition rate can be identi ed and pulled out of the integral,
as it is constant; on the right hand side, the term can be interpreted as the change of energy
per time due to cooling, in other words this can be interpreted as the X-ray luminggity !

dV=4= 1)-/°. The term proportional to d «dr can be neglected under the assumption that,
in the central region of a dark matter halo, the gravitational potential only moderately changes
as a function of radius compared to the other terms in the equation.

These considerations yield 1
5:

ng 2\< ’)d) =1 rad® (112)

After integration and assuming that the gas cools down to ) = 0, an equation for the mass
deposition rate as a function of X-ray luminosity can be obtained

PASEY rad
5: )

ng

(1.13)

In combination with the observed cooling time estimates for the cold gas mass can be obtained

via " cold = "€cool.

The single-phase CF model implies certain radial dependencies for temperature and density.
Following arguments by Fabian et al. (1984); Peterson and Fabian (2006), in the case when the
gravitational potential is important, the temperature “follows the gravitational potential' (Fabian
et al., 1984, considering the hydrostatic equation for a power law solution). This implies for an
NFW pro le with =/ A 1 atemperature scaling of ) / A. Assuming a steady state in which the

in ow time A<E is similar to the cooling time (A<E i), this can be inserted into the de nition

of the mass deposition rate, Eq. 1.8, yielding

X == )ATZ KR==2K?=conste () nir 5% (1.14)
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The predictions of the single-phase CF model were tested against observations; very quickly
it was realized that the predictions do no match the observed situation. (A detailed summary
of observations of cooling ow clusters can be found in Sec. 1.1.2.2). The discrepancies with
observations lead to the formulation of a more sophisticated CF model, the multiphase CF
model. A central assumption of the single-phase CF model is that, at any given radius, the gas
can be described by a single thermodynamic phase with a unique temperature and density. In
contrast, the multiphase model allows the coexistence of gas with a distribution of temperatures
and densities at the same radius. It is argued, that this is a natural consequence of thermal
instabilities in cooling gas; in the ICM cold gas clouds will be embedded in hotter ambient
material. It is argued that magnetic elds suppress the thermal conduction and mixing of the
gas, ensuring that the gas in the CF stays multiphase.

In the following, we derive expressions for the luminosity and the emission measure as a function

of temperature, which can be tested against observations. The calculations are based on Peterson
and Fabian (2006). In the multiphase CF model it is also assumed that the thermodynamic
evolution of the ow is dominated by radiative cooling. Furthermore, instead of describing the
mass ux through a spherical shell, the change of emitted radiation per temperature bin over the
cooling ow volume is tracked. From this point of view, the mass loss rate and the fractional
X-ray luminosity can be de ned as

dv
ng _
d - (1.15)

di. =4= 1)—/odVe (1.16)

Here the mass loss rate denotes the rate at which mass is passing through a temperature bin per
unit time, or in other words, it describes the rate at which mass leaves the hot X-ray emitting
phase by cooling.

The full time dependent energy equation in Equation 1.3 can be rewritten as

5. 9 d%_

=g g S Dl (1.17)

Integrating over volume and plugging in the de nitions 1.15 yields

5: 1
ng —dos = dl! °
< ?d) ddA) dl . (1.18)
This can be rewritten as " . L dos
. _ : 1d% |
d) 2'<, dd) (1.19)

The last termfj‘—;/" is in general set by the gravitational potential, as similarly argued before, the
changes of gravitational potential are rather small in a dark matter halo. Following Peterson and
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Fabian (2006), we assume that this term is negligible:

dl. 5:

d) 2°< 5

"3 (1.20)

This expression is known as the standard isobaric cooling ow model. It predicts that the
di erential luminosity d! . «d) is independent of temperature.

Additianally, the fractional luminosity can be expressed in terms of the emission measure
EM= == dVv
dEM _ 5: "a
d — 2'<, 1)-/°

(1.21)

In combination with a model for the relevant atomic physics, an X-ray spectrum can be generated,
which can be compared to observations. An example spectrum can be found in the upper panel
of Fig. 1.2.

1.1.2.2 The cooling ow problem

In the previous section we summarized the main theoretical aspects of the cooling ow models.
In this section we want to give an overview of the observations of the ICM in cluster cores and
how they gave rise to the cooling ow problem.

Quickly after the discovery of the ICM, X-ray imaging revealed that the surface brightness is
guite peaked in the core of some halos and the cooling time is signi cantly smaller than the
Hubble time in these cores (e.g. Fabian et al., 1974; Gorenstein et al., 1978; Lea et al., 1973).
These observations were interpreted such that the gas in the cores of these galaxy clusters is
cooling very e ciently and this lead to the development of the single-phase cooling ow model.

The predictions of the single-phase cooling ow model are: a constant mass ow rate for all
radii (Eqg. 1.8), the mass ow rates are very lare 100 1000" yr! (Eg. 1.13), and the
X-ray surface brightness pro le is very peaked in the core, =>"A(Eq. 1.14).

Observations with early X-ray imaging of many nearby galaxy clusters found large mass deposi-
tion rates (Allen et al., 1996, 2001; Peres et al., 1998). Sharply peaked X-ray surface brightness
pro les were reported by multiple authors (Fabian et al., 1974; Gorenstein et al., 1978), however
it was quickly discovered that the X-ray surface brightness is not as peaked as expected from
the single phase cooling ow model (Fabian et al., 1984). Additionally, the X-ray observations
implied that the mass deposition is not constant with radius, as required for the single-phase
cooling ow model, but it is proportional to radius® A; e.g. Allen et al., 1996; Peres et al.,
1998). Fig. 1.1 shows the radial pro le of the deprojected surface brightness and mass deposition
rate of the cluster Abell 2204 (taken from Peres et al., 1998). The radial pro les of both quantities
are not in agreement with expectations of the single-phase cooling ow model.
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Figure 1.1: Deprojected X-ray surface brightness (left panel) and mass deposition rate (right

panel) of the cluster Abell 2204 observed with the X-ray satellite ROSAT. The X-ray surface

brightness is not as peaked as expected from the single-phase cooling ow model. Additionally,

the mass deposition rate is not constant across radii, instead, the radial trends rather follow
"9 A. Taken from Peres et al. (1998).

These discrepancies of observations and the single-phase cooling ow model lead to the for-
mulation of the multiphase cooling ow model. In this model it is assumed that there is a
broad variety of temperatures and densities at every radius. The predictions of this model are:
large mass deposition rates,,adT should be constant with temperature (Eq. 1.20), and strong
emission in the soft X-ray range, for example it predicts the presence of emission lines Fe XVII
lines between 15 and 1{upper panel of Fig. 1.2).

Both cooling ow models predict very large mass deposition rates. Such high rates would lead
to substantial amounts of cold gas and/or strong star formation in the cores of galaxy clusters.
However, observed cold gas masses are often only 5 10% of what is expected from the
predicted mass deposition rates (Edge, 2001) and reported star formation rates are only 1 10%
of the expected values (McNamara, 1997). The discrepancy between the expected cold gas mass
from X-ray observations and the actually observed cold gas mass derived from observations at
other wavelengths is often referred to as the cooling ow problem. However, as we will see
below, there is another phenomenon which is refereed to as the cooling ow problem too, hence,
we will name the deviation of expected and observed cold gas masses the mass sink cooling ow
problem, following the nomenclature by Peterson and Fabian (2006). This problem describes
how the products of the expected cooling ow plasma are not observed.

With availability of of high resolution X-ray imaging and spectroscopy the picture further
changed. Fig. 1.2 shows the application of the standard multiphase cooling ow model to the
cluster Abell 1835. The middle panel shows clear disagreement with the model (blue) and the
observed spectrum (red). The model predicts prominent emission lines in the soft X-ray regime
between 12 and 16 This is the last expected emission from cooling plasma before it would
cool to lower temperatures outside of the X-ray window. The lower panel compares the observed
spectrum with a model prediction which neglects any emission of gas below 2.7 keV. This model
ts the observations better compared to a model where cooling to lower temperatures is allowed.
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Figure 1.2: Predictions of the multiphase cooling ow model applied to the X-ray spectrum

of Abell 1835. The upper panel shows the predicted spectrum of the standard multiphase

cooling ow model, the middle panel shows this model (purple) applied to the XMM-Newton

spectrum of Abell 1835 (red). Especially at smaller wavelengths the model is inconsistent with

the data and overpredicts the amount of cold gas. The bottom panel shows the same observed

spectrum, but the model spectrum is computed by neglecting all emission from temperatures
below 2.7 keV. Taken from Peterson and Fabian (2006).

This lack of cool gas has been identi ed in multiple studies of high resolution spectroscopy
(Kaastra et al., 2001; Peterson and Fabian, 2006; Peterson et al., 2003; Tamura et al., 2001).

Peterson et al. (2003) conducted an analysis of the multiphase cooling ow model in 14 galaxy
clusters. They derive the luminosity in four temperature bins as a function of the temperature.
The standard multiphase cooling ow model predicts a at distributions, instead they nd a steep
slope (see Fig. 1.3). In other words, clusters are less luminous at low temperatures than what is
expected from the CF model.

Both results show that the gas in CF clusters is cooling, but not to arbitrarily small temperatures;
cooling seems to stop at about 13 of the virial temperature. Following Peterson and Fabian

(2006), we call this the soft X-ray cooling ow problem, which arises from the disagreement

between the predicted soft X-ray spectrum and the observed spectra.
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Figure 1.3: Di erential luminosity dLyx+dT as a function of temperature for a sample of 14

galaxy clusters observed with XMM-Newton. Each cluster is shown with a di erent color and

dots with arrows are upper limits. The multiphase cooling ow model predicts the di erential

luminosity to be constant with temperature (Eg. 1.20). In contrast, the data reveals a steep
distribution in temperature. Taken from Peterson and Fabian (2006).

All the considerations and results discussed above can be summarized as follows: (i) the ICM
looses energy via the emission of X-rays; (ii) as a consequence the ICM is cooling (most of the
way); (iii) however, there is no evidence of complete cooling to low temperatures.

