Forward-Modelling the Hot
Circumgalactic Medium in X-rays

Soumya Shreeram

Munchen 2025






Forward-Modelling the Hot
Circumgalactic Medium in X-rays

Soumya Shreeram

Dissertation
an der Fakultat fir Physik
der Ludwig—Maximilians—Universitat
Miuinchen

vorgelegt von
Soumya Shreeram
aus Pune, India

Miinchen, den 02.10.2025



Erstgutachter: Prof. Dr. Kirpal Nandra
Zweitgutachter: Prof. Dr. Volker Springel
Tag der mundlichen Priifung: 14.11.2025



To my family and dearest friends,
and to everything contributing to the little joys of everyday life.



Vi




Contents

Zusammenfassung XV
Abstract XViii
1 Introduction 1
1.1 Thehistory of the Universe . . . . . . . . . . . . . .. .. . . . . .. 3
1.1.1 Evolution of the Universe fromtheBigBang . . . ... .... ... .. 4

1.1.2 Formation of dark matterhalos . . . . ... ... .. ........... 7

1.1.3 From dark matter halos to galaxy formation . . . . . .. ... ... ... 8

1.2 Galaxy properties . . . . . . . o 11
1.2.1 Statistical propertiesof galaxies . . . . . ... ... ... ... ... 12

1.3 The Circumgalactic Medium (CGM) . . . . . . . . . . . .. 14
1.3.1 Absorption Line Studies . . . . . .. ... . .. 16

1.3.2 EmissionStudies . . . . . .. .. 16

1.3.3 CGM observations using large optical galaxy samples . . . ... .. .. 19

1.4 Modellingthe CGM . . . . . . . . . . . e 20
1.4.1 Hydrodynamical simulations . . . . . ... ... ... .......... 21

1.4.2 Key physical processes shaping the hot CGM . . . . ... ... ... .. 26

1.5 ThisThesis . . . . . . . . 28

2 Quantifying Observational Projection E ects in hot CGM measurements 31
2.1 SUMMANY . . o e 31
2.2 Motivation for thiswork . . . .. ... ... 32

2.3 Simulated lightcone with HlustrisTNG: LC-TNG300 . . . ... ... ...... 33
2.3.1 Contributions to observed X-ray surface brightness profiles . . . . . . .. 36

24 Method . . . . . 38
2.4.1 Mock X-ray observation . . . ... ... ... 38

2.4.2 X-ray surface brightness profiles and their analytic modelling . . . . . . 42

2.4.3 Prerequisite data products for quantifying projectione ects . . ... .. 42

25 Results. . . . . . e 43
2.5.1 Fitting analytic models to the intrinsic X-ray surface brightness profiles . 43

2.5.2 Locally correlated environment . . . . . ... ... ... ... ... .. 45

25.3 The E ectof Misclassified Centrals . . . . . .. ... ... .. ..... 46



CONTENTS

viii
2.6 DISCUSSION . . . . . . . o e e 49
2.6.1 Locally correlated environment . . . . .. .. ... ... ... ..... 49
2.6.2 TheEectof MisclassiedCentrals . . .. ... ... .......... 50
2.6.3 O sets between the X-ray and the minimum of the dark matter potential
centres: magnitude and implications . . . . .. .. ... ... ... ... 53
27 ConcClusions . . . . . . e 53
3 Retrieving the hot CGM physics from eROSITA observations 55
3.1 Summary ... e e e e 55
3.2 Motivationforthiswork . . . . . .. .. ... .. ... 56
3.3 Data . . . . . e 57
3.4 Forward model builtinthiswork . . . . ... .. ... ... ........... 58
3.4.1 Thepointsourcecomponent . . . . . . . . . . ... . 58
3.42 Thehotgascomponent . . . . . . . .. . ... . 59
3.4.3 Mockgalaxycatalogues . . ... ... ... .. ... ... 62
3.5 Resultsanddiscussion . . . .. ... . ... ... 63
3.5.1 Predicting the X-ray emissionfromXRB . . . ... ... ........ 65
3.5.2  Predicting the expectég. ooy for MW-mass galaxies using an empiri-
cal model for the low-redshiftuniverse . . . .. ... ... ... .... 68
3.5.3 Using Model 3 for interpreting the Fyll;data . . . . . ... ... ... 70
3.5.4 X-ray emissionfromthehotCGM . . . .. ... .. ... ........ 70
3.5.5 X-ray emission from satellite's hosthalos . . . .. ... ... ...... 71
3.6 Conclusions . . . . . .. e 73
4 E ectof the large-scale environment on the hot CGM 75
4.1 SUMMANY . . . o o e e e e e e e e e e e e 75
4.2 Motivation forthiswork . . . . . . . . ... L 76
4.3 Methods . . . . . . . . e 78
4.3.1 The TNG300 X-ray lightcone: LC-TNGX . . . . ... ... ... .... 78
4.3.2 Extracting cosmic laments in LC-TNGX using DisPerSE . . . . .. .. 81
4.3.3 Classi cation of halos in LC-TNGX into derent cosmic web environ-
MENLS . . . . . e 81
4.4 E ect of the environment on the simulated X-ray surface brightness pro les of
halos . . . . . . e 84
4.4.1 Galaxiesinclusteroutskirts . . .. .. ... ... ... ... .. ..., 87
4.4.2 Galaxiesin lamentsandvoids . .. .. .. .. ............. 87
4.5 Thermodynamic properties of the simulatedCGM . . . . . . .. ... ... ... 89
4.6 Discussion on lament galaxies being X-ray brighter than the galaxies in void-
swalls . . . . . e 90
4.7 Conclusionsandsummary . . . . . . ... e e e 91
5 Conclusions and Outlook 93