Several possible solutions to the cooling ow problem have been discussed, such as absorption
or non-radiative cooling; however, no observational evidence has been found to support these
scenarios.

Consequentially, high resolution X-ray spectroscopy has ruled out complete cooling ows (Kaas-
traetal., 2001; Peterson and Fabian, 2006; Peterson et al., 2003; Tamura etal., 2001). More recent
observations also indicate signi cant lower mass deposition rates of order a fgw!'(Molendi

and Pizzolato, 2001). Those rates were derived by assuming that the gas is not cooling below 1-2
keV, which is expected from the observed X-ray spectra (lower panel of Fig. 1.2). The reduced
mass ow rates imply star formation rates and cold gas masses that are compatible with observed
values. Additionally, some authors argue that the temperature distribution is nearly isothermal at
each radius, which violates the main assumption of the multiphase cooling ow model of broad
temperature ranges at each radius.

To summarize this discussion: the cooling ow problem is resolved by ruling out classical
cooling ow models. It turns out, that heating processes cannot be neglected in realistic models.
Heating can explain why the gas is not cooling to lower temperatures, therefore explaining why
there is not strong emission in the soft X-ray regime, hence, resolving the soft X-ray cooling
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ow problem. Moreover, there is no mass sink cooling ow problem, simply because the mass
deposition rates inferred from X-ray observations, when assuming that the gas is not cooling
below 1-2 keV, are not that large. In that case the predicted cold gas masses match the observed
ones. Taken together, modern X-ray observations are consistent with observations at all other
wavelengths.

1.1.2.3 Cool-core and non-cool-core halos

With the advent of high-resolution X-ray observatories, it became more accepted that the mass
ow rates in the so-called cooling- ow clusters are signi cantly smaller and that heating sources
cannot be neglected. In response to this, Molendi and Pizzolato (2001) suggested to replace
the term cooling- ow cluster by the term cool-core cluster. This de nition no longer re ects a
deduced physical property, instead it only characterizes an observational feature.

These phenomenological classes of cool-core (CC) versus non-cool-core (NCC) clusters became
accepted in the community quickly and the properties of the di erent type of clusters were
studied. Based on a classi cation of CCs and NCCs in terms of the central temperature drop,
Sanderson et al. (2006, 2009) nd a clear di erence between CCs and NCCs in thermodynamic
pro les. Cavagnolo et al. (2009) report a bimodality in the central entropy of the 239 galaxy
clusters in the ACCEPT sample. These ndings were supported by other studies and led to the
idea of a dichotomy between CC and NCC clusters.

In these studies, many authors were using di erent core properties to de ne CCs and NCCs. In
order to understand the impact of di erent classi cations, Hudson et al. (2010) conducted an
analysis of a ux-limited sample of 64 galaxy clusters testing 16 di erent, commonly applied
parameters. They nd the strongest bimodality in the distribution of the central cooling time and
therefore suggest this property as the most suitable de ning criterion. In general, the distinction
between CCs and NCCs is based on observational diagnostics, and clusters may be classi ed
di erently, depending on the applied criterion.

Independent of precise de nition, cool-core clusters are characterized by centrally peaked X-ray
surface brightness, and thus by high central gas densities. Furthermore, cool-cores have short
central cooling times, low central entropy, and a declining temperature pro le toward the core. In
observations it is often reported that cool-cores exhibit relaxed morphologies (Cavagnolo et al.,
2009; Hudson et al., 2010; Sanderson et al., 2006).

In contrast, non-cool-core clusters feature a less peaked X-ray surface brightness, and therefore
atter density pro les. The central cooling times are longer and the temperature pro les are
atter. These type of clusters often show signs of disturbed morphology and recent merger
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activity (Hudson et al., 2010; Sanderson et al., 2006, 2009). Despite the di erence in the core,
both types of clusters seem to be broadly similar at larger radii.

1.1.3 Heating

In the previous sections we discussed that the gas in the cores of many galaxy clusters has short
central cooling times and therefore is expected to cool e ciently. To resolve the cooling ow
problem, to prevent runaway cooling and, to maintain these cooling cores over cosmological
timescales, radiative cooling needs to be balanced by some form of non-gravitational heating.

In general all heating mechanisms that have been discussed as a possible solution to the cooling
ow problem can be put into two groups: continuous versus episodic forms of heating. In the
continuous heating scenario energy that is lost through cooling is always replaced by the same
amount of energy of a heating source and the cluster itself barely changes (Kaiser and Binney,
2003). The most widely discussed form of continuous heating is thermal conduction. In this
scenario, the ICM beyond the cooling radius acts as a reservoir of thermal energy; this thermal
energy is then transported to the central parts by thermal conduction. Thermal conduction,
however, has a ne tuning problem (Bregman and David, 1988) or would require conductivities
that are larger than theoretically possible values (Zakamska and Narayan, 2003). Continuous
heating is now generally disfavored with current models favoring episodic forms of heating. In
such a scenario clusters alternate between self-regulated periods of cooling and heating.

The feedback by supernovae is one form of episodic heating, however simple theoretical ar-
guments show that the injected energy is not su cient to balance cooling in the ICM alone
(Kravtsov and Yepes, 2000).

High-resolution imaging observations revealed that the ICM in clusters cores are far from smooth
and relaxed, instead they host arich variety of substructures, such as cavities, ripples, weak shocks
and cold fronts (e.g. Fabian et al., 2006; Hlavacek-Larrondo et al., 2022; Johnstone et al., 2002;
Sanders and Fabian, 2007). These features point to an active core suggesting that there is a
central heating source, most likely feedback from a central active galactic nucleus (AGN). In
this scenario, the ICM is cooling with cold gas clouds potentially condensing out of the hot
atmosphere and migrating to the core, where it fuels accretion onto the central supermassive
black hole (SMBH). As the gas accretes, gravitational energy is released, which gives rise to
both radiative feedback and mechanical feedback, thereby transferring energy and momentum
from the central AGN to the surrounding ICM. The type of feedback is commonly considered to
depend on the accretion rate of the central SMBH. At high accretion rates the released energy is
primarily injected in the form of radiation, while at lower accretion rates the feedback is typically
dominated by mechanical, jet- or wind-driven out ows.
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In high accretion rate states, it is expected that the accretion ow onto the SMBH is radiatively
e cient and forming a disk on small scales. Radiation emitted by the accretion disk can heat
the surrounding gas via photoionization and Compton heating. Furthermore, when the radiation
pressure is larger than the gravitational force, it can cause momentum-driven winds. Since
these e ects require high accretion rates, radiative feedback is generally more relevant at higher
redshifts.

At low accretion rates, which is generally more common at low redshifts, the AGN primarily
releases energy mechanically through relativistic jets. It is believed that the energy injection
of jets happens via a combination of multiple possible mechanisms that may operate across
di erent spatial and temporal scales. The most common observed imprints of jet feedback are
the X-ray cavities, found in many cluster coresy@an et al., 2004; Hlavacek-Larrondo et al.,
2022; Mittal et al., 2009; Olivares et al., 2023, for simulations Prunier et al. (2025a,b)). The
X-ray cavities or bubbles, are in ated by the jets and heat the ICM mainly through the %3+ work
done during in ation and by the mixing of the hot bubble material with the surrounding ICM
(Brzan et al., 2004). The bubbles eventually detach from the jet and buoyantly rise in a strati ed
cluster atmosphere, redistributing energy over a wide range of radii. AGN-driven shocks are
another possible form of heating; while such shocks are only found in very few clusters (e.g.
Ubertosi et al., 2023), theoretical works show that they are a crucial heating channel (Li et al.,
2017; Prunier et al., 2025c). Both AGN-driven and cavity-driven turbulence, that dissipates, can
contribute further heating. So far measuring the turbulence in clusters has been quite di cult,
but with the new X-ray calorimeter XRSIM the level of turbulence and non-thermal pressure for
nine near-by clusters could be estimated recently (XRISM Collaboration et al., 2025b). They
nd systematic lower velocity dispersions than the values predicted by current simulations. In
X-ray images, ripples are often observed in cluster cores, which can be identi ed as sound waves
(Fabian et al., 2006; Sanders and Fabian, 2007). These waves are generated by the AGN and
may contribute to the heating. AGNs can also excite gravity waves (not to be confused with
gravitational waves, predicted by Einstein (1918)). Both can contribute to heating the ICM,
although the exact amount is still under debate (Drake et al., 2021; Kunz et al., 2020). In
addition, energetic particles (cosmic rays) can be produced by AGNs. While their total energy
budget may not be large, cosmic rays can provide additional pressure support to the bubbles
(Croston and Hardcastle, 2014) and may contribute some heating via streaming along magnetic
eld lines (Wentzel, 1971).

1.1.4 Magnetic elds

The intracluster medium is a highly ionized plasma that is permeated by magnetic elds, which
play an important role in shaping the physical processes operating within galaxy clusters. At
a fundamental level, magnetic and electric elds are described by Maxwell's eld equations
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together with Ohm's law. Although, strictly speaking, the ICM is weakly collisional, its large-
scale dynamics can treated in the magnetohydrodynamical (MHD) limit. In this limit, these
equations can be combined yielding the induction equation, which describes the evolution of
magnetic elds & response to the plasma ow @&
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2 is the speed of light and f is the conductivity. In the limit of ideal MHD the conductivity is
settof! 1. In this case, the magnetic elds become frozen into the plasma, implying that the
magnetic eld lines are embedded in the plasma and have to move with the gas and vise versa.

The back-reaction of the magnetic elds on the plasma ow can be described by an updated
Euler equation

d:;—(f: ® %1® ® 8—1C® 2 . (1.23)

The last term on the right-hand side represents the resistance of the magnetic elds against
compression, which is interpreted as magnetic pressure. The second term on the right-hand
side describes how the magnetic elds change along the magnetic eld lines, in other words, it
describes the magnetic tension. Intuitively speaking, it indicates the desire of the magnetic elds
to be as straight as possible.

The magnetic elds act on charged particles via the Lorentz force

@ ®& ©®. (1.24)

The strength of magnetic elds is characterized by plasma béta V
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If V 1, the magnetic pressure dominates and magnetic elds likely dominate the dynamics.
If V 1, the magnetic pressure is dynamically not important; nonetheless, magnetic elds may
still have important e ects in this case.

The Maxwell equatio® ®& 0 implies that there are no sources and sinks of magnetic elds,
therefore their initial generation requires a seeding mechanism. There are several possible ex-
planations proposed. In the early universe, phenomena such as the electroweak phase transition
(Vachaspati, 1991) and in ation (Turner and Widrow, 1988) may have generated seed elds.

2|n Chapter 4 we denote plasma beta Ipytd/avoid confusion with the magnetic anisotropy which is also denoted
by V in the literature.
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Additionally, plasma instabilities (e.g. the Weibel instability (Schlickeiser, 2005)) and battery
mechanisms such as the Biermann battery (Biermann, 1950) can produce seed elds. These pri-
mordial elds are subsequently ampli ed during structure formation by the small-scale dynamo
(Donnert et al., 2018; Roh et al., 2019; Steinwandel et al., 2022). The ampli cation processes
lead to magnetic eld strengths of several "G in the ICM of nearby galaxy clusters. These elds
strengths indicate, that, globally the magnetic elds are dynamically not important. This may
be di erent in for cold gas clouds and AGN-in ated bubbles, where possibly V 1, thus the
magnetic pressure can contribute to the force balance.

Despite often being dynamically subdominant in the ICM, the magnetic eld line morphology
and the magnetic tension introduce preferred directions in the ICM, which signi cantly a ects

a variety of physical processes. One important consequence is that transport processes become
anisotropic, because charged particles move preferably along magnetic eld lines. In the ICM,
heat is mainly transported by electrons, while momentum transport is dominated by ions. Thus,
the presence of magnetic elds alters the viscosity and thermal conduction, making it highly
anisotropic. Magnetic tension (described in Eq. 1.23) a ects buoyant motion in AGN-in ated
bubbles, contributes to the stabilization of cold fronts, and alters turbulence. Together, magnetic
tension and the anisotropic viscosity can also suppress hydrodynamical instabilities such as the
Kelvin-Helmholtz instability.

1.1.5 The multiphase intracluster medium

As should be evident from the preceding discussion, the intracluster medium is far more complex
than a simple hot plasma. The interplay between cooling and heating processes, together with
the existence of magnetic elds, creates a complex and rich structured medium. Observations
have revealed that in some galaxy clusters, mainly in cool-cores clusters, there exists, in addition
to the hot X-ray emitting component, some amounts of warm ionized as well as cold atomic and
molecular gas (e.g. Bonamente et al., 2001; Castignani et al., 2025; Hamer et al., 2014; Olivares
et al., 2019). The cold gas appears in various morphologies, including clumpy and lamentary
structures, or in some cases as nuclear disks. The ICM is therefore best described as a multiphase
medium.

Such multiphase structure is also found in numerical simulations in cool-cores, both in idealized
setups (Fournier etal., 2024; Gasparietal., 2012, 2013b; Sharmaetal., 2012) and in cosmological
simulations (Rohr etal., 2024a; Sta ehl etal., 2025; Trapp et al., 2025). Numerical studies suggest
a common physical picture: by driving turbulence in an strati ed atmosphere that is allowed to
radiatively cool, thermal instabilities grow non-linearly and a multiphase medium forms. When
distributed heating, mimicking an AGN heating, is included, the system remains in a global
thermodynamic equilibrium, while still being locally thermally unstable. Thermal instability
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sets in as soon as a region is su ciently dense and extended, such that thermal conduction can
no longer smooth out temperature inhomogeneities. These regions can cool rapidly, get denser
and condense out of the hot atmosphere, forming cold clouds. The perturbations, that promote
thermal instability, can be seeded by turbulence, driven by AGN activity, mergers, or satellite
galaxies. Importantly, thermal instabilities form even in the absence of explicit heating, purely
due to (subsonic) turbulence (Gaspari et al., 2013b). Once the thermal instabilities grow non-
linearly cold clouds and laments form in the central O110° kpc and the ICM gets multiphase.
Sharma et al. (2012) showed that this happens when the instantaneous ratio of cooling to free-fall
time is go*C ® 10. In this regime, the cold gas decouples from the hot phase and rains toward
the center. Due to collisions with other clouds and laments, the clouds loose angular momentum
and therefore boost the accretion onto the black hole. In that picture, the accretion proceeds in
a cold and chaotic manner (dubbed as chaotic cold accretion (CCA) by Gaspari et al. (2013b)).
The cold gas fuels the AGN, which injects energy into the surrounding, slightly overheating the
core and o setting cooling. This reduces the amount of fuel for the black hole, allowing the
cooling to lower &o*C and thereby restart the feedback cycle again. Multiphase gas produced
by thermal instabilities is thus a key ingredient of the feedback loop; it is both the outcome of
cooling and the fuel for the AGN (Gaspari et al., 2012).

AGN feedback can not only promote the formation of a multiphase ICM by injecting turbulence
that may seed thermal instabilities, but also by uplifting low entropy gas, which then becomes
thermally unstable and forms cold clouds (McNamara et al., 2016). Additionally, magnetic
elds in uence the development and survival of multiphase gas. In particular, magnetic elds
can suppress thermal conduction, mixing and fragmentation and therefore allow for the formation
of larger cold laments (Mohapatra et al., 2025).

Altogether, these processes establish the ICM as a highly dynamic, multiphase medium whose
evolution is shaped by an interplay of all the aspects discussed in the previous sections.

1.2 Cosmological (magneto-)hydrodynamical simulations

As motivated above, to model realistic galaxy clusters a large variety of physical phenomena needs
to be considered. Due to this multi-scale and multi-physics nature of galaxy clusters numerical
simulations are important to help improve our theoretical understanding of these objects. By
running idealized simulations it is possible to study individual galaxy clusters and to conduct
numerical experiments. These clusters are idealized and are synthetically built from empirical
or analytical relations. Such a setup allows to re-simulate the same halo under controlled
conditions with di erent varied properties to study their impact, however, those clusters usually
do not grow and evolve in a natural environment. To be able to interpret the ndings from
astronomical surveys or to improve the theoretical understanding of galaxy clusters, itis inevitable
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to study galaxy cluster that grew and evolved in relation to other objects. To that end, we have
chosen the cosmological magnetohydrodynamical simulation TNG-Cluster as a tool to study
the properties and evolution of cool-core and non-cool-core clusters. First we will introduce
the main ingredients of cosmological simulations (Sec. 1.2.1), give an overview of the current
landscape of cluster simulations (Sec. 1.2.2), present the TNG-Cluster simulation (Sec. 1.2.3) ,
and summarize the galaxy formation model of the lllustrisTNG simulations (Sec. 1.2.4).

1.2.1 Ingredients of a cosmological hydrodynamical simulation

At the conceptual level, cosmological (magneto-)hydrodynamical simulations require only a
few ingredients to generate a matter distribution similar to that of today's Universe from an
initial distribution of matter. A cosmological simulation evolves an initial matter distribution
within a cosmological framework (Sec. 1.2.1.1) by solving evolution equations for dark matter
and gas (Sec. 1.2.1.2) and modeling relevant unresolved baryonic physics with subgrid models
(Sec. 1.2.1.3). Below we summarize the most important aspects of these ingredients, based on
Vogelsberger et al. (2020, and references therein).

1.2.1.1 Initial conditions and cosmological model

The simulations start from initial conditions which are evolved assuming a certain cosmological
model. Both, initial conditions and the cosmological model, are believed to be well known
from observations. Usually, cosmological simulations adopt a at universe, containing cold dark
matter and dark energy, modeled by a cosmological constant . This constitutes the CDM
model. The fundamental parameters of this model can be, for example, derived from observations
of the cosmic microwave background (CMB), galaxy clustering, galaxy cluster abundances and
from supernovae type la measurements.

The initial conditions are derived from the fact that the matter distribution observable today
emerged out of the matter distribution imprinted in the CMB. Thus, the matter distribution
derived from the CMB serves as the initial condition for cosmological simulations. The initial
density perturbations are predicted to be Gaussian and can be completely speci ed by the matter
power spectrum. In the linear regime, this matter power spectrum can be speci ed at any time by
multiplying the initial power spectrum with a transfer function. Usually, cosmological simulation
start at a redshift of 100, which marks the start of the non-linear regime.

To generate initial conditions the positions and velocities of the dark matter and baryonic particles,
as well as the baryonic temperature need to be speci ed. To achieve the former, particles are
displaced from a uniform grid using a Zel'dovich approximation or a second order perturbation
theory ansatz. The temperature is set by the redshift dependent CMB temperature.
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There are two di erent types of initial conditions, either uniform large volumes with periodic
boundary conditions, or zoom initial conditions, which comprise a low resolution background
density eld and a high resolution realization of the region of interest. The TNG-Cluster
simulation, which we mainly work with in this thesis, utilizes zoom initial conditions, while the
original lllustrisTNG simulations are large uniform boxes with periodic boundaries.

1.2.1.2 Numerical techniques

The initial matter distribution is evolved forward in time by solving the equations that govern
the evolution of the di erent matter components. The backbone of structure formation is the
evolution of dark matter, which is modeled as collisionless particles ina CDM universe. In the
continuum limit, non-interacting dark matter can be described by the collisionless Boltzmann
equation coupled to the Poisson equation for gravity. The visible matter mainly consists of
gas, whose evolution is governed by the hydrodynamical equations. The gas is subject to many
other astrophysical processes, which are treated using e ective descriptions (see Sec. 1.2.1.3).
Stars and black holes are often also modeled as collisionless and, thus, their evolution is treated
similarly to dark matter.

Simulating dark matter. The Boltzmann equation is a six dimensional partial di erential
equation. Due to its high dimensionality it is hard to solve by standard discretizations techniques.
Thus, other methods have been developed to solve the Boltzmann equation more e ciently. A
commonly used technique is the #-body method, where the phase space-density is sampled
by an ensemble of # phase-space points. To avoid unphysical two-body interactions between
nearby particles, gravitational interactions are softened on small-scales.

The gravitational force is computed by solving the Poisson equation. Once this is done, the
particles are advanced in time by common integration schemes. However, the main challenge in
#-body simulations is the computation of the gravitational force. There are two approaches to

solve the Poisson equation: solving the di erential form versus solving the integral form.

In the integral form, the equation can be solved by direct summation. However, since this
approach is rather slow, the summation is often approximated using other techniques. The most
common approximation is the tree approach, where particles are hierarchically partitioned into
smaller groups in a tree structure. To compute the gravitational potential, one walks the tree and
computes forces at relevant parts on the tree, depending on some criteria setting the accuracy.

The di erential form of the Poisson equation can be solved in Fourier space using fast Fourier
transform-based methods. These methods are called particle-mesh methods and can be combined
with nested grids, that allow for various resolutions depending on the problem to solve; these
schemes are called adaptive-mesh re nement schemes.
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There are many schemes that employ combinations of both approaches. Since the tree approach
is more accurate but slower, particularly in systems with large dynamical ranges, it is often used
for the computation of short range forces. Particle-mesh methods are usually quicker, but limited
in accuracy which is set by the cell size. Therefore, these schemes are used for the computation
of the long range forces. The TNG-Cluster and lllustrisTNG simulations are run with the Arepo
code, that adopts a tree-particle-mesh method.

Simulating baryons. The hydrodynamical equations 1.3 can be discretized in di erent ways,
re ecting di erent choices of reference frames. Broadly, one distinguishes between Eulerian
and Lagrangian approaches, as well as methods that are a combination of both.

In the most common Eulerian approach, space is divided into smaller volumes (so-called nite-
volume method, FVM), and the uid evolution is described at xed spatial locations. The
hydrodynamical equations are solved by evaluating uxes across cell faces, which are then
used to update the conserved quantities. The large dynamic range required in cosmological
simulations motivates the use of adaptive grids that can be re ned based on certain criteria; such
schemes are known as adaptive-mesh-re nement (AMR) schemes. A disadvantage of Eulerian
methods is that they are not strictly Galilean invariant, since the grid introduces are specic
frame of reference; this can lead to inaccuracies, for example, in the treatment of supersonic

OwsS.

In the Lagrangian approach, the uid is sampled by a set of # particles and the evolution of
the ow is followed by tracking the motion of these individual particles. The most common
approach is smoothed particle hydrodynamics (SPH), where uid properties are computed as
weighted sums of the # individual particles. Since the domain is discretized into uid elements
with xed properties, quantities like entropy and mass are naturally conserved. However, this
leads to a suppression of mixing and di culties in capturing discontinuities accurately.

Hybrid schemes try to overcome the shortcomings of both Eulerian and Lagrangian approaches.
In these methods, space is partitioned into a grid that is allowed to move with the ow. The
simulations employed in this thesis are run with Arepo, a moving-mesh- nite-volume code. It
uses a moving, unstructured, adaptive mesh based on a Voronoi tesselation, where the mesh-
generating points follow the ow in a Lagrangian manner. The (magneto-)hydrodynamical
equations are solved using an FVM by computing uxes across cell faces. The mesh is re ned
adaptively to keep the cell mass close to a target value. Cells that get too massive are split, while
cells with too little mass are combined with neighboring cells.
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1.2.1.3 Baryonic physics models

To achieve a sophisticated description of the evolution of baryonic physics, the hydrodynamic
equations can be accompanied by models for many other astrophysical processes. Due to the
limited resolution in cosmological simulations or due to the high costs of more exact treatments,
these processes are often implemented as e ective, so-called subgrid, models. In the following,
we summarize the most common processes that are included via subgrid models. However, dif-
ferent cosmological simulations may include di erent subsets of these models, and the processes
may be implemented very di erently across simulations.

{ Gas cooling: gas can cool via the processes mentioned in Section 1.1.2. The cooling
processes are coupled to the energy equation 1.3 via cooling functions, which are often
pre-tabulated.

{ Interstellar medium: due to the small timescales, cold dense clouds are hard to simulate,
thus the dense gas is often not directly modeled, but described by an e ective polytropic
equation of state. However, recently, there are attempts to model the multiphase gas
directly without e ective equations of state.

{ Star formation: to model star formation, parts of the cold dense gas is transformed into
collisionless stellar particles. The star formation rate is computed via the Kennicutt-
Schmidt relation for each gas cell. Only gas cells above a certain density threshold are
eligible for star formation. In this case star particles are probabilistically spawned. Some
models also track the stellar evolution and allow mass and metal returns to the surrounding
gas phase.

{ Stellarfeedback: stellar feedback returns energy and momentum into the surroundings, and
must be able to launch galactic scale out ows. There are many di erent implementations
for those processes, details for the TNG model can be found in Section 1.2.4 and a general
summary can be found in Vogelsberger et al. (2020).

{ Supermassive black holes: black holes are usually seeded in halos above a certain mass.
They grow either by merging with other black holes or by accretion. The accretion is often
modeled by spherical accretion based on the Bondi-Hoyle-Lyttleton accretion rate.

{ AGN feedback: black holes can deposit energy and momentum into the surrounding
medium. This is often modeled by two modes of feedback, a thermal mode and a kinetic
mode. In the former case energy and momentum can be injected, while in the latter
case only momentum is injected. However, many simulations do not distinguish between
di erent feedback modes.
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{ Magnetic elds: magnetic elds are usually implemented via ideal MHD and are seeded
with low initial values. Numerical discretization schemes need to take care of the condition
® & 0 explicitly.

{ Cosmic rays: cosmic rays are di cult to model (see Vogelsberger et al. (2020) for more
details). A neat solution is to replace the energy equation for cosmic rays by two equations
for the cosmic ray energy and ux, that are coupled to the MHD equations.

{ Radiation hydrodynamics: radiation alters the thermal, kinetic and chemical state of the
gas, but including numerical radiative transfer is challenging and expensive. Common
numerical techniques for radiation hydrodynamics are ray-tracing, Monte Carlo methods,
and moment-based methods.

{ Others: some cosmological simulations include other physical processes, such as explicit
models for dust, viscosity and thermal conduction.

Nowadays, most cosmological simulations broadly agree with each other and with predictions
from observations, especially regarding the stellar content and properties of galaxies. However,
there are many aspects, particularly regarding gas content of halos and its distribution, where
they di er signi cantly. These di erences can be used to test the di erent models and improve
our understanding of baryonic processes.

1.2.2 Cosmological simulations of galaxy clusters

Simulating a comprehensive sample of realistic galaxy clusters is highly challenging. On the
one hand, large simulation volumes are required because galaxy clusters are rare objects. On
the other hand, the constituents of galaxy clusters such as the ICM, black holes and galaxies
are built hierarchically through merging of smaller structures, to capture all relevant processes a
high simulation resolution is required. Both conditions make simulating realistic galaxy clusters
challenging.

Figure 1.4 shows a comparisons of di erent available galaxy cluster simulations and how they
dier in terms of number of massive clusters (x-axis) and baryon mass resolution (y-axis).
Circular markers show simulations of uniform volumes, while diamonds show simulations with
zoom initial conditions. The TNG-Cluster simulation, which is used in this thesis, occupies a
unigue area in this parameter space. It comprises a large sample of massive galaxy clusters with
a high mass resolution, allowing to statistically study the details of ICM physics. The largest
simulation to date is the FLAMINGO simulation (Schaye et al., 2023) with a box length of
2.8Gpc. The Magneticum Path nder simulations (Dolag et al., 2025) are a suite of cosmological
hydrodynamical simulations, which, unlike many other cosmological simulation suites, use the
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Figure 1.4: Comparison of the TNG-Cluster simulation with other galaxy cluster simulations.

This gure shows the number of massive galaxy clusters versus the baryon mass resolution

for the various simulations. Circles show uniform volume simulations, while diamonds show
zoom-in simulation suites. Taken from Nelson et al. (2024).

hot gas content of galaxy clusters to calibrate the models instead of the stellar mass function.
Some runs of this suite are available as MHD simulations; however, the runs including magnetic
elds are only performed in a box with side length of 128 Mpc and therefore contain no massive
galaxy clusters. The MilleniumTNG simulation (MTNG, Pakmor et al. (2023)) is a another
recent cosmological simulation of galaxy clusters, that adopts the simulation volume of the
Millenium simulation and the galaxy formation model from the lllustrisTNG project, however
due to memory requirements they had to remove the tracking of individual metal species and
the magnetic elds. Among all the listed galaxy cluster simulations, only the TNG300 and
TNG-Cluster simulations include a self-consistent treatment of magnetic elds.

1.2.3 The TNG-Cluster simulation

In this thesis we employ the TNG-Cluster simulation, which is a collection of 352 high-resolution
zoom simulations targeted to study massive galaxy cludtefhis project is a spin-o of

the lllustrisTNG project (hereafter TNG; Marinacci et al., 2018; Naiman et al., 2018; Nelson
et al., 2018; Pillepich et al., 2018a; Springel et al., 2018), a suite of cosmological gravo-
magnetohydrodynamical simulations of galaxy formation and evolution. The original TNG
suite simulated three di erent volumes: TNG100 and TNG300, with larger volumes of box

Swww.tng-project.org/cluster
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Figure 1.5: Cluster mass function of the TNG-Cluster simulation (blue) stacked on top of the
TNG300 mass function (red) both at | = 0. See the text for details of the sample creation.
Taken from Nelson et al. (2024).

length 100 cMpc and 300 cMpc, respectively, and TNG50, a smaller, higher-resolution box
with side length 50 cMpc (Nelson et al., 2019a; Pillepich et al., 2019).

All of the TNG simulations including TNG-Cluster use the Arepo moving-mesh code (Springel,
2010) in order to solve the equations of ideal MHD (Pakmor and Springel, 2013; Pakmor et al.,
2011) plus self-gravity within an expanding spacetime. A notable aspect of the TNG simulation
is its comprehensive and thoroughly validated physical model for galaxy formation and evolution,
described in detail in Weinberger et al. (2017) and Pillepich et al. (2018b), and summarized in
Section 1.2.4.

TNG-Cluster employs this same, unchanged model and hence includes the key processes relevant
to the formation and evolution of galaxies and galaxy clusters. It includes gas processes such
as heating from the meta-galactic background radiation eld (UVB), and radiative cooling from
primordial plus metal species; star formation in dense gas; stellar evolution, chemical enrichment,
and the return of mass and metals to the interstellar medium; stellar feedback, in the form of a
galactic-scale wind model; and the formation, i.e., seeding, mergers, and energetic feedback in
thermal, kinetic, and radiative channels from supermassive black holes. TNG-Cluster adopts the
ducial TNG cosmology, consistent with the Planck Collaboration et al. (2016):= 03089,

1 =00486, =06911, (=100 kms?!Mpc?! =67.74kms Mpc?!, fg= 08159, and
=5 = 09667. The simulations start at a redshift of | = 127.

The TNG-Cluster suite is an extension of the TNG300 simulation, as itimproves upon its sampling
and statistics of halos at the high-mass end. The target clusters for the zoom (re-)simulations
were selected from a large dark matter-only run of a periodic box of volume (£Gpa)os were



Prologue 31

chosen solely based on halo mass at | = 0 such that all halos with*Mgooe" © i 1504

were included, while for masses 145 Y JgMoooe”  © Y 15¢0, halos were randomly selected

in 0.1 dex mass bins to compensate for the drop-o0 in halo mass of the TNG300 sample and to
achieve a uniform distribution. The resulting cluster mass function for TNG-Cluster and TNG300
is presented in Fig. 1.5. The TNG-Cluster simulation has the same resolution as TNG300-1,
that is, Myas = 12 107" and mpy = 61 107" . It was introduced in a series of papers
presenting rst science results and validations (Ayromlou et al., 2024; Lee et al., 2024; Lehle
et al., 2024; Nelson et al., 2024; Rohr et al., 2024b; Truong et al., 2024).

Halos are identi ed using the standard friends-of-friends (FoF) algorithm with a linking length
of 1 = 0+2. Substructures are identi ed using the SUBFIND routine (Springel et al., 2001) and
are linked across di erent snapshots via the SubLink algorithm (Rodriguez-Gomez et al., 2015).

1.2.4 The lllustrisTNG galaxy formation model

As mentioned above, the primary di erences between di erent cosmological simulations lie in
the implementation of subgrid models for the physics of galaxy formation and evolution. In the
following, we therefore provide a brief summary of the most relevant aspects for the IllustrisTNG
galaxy formation model, which is described in detail in Pillepich et al. (2018b); Weinberger et al.
(2017).

{ Gas cooling and heating: cooling of metal-enriched gas is determined from pre-calculated
tables depending on redshift, gas density, temperature, and metallicity. Cooling is altered
by a spatially uniform UV background radiation (switched on at | = 6) and contributions
from nearby AGN radiation elds with corrections from self-shielding in the dense in-
terstellar medium. Gas cells can radiatively cool only until they reach a temperature of

10 4K.

{ Star formation: gas cells exceeding a density thresholdof912<2 form stars. Each
gas cell has a star formation rate which is assigned based on the empirical Kennicutt-
Schmidt relation and forms stars stochastically (Springel and Hernquist, 2003) assuming
a Chabrier initial mass function (Pillepich et al., 2018b).

{ Stellar evolution and feedback: each stellar particle represents a population of stars born
at the same time with a Chabrier initial mass function. The stellar populations evolve and
return mass and individual elements to the surrounding medium due to supernovae Type
la, Type Il and asymptotic giant branch stars according to mass and metal yield tables. The

4Mogocis the mass enclosed withiagf, which in turn is the radius enclosing a sphere with average density 200
times denser than the critical density of the universe at a given redshift ig\the radius enclosing a sphere with
average density 500 times denser than the critical density of the universe at a given redshif§p@nd e mass
enclosed in &oc
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production and evolution of nine elements are tracked: H, He, C, N, O, Ne, Mg, Si, and Fe.
Stellar feedback of Type Il supernovae in the form of galactic winds is also implemented.
Wind particles are injected isotropically (i.e. with a randomly oriented velocity vector)
with a certain available energy, depending on the metallicity of the star-forming gas cell.
These wind particles are temporarily decoupled from the hydrodynamics and typically
travel a few kpc until they are re-coupled based on a density threshold or maximum travel
time criterion (Pillepich et al., 2018b).

{ Black hole formation: black holes are seeded with a mass of 8°"10¢ in the centers
of halos that reach a Friends-of-friend mass of 5190 « and that do not already have
a black hole. Black holes are re-positioned to the potential minimum of their host halo
to prevent them from arti cially leaving the centers, due to limited numerical resolution
available in cosmological simulations (Weinberger et al., 2017).

{ Black hole growth: black holes can either grow by smooth accretion of surrounding
material or by merging with other black holes. Black holes accrete at the Bondi-Hoyle-
Lyttleton rate, limited by the Eddington rate. Two black holes merge, when one black hole
is found within the accretion region of the other black hole (Weinberger et al., 2017).

{ Black hole feedback: black hole feedback proceeds in two di erent modes in the TNG
model depending on the accretion rate of the black hole. When the black hole is in a low
accretion state, that is, the Bondi accretion rate is smaller than a certain fraction of the
Eddington accretion rate, feedback is in the form of mechanical BH-driven winds. In this
feedback mode, momentum is injected into the surrounding gas in a random direction. In
the high accretion state, energy is dumped into the surrounding gas only in the form of
thermal energy. The threshold to decide which state, is mass dependent and chosen such
that massive black holes @4 108" ) are preferably in the kinetic feedback mode
(Weinberger et al., 2017).

{ Magnetic elds: a distinguished feature of the IllustrisTNG model is the inclusion of
magnetic elds. The equations of ideal MHD are solved using an approximate HLLD
Riemann solver and a Powell cleaning scheme (Powell et al., 1999) is used to ensure
divergence free magnetic elds (Pakmor et al., 2011). Magnetic elds are seeded with
a uniform eld strength of 13* "G in spatially homogeneous manner with an arbitrary
orientation (Marinacci et al., 2018).

Sophisticated galaxy formation models, such as the lllustrisTNG model, involve several param-
eters whose values need to be chosen. Usually, the values are constrained by requiring the
simulations to reproduce basic observed galaxy properties. The TNG model has been calibrated
to reproduce the following | = O properties: the galaxy stellar mass function, the stellar-to-halo
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mass relation, the stellar mass to stellar size relation, the black hole to galaxy mass relation, and
the halo gas fraction (Pillepich et al., 2018b).

In many works, it has been demonstrated that the IlllustrisTNG simulations produce galaxy
populations that are broadly consistent with many observed properties beyond the relations that
have been used to calibrate the model, for example the bimodal galaxy color distribution (Nelson
etal., 2018), the magnetic eld properties of galaxies (Marinacci et al., 2018), and the population
of jelly- sh galaxies (Yun et al., 2019). Among others it has been shown that the galaxy clusters
in the IllustrisTNG simulations have comparable metallicity pro les in the ICM (Vogelsberger

et al., 2018), quenched fractions (Donnari et al., 2019), and X-ray luminosities (Truong et al.,
2020).
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Demographics and physical properties of
cool-core and non-cool-core halos

This chapter, including Appendix A, has been published in Lehle et al. (2024) as \The heart of
galaxy clusters: Demographics and physical properties of cool-core and non-cool-core halos in
the TNG-Cluster simulation”. Minor formatting changes and edits have been made to adapt the
text to the style and structure of this thesis.

Galaxy clusters span a wide range of core thermodynamic properties, from dense cool-core to
more di use non-cool-core systems. Understanding the distribution and evolution of this diver-
sity provides key constraints on cluster formation and evolution. In this chapter, we investigate
the demographics and physical properties of cool-core (CC) and non-cool-core (NCC) halos
within the TNG-Cluster simulation. Speci cally, the chapter has two main goals: (i) to provide

a census of the CC cluster population and CC fractions at | = 0, and (ii) to quantify the redshift
evolution of central intracluster medium (ICM) properties and CC fractions. We analyze the total
sample of 352 massive clusters with massé8 YOMspo»" Y 2 10 ° from the TNG-Cluster
simulation. We explore the distributions and radial pro les of key thermodynamic quantities and
compare the simulated CC demographics with observations. The analysis provides a compre-
hensive view of how TNG-Cluster reproduces the observed diversity of cluster cores and their
evolution across cosmic time. These steps are crucial to establish the foundation for this thesis,
especially for the subsequent analysis of core evolution in Chapter 3.

This chapter is organized as follows. Section 2.2 de nes the quantities used in this analysis
and introduces the six criteria employed to classify clusters as cool-cores or non-cool-cores. In
Sec. 2.3, we present the (N)CC populations at | = 0, focusing on thermodynamical properties
(Sec. 2.3.1), the distribution of core properties (Sec. 2.3.4), their mass dependence (Sec. 2.3.5),
the CC fraction (Sec. 2.3.6), and ICM internal structure (Sec. 2.3.7). We then study redshift
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evolution in Sec. 2.4 of central physical properties (Sec. 2.4.1), CC fractions (Sec. 2.4.2), and
cluster pro les, divided by mass and (N)CC status (Sec. 2.4.3). In Sec. 2.5, we summarize our
ndings.

2.1 Introduction

Within the Universe, galaxy clusters represent the most massive virialized objects. They originate
from a hierarchical assembly process driven by the merging of smaller substructures. Although
dominated in mass by dark matter, the main baryonic constituent of a cluster is the gas of the
intracluster medium (ICM). The ICM is a hot ionized plasma that permeates the cluster volume
and can reach temperatures of up td 4& (Mohr et al., 1999; Mushotzky et al., 1978). Its
thermodynamical structure and evolution is subject to the impact of many intertwined physical
processes (Cavaliere et al., 2002; Fabian, 1994).

The gas of the ICM is heated by di erent mechanisms, including hydrodynamical shocks (Bour-
din et al., 2013), feedback from supermassive black holes (SMBHs; i.e., active galactic nuclei,
or AGN; Mittal et al., 2009; Ruppin et al., 2022), and mergers (McCarthy et al., 2007). The ICM

is also supported by non-thermal components, including bulk motion (Liu et al., 2016; Tamura
et al., 2011) and turbulence (Banerjee and Sharma, 2014; Mohapatra and Sharma, 2019), mag-
netic elds (Soker and Sarazin, 1990; Taylor and Perley, 1993), and cosmic rays (Ruszkowski
and Pfrommer, 2023; Sanders and Fabian, 2007). The thermal energy content of the ICM is lost
due to radiative cooling, primarily via free-free bremsstrahlung (Lea et al., 1973). However, this
cooling is only e ective when the gas is su ciently dense, which is true in the cores of some,

but not all, clusters. In particular, X-ray observations of the ICM have revealed that the central
cooling time can be short compared to the Hubble time (Cowie and Binney, 1977; Fabian and
Nulsen, 1977). This implies that the ICM can rapidly cool down and form a so-called cool-core
(CC) cluster. Some clusters, however, do not appear to have such cool cores, and these are
labeled non-cool-core (NCC) clusters (Molendi and Pizzolato, 2001).

Early observational work found clear bimodalities in the properties of CC versus NCC clusters.
For example, Hudson and Reiprich (2007) identi ed a bimodality in the distribution of tempera-
ture gradients, splitting the clusters in the HIFLUGCS sample roughly in half. Cavagnolo et al.
(2009) found a distinct gap in the central entropy excess distribution, also splitting the sample
roughly into two equal halves (other studies nd no clear bimodalities, e.g. Croston et al., 2008;
Pratt et al., 2010).

Di erent physical properties of cluster cores may be more or less linked to a CC state and/or more
or less useful in classifying di erent types of clusters. Hudson et al. (2010) considered which
cluster core property is best suited to distinguish between two, or perhaps three, distinct classes
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of clusters. They found that the central cooling time shows a high signi cance of bimodality
and is best suited as a CC metric for low-redshift clusters with high-quality data available. For
high-redshift clusters, the cuspiness can best distinguish between CCs and NCCs. With the X-ray
ux-limited HIFLUGCS clusters, they found that the various CC criteria lead to di erent CC
fractions in the sample.

The overall fraction of CC clusters, as a function of mass, redshift, and halo/galaxy properties,
directly re ects the complex baryonic physics of cluster assembly. Unfortunately, observational
inferences of CC fractions are di cult, as they strongly depend on the de ning CC metric
(Hudson et al., 2010) as well as the cluster sample selection (Andrade-Santos et al., 2017).
Most problematic, as CC clusters are characterized by pronounced peaks in their X-ray surface
brightness and higher X-ray luminosity at a given mass, they are more easily detected in ux-
limited X-ray surveys. This detection preference, known as the "CC bias' (Eckert et al., 2011),
leads to a probable overestimation of the CC fraction within X-ray samples.

Recently, Sunyaev-Zel'dovich (SZ) surveys have begun to enable mass-limited cluster samples.
With this technique, Andrade-Santos et al. (2017) have concluded that CC fractions from X-ray
selected samples are 2.1 to 2.7 times larger than in SZ-selected samples, depending on CC
criterion. Using the 164 SZ-selected clusters from the Planck ESZ sample, they presented
distributions of cluster properties that have no bimodal characteristics. This nding agrees
with other surveys that found unimodal distributions of central cluster properties, both in SZ
selected samples (McDonald et al., 2013; Planck Collaboration et al., 2011; Rossetti et al., 2017)
and in optically-selected galaxy clusters from the Dark Energy Survey (Graham et al., 2023).
Additionally, Villalba et al. (2024) argues that the bimodality in central entropy reported by
Cavagnolo et al. (2009) may be caused by their adopted centering procedure. In this approach,
the X-ray peak is used as the default cluster center, but the center is switched to the X-ray centroid
when the peak and centroid are signi cantly o set (Cavagnolo et al., 2008). Since NCC clusters
are typically more disturbed, they are more often centered on the centroid, whereas SCC clusters
are more relaxed and thus centered on the X-ray peak. This dierence in centering possibly
leads to very distinct entropy pro les and central entropy values in CC versus NCCs, potentially
explaining or contributing to the observed bimodality.

Beyond | = 0, the redshift evolution of clusters directly constrains their assembly histories and
growth. Perhaps surprisingly, the cores of observed clusters show no signi cant evolution since
I 2 (McDonald et al., 2013; Ruppin et al., 2021; Sanders et al., 2018). In particular, while
the bulk of the ICM evolves in a self-similar manner, cores do not and are consistent with no
redshift evolution (McDonald et al., 2017). This implies that cool cores, if present, form early
and do not signi cantly change in size or structure. As a result, a stable and persistent heating
source (or several sources) must o set otherwise rapid cooling and enable clusters to grow cool
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cores (McDonald et al., 2013). Similar ndings hold for the evolution of clusters that resemble
the progenitors of well-studied nearby clusters (Ruppin et al., 2021).

Modeling the complex physics in high-mass galaxy clusters represents a challenging regime
for numerical simulations. In addition, comparisons with cluster observations require detailed
forward modeling and consideration of the systematics and biases at play. Early cosmological
simulations incorporating gas hydrodynamics could directly assess cluster CC status (Burns
et al., 2007; Planelles and Quilis, 2009). More recently, cosmological simulations, such as
lllustrisTNG, have started to be used to study CC populations with broadly realistic baryonic
feedback models (Barnes et al., 2018). The largest volume simulations, including Magneticum
(Dolag et al., 2015), MilleniumTNG (Pakmor et al., 2023), and FLAMINGO (Schaye et al.,
2023), extend (N)CC modeling to the most massive clusters. Simultaneously, zoom simulation
projects such as RHAPSODY-G (Hahn et al., 2017), DIANOGA Rasia et al. (2015), The Three
Hundred (Cui et al., 2018), and C-EAGLE/Hydrangea @a&hal., 2017; Barnes et al., 2017)

can also capture (N)CC populations.

Two key benchmarks for simulated clusters are the distributions of central cluster properties and
the CC fraction. Some cosmological simulations produce continuous CC distributions (Barnes
etal., 2018; Kay et al., 2007), while others identify bimodalities (Hahn et al., 2017). The inferred
CC fractions vary strongly between simulations. For example, Burns et al. (2007) and Planelles
and Quilis (2009) found CC fractions of 16%, while Hahn et al. (2017) obtained a CC fraction

of 44%, versus 38% for Rasia et al. (2015). Employing the same TNG galaxy formation model,
Barnes et al. (2018) inferred CC fractions of 1-21% in TNG300, depending on CC criterion,
while MTNG found B¢ ' 8% (Pakmor et al., 2023). Overall, the comparison of CC fractions
with observations and among simulations is complicated by the diversity of CC criteria in use.

The physical drivers of CC clusters and the transformation(s) between CCs and NCCs are not
well understood. Early mergers may be responsible for destroying CCs and thereby producing
NCCs (Burns et al., 2007), while late mergers are not capable of destroying a CC (Poole et al.,
2008). However, more recent simulations have found that late mergers are able to destroy CCs
(Rasia et al., 2015). Barnes et al. (2018) concluded that the fraction of relaxed clusters is similar
for CC and NCC populations, implying that mergers alone are not responsible. They may be
necessary, but they are not su cient for destroying CCs, as their e cacy depends on the amount
of angular momentum in the merger (Hahn et al., 2017).

Active galactic nuclei feedback is an additional mechanism that could change the core state of
clusters. Itis a major heating source of the ICM that can stop cooling ows and preserve the CC
structure (Gaspari et al., 2012, 2013a; Li et al., 2015; Rasia et al., 2015). However, it is unclear
if AGN feedback signi cantly impacts cluster core status. Idealized simulations give con icting
results: Guo and Oh (2009) and Barai et al. (2016) found that AGNs can transform CCs to NCCs,
while Ehlert et al. (2023) has found that AGN feedback of light jets cannot.
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In this chapter, we investigate the galaxy cluster population of the new TNG-Cluster simulation.
This is a suite of high-resolution (s' 10 7" ) zoom simulations of massive galaxy clusters
(Mhaio 10 " ) employing the lllustrisTNG galaxy-formation model. TNG-Cluster is well
suited to study the CC population, as the simulation o ers a unigue combination of high-mass
galaxy clusters and high resolution along with a comprehensive physical model including SMBH
feedback. The goals of this chapter are (i) to provide a census of the CC cluster population and
CC fractions of TNG-Cluster at | = 0 and (ii) to study and quantify TNG-Cluster predictions for
the redshift evolution of central ICM properties and CC fractions of the (N)CC populations.

2.2 Methods

For the analysis in this chapter, we use the full sample of 352 galaxy clusters from the TNG-
Cluster simulation. These clusters span a mass range*df10 soo»" Y 2 1015, with

the mass distribution shown in Fig. (1.5). This complete sample allows for robust statistics in
the characterization of cool-core and non-cool-core populations. All relevant information on the
TNG-Cluster simulation can be found in Sec. 1.2.3.

2.2.1 Thermodynamical quantities

For the computation of all thermodynamical properties of the simulated clusters, such as density,
entropy, temperature, cooling time, and pressure, we considered all the gas that is gravitationally
bound to the central galaxy (i.e., to the cluster) according to SubFind. We excluded star forming
gas cells since their temperature is set by an e ective equation of state by a two-phase interstellar
medium model (Springel and Hernquist, 2003). Unless otherwise stated, the average quantities
in map pixels or radial pro le bins are mass-weighted means (i.e., weighted by the mass of each
contributing gas cell).

2.2.2 Cool-core criteria

Past studies have considered several di erent criteria to de ne CC versus NCC clusters. These
criteria are motivated by theoretical considerations as well as observational ndings. While
theoretically motivated de nitions may be less directly observable, they often re ect more
closely the intrinsic physical properties of the systems or the results of numerical simulations.
In particular, the ICM in clusters is observed at a variety of wavelengths, with the types of data
varying from cluster to cluster and also depending on the redshift. The availability and quality of
data may sometimes prevent the derivation of quantities necessary for the measurement of some
criteria.
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Table 2.1: Summary of the CC criteria considered throughout. Various previous works, both
observational and theoretical, have used one or more central thermodynamical properties to
separate strong cool-core (SCC), weak cool-core (WCC), and non-cool-core (NCC) clusters.
Following Barnes et al. (2018), we employed six di erent criteri@sCG 0, =e—a U, phys and
scaled IN addition, the radius (aperture) each was measured in typically varies, as indicated.
We note that we adopted these radii and thresholds from previous studies, and they do not
necessarily produce an optimal identi cation of CC versus NCC clusters.

Physical property Aperture SCC WCC NCC
threshold threshold threshold

Central cooling time

teool-o[GYI1] 0+012 Aooc Y1 1 CeooloY 77 7.7
Central entropy

Ko [keV cn] 0012 Agoc 22 22Y o 150 i 150
Central electron density

Ne_o[102cm3] 0012 Agoc i 15 1e5 =4 oj 05 05
Cuspiness

" 004 Aspoc i 075 0¢75 U 05 05
Physical concentration

Chohys 40kpc, 400kpc 04155 0155 ppysij 0075 0075
Scaled concentration

Cscaled 015 A0oc—Aooc i 0°5 05 scaledi 0°2 02

Following Barnes et al. (2018), in this work we examined six di erent CC de nitions and describe
them in detail below. Additionally, we summarize the thresholds for the employed CC metrics in
Table 2.1. In all cases, when calculating the CC criteria, we aim to consider the gas that would be
observed in a galaxy cluster, namely the hot gas cooling via Bremsstrahlung. To that end, as for
the general thermodynamical properties above (Sec. 2.2.1), we considered all the gas cells that are
gravitationally bound to the central galaxy (i.e., the cluster) according to SubFind. We further
included only non-star-forming gas, cells that are codliagd have a temperature ) j BK.

We have checked and using all FoF cells instead of the gravitationally bound cells makes no
di erence for our results. As the halo center we chose the gravitational potential minimum of
the cluster. This choice of halo center can considerably impact the CC/NCC classi cation and
is typically di erent than what adopted in observational work.

2.2.2.1 Central cooling time

In order for a cluster to form a cool core, the cooling time scale must be su ciently short to allow
gas to rapidly cool down. In the following, we considered the de nition of core status based on

IWe consider the net cooling rate, which is a direct output of the simulation, to de ne the cooling status of the
cells. If the net cooling rate is negative, the cells are cooling.
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the central cooling time as the most fundamental, and use it as our ducial choice. The cooling

time of the gas is computed as
3'=,=d"8)
2 ~e=8

Cool = (2.1)

where z is the electron number densityg the ion number density, ) the temperature, the
cooling function, and g the Boltzmann constant. The cooling function is the instantaneous
net cooling function of each gas cell, as output by the simulation itself. Consistent with previous
work, we measured the cooling time within a 3D aperture of 0.6b2€e.g. Barnes et al., 2018;
McDonald et al., 2013).

A cluster is expected not to form a cool core, or a cooling ow, when its central cooling time is
larger than the age of the Universe at the redshift of formation. However, to make the de nition
independent of redshift, it is typical to de ne clusters wigh,Co 7+7 Gyr as NCCs (McDonald

et al., 2013). Clusters are de ned as a strong cool-core (SCC) if the central cooling time is
Y 1 Gyr and as a weak cool-core (WCC) if 1 Gyr¢ogoY 7.7 Gyr.

The threshold of 7.7 Gyr is a somewhat arbitrary choice. However, it arises from the idea that
clusters at | | 1 can be considered protoclusters. If we take | = 1 as the average formation
redshift of | = 0 clusters, this corresponds to a lookback time of 7.7 Gyr. Assuming clusters are
born without a cool core, clusters with cooling times exceeding this limit have not had su cient
time to develop a cool core, motivating their classi cation as NCC. We return to the limitations
of this choice below.

2.2.2.2 Central entropy

In absence of non-gravitational processes and in a global quasi-hydrostatic equilibrium, high-
entropy gas is expected to rise in the cluster potential whereas low-entropy gas is expected to sink
toward the center. Thus, CC clusters are clusters with low-entropy at their center. We computed
the entropy of gas as

=i g)=" . (2.2)

We measured the entropy in the same 3D aperture of Gsgsk2hd used the thresholds stated
by Hudson et al. (2010) to classify clusters: we de ne SCCs to have 1A Y 040124000
22keV cnf. WCCs are clusters with 22keVénY  150keVcm? and NCCs have g j
150 keV cnf.

2.2.2.3 Central electron number density

To keep the gas in a cooling cluster core in pressure equilibrium and to balance the pressure loss
due to the lower temperatures, gas must have high density. Thus, the central gas density can
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also be used to classify the cooling state of clusters. In practice, observations often consider the
electron number density, as this quantity can be more directly inferred from data than cooling
time or entropy (Barnes et al., 2018). Following Hudson et al. (2010), we de ned clusters as
SCC if the central electron number density.s5 15 102 cm®. WCCs are clusters with

1e5 102 cm®3 = ¢_0j 0°5 102 cm?3 and NCCs havegg 05 102 cm?.

Although motivated by observational considerations, here we measured the true intrinsic central
density of the simulated clusters without replicating any observational procedure. Namely, to
measure & ofrom the simulation data, we took the mean density of gas within a 3D aperture of
0.012A00¢ considering only the cells with the speci cations described above.

2.2.2.4 Slope of the density pro le: The cuspiness parameter

Limited angular resolution makes the extraction of a temperature pro le di cult for high redshift
clusters. For that reason, Vikhlinin et al. (2007) suggest a CC metric that is solely based on
X-ray imaging data, leveraging the correlation between the presence of a cool core and the X-ray
morphologies.

Clusters with a short central cooling time have been observed to exhibit central peaks in the X-ray
distribution, while observed clusters without a cool core usually have at cores. To capture this
cusp/core structure, the cuspiness parameter is de ned as

dlog =tA°

299=A . (2.3)
dIogA  A=0.04800

For this analysis, we again extracted an intrinsic cuspiness parameter, by computing the 3D radial
pro le of the electron number density with 50 logarithmically spaced bins frorh 1015Aq0¢
Following previous analyses (Barnes et al., 2018; Hudson et al., 2010; Vikhlinin et al., 2007),
we de ned SCCs to have U j 0¢75, WCCs to have 0¢5 Y U 075, and NCCs to have U 0¢5.

2.2.2.5 X-ray concentration parameter

Motivated by the unavailability of spatially resolved data at high redshift, the X-ray concentration
is also used to de ne CC status. To do so, the luminosity in the center is divided by the luminosity
enclosed within a larger region,

| 0°5 5keV 1A Y 40 kpce
phys = 1 05 5keV 1A Y 400 kpCO.

(2.4)

| 0°55keV js the X-ray luminosity in the 0.5-5 keV energy range andh#e projected radius. We
computed the concentration parameter from 2D maps of the X-ray luminosity (see below). We
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de ned SCCs as clusters withphys | 00155, WCCs have 0075 \"(phys 0¢155 and NCCs

The classi cation as well as the thresholds were originally introduced by Santos et al. (2008).
Maughan et al. (2012) also introduced a scaled version of the concentration parameter

! 9-5 5keV 1Ap Y 0°15é00c°

] (_)-5 5keV 1Ap Y ASOOCO

scaled™ (2.5)

In this case SCCs are de ned bycaedi 0°5, WCCs ful Il 02 Y phys 05, while NCCs are

de ned by pnys 02. Santos et al. (2008) points out that introducing apertures that are scaled
with Asooc Will naturally make lower redshift clusters appear more concentrated.

To derive the X-ray emission of our clusters, we used the APEC collisional ionization models
(Smith et al., 2001) applied to each gas cell, as a function of density, temperature, and metallicity,
adopting solar abundances (following Nelson et al., 2624).

We always took two-dimensional projections through a line-of-sight depth equabgg. A he

view direction is random with respect to the orientation of each cluster or BCG. Projections
use the usual cubic-spline kernel approach. Star-forming gas, which is pressurized by our sub-
grid ISM model, is assigned a temperature of 1000 K appropriate for the mass-dominant cold
phase, and so does not contribute to the X-ray signal. Throughout this chapter, we considered
the intrinsic X-ray luminosity of the clusters without accounting for observational e ects. A
visualization of the soft-band (05 2 keV) X-ray maps of TNG-Cluster halos, and comparisons
of X-ray scaling relations to observational data, are presented in Nelson et al. (2024).

2.3 The | = 0 cluster population of TNG-Cluster

TNG-Cluster returns a sample of 352 galaxy clusters with a median masggf#vid«3 104"

at| = 0. Atthe current epoch, the largest (smallest) cluster has a masggf M1+9 101°"
(Msgoc = 1+0 101" ), whereasthe Mhocspansarange of 2 18" Y Magoc Y 2+5 101" |
with a median value of Mho. = 64 104" . Their central galaxies have an average stellar
mass of Mgar= 31 102" | spanningarange of 60 18" M o 92 10 2" | These
central galaxies host SMBHs with average mass gfiM 9+9 10°" , reaching masses up to
afew 10" . Atl = 1, the median mass of the TNG-Cluster sample isdd= 1.0 101*"

and ranges from 9 18" Y Msgoc Y 65 104" . More details on the demographics of

2We clarify that the metallicity is evolved self-consistently in TNG-Cluster: each gas cell has a di erent metallicity,
arising from the enrichment due to stellar evolution and distributed by feedback-driven out ows and by in ows. In
TNG-Cluster we traced the individual metal abundances of 9 species including H and He (see Pillepich et al. (2018b)
for details), but in this mass regime we assumed solar abundance ratios for simplicity for the computation of X-ray
emission, with negligible impact.
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the systems in TNG-Cluster, and their satellites, are given by Nelson et al. (2024) and Rohr et al.
(2023).

2.3.1 Maps of thermodynamical properties

We begin our exploration of TNG-Cluster by visualizing the gas density (Figure 2.1), entropy
(Figure 2.2), temperature (Figure 2.3) and cooling time (Figure 2.4) in central regions of the
simulated galaxy clusters. We select 16 objects to illustrate the large diversity of cluster cores
and the processes that shape their morphology and structure. We include examples of SCCs,
WCCs and NCCs (as labeled) based on central cooling time as per the de nitions of Sec. 2.2.2
and Table 2.1.

Each panel shows a thin slice of the central @gdfprojected along a line of sight of 15 kpc. We
select the radius 0.24#y, to focus on the central cores, roughly separating the regions in uenced
by non-gravitational processes from the regions where the thermodynamical pro les are self-
similar (see discussion below and e.g. McDonald et al., 2017, and references therein). For the
systems shown, 0.Z#: spans from 211 kpc to 565kpc. Note that these maps deliberately
exclude the gas associated with cluster galaxies that are not the central.

Figure 2.1 visualizes the spatial distribution of the electron nhumber density. For most clusters
the density rises toward the core, reachigd 8+1cm 3 in the center.

However, the phenomenology can be diverse. For example, in the second panel of the top row,
we see the merging of two clusters, with mass ratio @fzMM sup = 154¢25. In the next panel

to the right, a satellite is falling into the cluster, leaving a tail of stripped material and creating
a bow shock, in analogy to jelly sh galaxies seen in TNG100, which are naturally captured in
these simulations (Yun et al., 2019). The population of massive satellites in TNG-Cluster and
their circumgalactic media are studied in Rohr et al. (2023).

In many clusters, shell-like structures or rings are visible. These shells can be produced by
AGN feedback at the Milky Way-mass scale (Pillepich et al., 2021) and have been inferred in the
Perseus cluster to be caused by AGN feedback (Fabian et al., 2006). Additionally, observations
(Sanders etal., 2020) as well as numerical simulations (ZuHone et al., 2019) led to the conclusion
that the shells can also arise due to sloshing, that is, mergers. In TNG-Cluster, the companion
work by Truong et al. (2023) nds that high-velocity out ows driven by AGN feedback are
responsible for morphological features, such as shells, in the X-ray maps of cluster cores in
Perseus-like clusters, while TNG-Cluster halos also show arc-like radio structures produced in
massive mergers (Lee et al., 2023). Within the TNG-Cluster model, AGN feedback can create
low density/high temperature bubbles close to the BCGs (Nelson et al., 2019a). Such bubbles are
over-pressurized and underdense, and can likely buoyantly rise through the ICM volume (Zhang
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Figure 2.1: Visualization of the electron number density in the core region of 16 clusters of

TNG-Cluster at | = 0. Each panel shows the central 20%;gfArojected along a line of sight

of 15kpc. The halo mass #doc of each cluster is indicated in the panels. In the upper right of

each panel, we also label the core state of each cluster based on the central cooling time. The

aperture of 0.012s80; used to compute the central cooling time is depicted by black circles in

the maps (see text). The clusters were chosen to re ect the diversity of the simulated cluster
masses and to show the wide range of di erent morphologies of the gas.
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Figure 2.2: Visualization of the entropy distribution in the core region of the same 16 clusters

as in Figure 2.1 at | = 0. In some of the clusters, a distinct core with a lower entropy

is visible. TNG-Cluster produces a diverse cluster population in terms of spatially resolved
entropy morphologies, some of which resemble observed clusters.

et al., 2018). On the other hand, features like swirls are evident at the boundary of di erent
phases, possibly due to Kelvin-Helmholtz or Rayleigh-Taylor instabilities in the ICM (Gaspari
and Churazov, 2013; Roediger et al., 2013).

Figure 2.2 shows the mass-weighted entropy distribution of the gas. We can clearly see a
connection between the entropy in the cluster cores and the cluster CC state, as indicated by
the labels in each panel: the low-entropy cores of the SCCs are often well visible. In contrast,
WCCs and NCCs do not typically feature such clear or prominent cores in entropy. Edges in
entropy trace features in the electron number density, with low-entropy regions corresponding to
high-density regions. In SCC clusters stronger variations in entropy are manifest, while entropy
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Figure 2.3: Visualization of the temperature distribution in the core region of the same 16

clusters as in Figure 2.1 at | = 0. The distinct cores of some clusters are also visible in the

temperature maps. In contrast to the previous gure, the average temperature in the panels
depended strongly on the mass of the cluster.
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Figure 2.4: Visualization of the cooling time distribution in the core region of the same 16
clusters as in Figure 2.1 at | = 0. The SCCs exhibit distinct low cooling time cores.

gradients are atter in NCC clusters. This can be related to the presence of turbulence in the
ICM: strong turbulence leads to mixing of high and low entropy gas in the ICM, which attens
the entropy gradients (Gaspari et al., 2013a).

In Figure 2.3 we show projections of gas mass-weighted temperature, for the same halos and
on the same scale as in previous Figures. Unlike entropy, the temperature in the central region
strongly depends on the mass of the halo. In the most massive halos, temperatures can reach
values j 10°°2 (j 17-2keV), while clusters at the low-mass end reach average temperatures in
the core of 1074 ( 4+5keV). The two clusters with the highest temperature are the most
massive halo, and the merging halo. In addition to the overall dependence on cluster mass, core
structures are visible in the morphology of the gas for the SCCs.



Cool-Cores in TNG-Cluster 51

Figure 2.5: Three-dimensional radial pro les of the cooling time (left) and ratio of cooling

time to free-fall time (right) for all clusters in the TNG-Cluster sample at | = 0, with a focus

on the central regions. The thin curves denote individual clusters and are color codeghby M
The black curve shows the mean pro le across all simulated clusters.

A few of the depicted clusters feature cold, clearly rotating gaseous disks at their centers, with
characteristic sizes of 40 50kpc (lower left panel), while others have no such features.
By visual inspection of the 16 presented TNG-Cluster systems at | = 0, we nd no obvious
distinction between SCCs and NCCs regarding disk presence.

Lastly, Figure 2.4 shows maps of mass-weighted cooling time, whose spatial morphology closely
resembles that seen in entropy. Itis visually evident from Figure 2.4 that NCCs do not have low
cooling time core regions. Instead, their cooling times reach"A@yr, and have little variation

in their central morphologies. On the other hand, clear core-like structures with low cooling
times can be found in clusters classi ed as SCCs, whereby the central regions still exhibit a
wider diversity. In their cores the cooling time reaches values Y 1 Gyr, in some cases the cooling
time is even 0¢1 Gyr. The variety in WCCs is even larger: some WCCs have cooling times of
Y 100 Myr in the central region, while others have cooling times j 1 Gyr.

2.3.2 Radial pro les of cooling times

Beyond the spatial complexity of Figure 2.4 and irrespective of CC status, the 3D spherically
averaged radial pro les of the ICM cooling time increase inside out: see Figure 2.5, left panel.

In the central regions, the scatter among the individual clusters is large, spanning a range of
2 10 2 Y GoorGyr Y 20. In the outskirts, the scatter is smalleg§@00l = 150 700Gyr)

and set by the massdyhc of the halos: cooling times are larger in more massive clusters. Based
on our ducial de nitions (Sec. 2.2.2 and Table 2.1), CCs are those with central cooling time
shorter than one billion years. Typically, NCCs have atter pro les in the core, whereas SCCs
often exhibit a roughly power-law pro le.

We expect that a multiphase core can form if the ratio between cooling time and free-fall time is
GoorC ® 10 (Sharmaetal., 2012; Voitet al., 2017). In this case, cold dense gas condensates out
of the hot ICM. More recent simulations (Mohapatra et al., 2023; Pal Choudhury et al., 2019) and
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theoretical work (Voit, 2021) predict that the threshold for the formation of a multiphase core is
not a xed value, but depends on the strength of density or entropy perturbations in the ICM (see
also Nelson et al., 2020). The pro les of,C for all individual halos in TNG-Cluster have
smaller ratios in the center than gg (Figure 2.5, right panel) . Inthe core the cluster-to-cluster
variation is again larger {&*C = 1 100), while it is smaller at Agoc (Goo*C = 80 300).

It is evident from Figure 2.5, bottom panel, that a large fraction of systems in TNG-Cluster at
| = 0 satisfy the condensation condition also in the radial averages, in addition to more localized
patches of cooling gas that can be evinced from the maps: hence, a non-negligible fractions
of TNG-Cluster objects are actually CCs, as we quantify below. Using the star formation rate
as a proxy for multiphase cores, we nd that 2 out of 28 ( 7%) of the star forming BCGs in
TNG-Cluster are SCCs (Fig. 14 from Nelson et al. (2024)). Thus, NCC clusters typically do not
harbor a core with Y 10K gas.

Observationally, Olivares et al. (2019) present pro les f@p@nd gyoeC for 13 CC clusters

from the Archive of Chandra Cluster Entropy Pro le Tables (ACCEPT) catalog. They found a
decreasing cooling time for decreasing radius. Since they only studied CC halos, all the clusters
reached central cooling times less than 1 Gyr in the center. These trends and cooling time values
are in broad agreement with our results for CC halos. Thg© pro les of Olivares et al.

(2019) decrease toward the center, but some show a sudden incregseGni€the innermost

region. The pro les for most clusters reach minima @L€C Y 20, while only one cluster has
Goo*C Y 10. We observed the same general trend, without an increase toward the center. In
addition, some of our pro les reach,6eC 10 in the core.

2.3.3 Radial pro les of thermodynamical properties

Despite the morphological richness showcased in Figures 2.1-2.4, the 3D spherically averaged
radial pro les of thermodynamical properties are well behaved and broadly consistent with
previous models and available observational constraints. We show this in Figure 2.6 for all the
352 clusters of TNG-Cluster at | = 0, by focusing on quantities that can be in principle inferred
from observations: entropy (upper left), temperature (upper right), density (lower left), and
pressure (lower right).

These quantities are normalized to the corresponding virial value, if applicable. We measure the
pro les using 50 logarithmically spaced radial bins in the range of 10 1.5 Aooe Each curve

is colored by Moo of the cluster, from low-mass (dark blue) to high-mass (yellow). The thick
black line shows the mean pro le of the entire TNG-Cluster population at | = 0.

On average the entropy increases from the core to the outskirts. Some pro les are atin the core
{ these are typically the NCCs. Other pro les, typically the SCCs, have dips in the core region.
We note that the un-normalized radial entropy pro les are roughly ordered by halo masg.at A
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