5.1 Outlook . . . . . 97



Contents iX

Bibliography 101

Acknowledgements 130



Contents




List of Figures

1.1 Two-dimensional map of the large-scale structure of the Universe as observed by
the Sloan Digital Sky Survey (SDSS). . . . . . . .. ... . ... 5

1.2 Visualisation of the multi-phase baryonic large-scale structure from the EA-
GLE (Schaye et al., 2015) Ref-L100N1504 simulatiorzat 0, highlighting

the interplay between gas dynamics and galaxy formation. . . ... ... .. .. 10
1.3 lllustrationofthe CGM . . . . . . . . . . . 15
1.4 Visualisation of CGM gas properties around a Milky Way-like galaxg=0 in

the TNG50 simulation . . . . . . .. .. ... ... .. .. .. ... 17
1.5 Comparison of various cosmological hydrodynamical simulatioes &@ . . . . 23

1.6 Schematic diagram adapted from Wright et al. (2024) summarising tlee-di
ences between three key simulations, EAGLE, TNG and SIMBA, on the gas
ows inherenttothe CGM. . . . . . . . . . . . . 25

2.1 lllustration of the lightcone built using TNG300 in the x-y plane. . . . . . . . .. 34
2.2 The projected rest-frame X-ray events from the TNG300 ligthcone inBh®
keV band for a telescope with energy-independent collecting area 1008nn

exposure time of 1000 ks. . . . . . . ... 34
2.3 The projected haloséntralg are overplotted with their corresponding scaled
Rsoa: atz = 0:3; theRsoq. Of the halos are represented by the size of the circles. . . 35

2.4 Mean X-ray surface brightness pro les in the stellar mass ihs= 10'% 11 M |
corresponding to MW-like galaxie$), = 10'* 1*25M , andM, = 102 5 M | 39
2.5 Mean X-ray surface brightness pro les in the halo mass Bifygy, = 10'%° M |
corresponding to MW-like galaxie®)oom = 10" 1**M , andMyoqy = 10> %M . 39
2.6 Mean X-ray surface brightness pro les in the stellar mas$hire 10'%%;10'* M

corresponding to MW-like galaxies. . . . .. .. ... ... ... ... ..., 44
2.7 E ectof centrals and misclassi edygentrals on the total X-ray surface brightness
pro les, in the stellar mass biM, = 10510 M . . ... ... ... .. .. 46
2.8 E ectof centrals and misclassi edncentrals on the total X-ray surface brightness
pro les,in the stellar mass biM, = 10510 M . . ... .. .. L. 47
2.9 E ectof centrals and misclassi ed-centrals on the total X-ray surface brightness
pro les, in the stellar mass biM, = [10'25,10'5IM . . . . . ... ... ... 47

2.10 Fraction of X-ray emission from the intrinsic hot CGM for drent levels of
satellite contamination (misclassi ed centrals) in the total galaxy sample. . . .. 50



Xii

List of Figures

2.11 E ect of selectively removing satellites misclassi ed as centrals on the stacked
X-ray surface brightness pro le. The selection is based on the proximity of the
satellite contaminant from the truecentral. . . . . . . ... .. ... ... ... 52

3.1 Forward models constructed for the hot CGM from central galaxies by varying
the underlying halo mass distribution. . . . . . . .. ... ... ... ...... 60
3.2 Comparison of the mean point source (AGN and XRB) luminosities from our
three forward models with the empirically allowed range of XRB and total point
source luminosities. . . . . . . . . L e 64
3.3 Decomposition of the X-ray stack of the galaxies in the photometric sample,
Fullphes into contributions from hot gas (centrals and satellites hosted by more
massive host halos) and point sources (AGNand XRB) . . ... ... ... ... 66
3.4 Posterior probability distributions of the renormalization factor of8he,; pro-
le: Nsa and the normalization of the point source compondht. . . . . . . . 67
3.5 Fractional contribution to the total X-ray surface brightness pro le of the hot
CGM from central galaxies, the events around satellites arising mainly from the
hot gas of their more massive host halos, and X-ray events from unresolved and
resolved point-like sources comprising AGNand XRB. . . .. ... .. ... .. 68
3.6 Comparison of the hot gas CGM pro le from our TNG-based model 3 (solid
yellow line) with the hot CGM measurement from Zhang et al. (2024a) based on
X-ray stacking at the optical positions of galaxies from the SDSS spectroscopic
galaxy catalogue (CENsample). . . . .. .. ... .. .. ... .. .. ..... 72

4.1 TNG300 lightcone (LC-TNGX) built in Shreeram et al. (2025c) overplotted with
the laments identi ed using the DisPerSe algorithm. . . . . .. . ... ... .. 79
4.2 lllustration of the classi cation of galaxies into dirent LSE categories within
the LC-TNGX. . . . . o e e e e e e e 82
4.3 X-ray surface brightness pro les (XSB) of halos located inedlent cosmic web
environments in increasing halomassbins. . . . . . .. ... .. oo L. 83
4.4 Percentage deviations of the XSB pro les of halos located in laments, com-
pared to those in the lament-void transition region and in voigsls. . . . . . . 85
4.5 Volume weighted gas mass density, temperature and metallicity pro les together
with their percentage deviations of halos located inedent LSE in increasing
halomassbhins. . . . . . . . . . . . .. 86
4.6 Normalised probability distribution functions of gas mass density, temperature,
metallicity as a function ofthe halomass. . . .. .. ... ... .. ....... 88



List of Tables

2.1

2.2

2.3

2.4

3.1

4.1

For every stellar mass bin, we present the mean stellar mass within twice the
stellar half mass radius, the total number of central galaxies, the total number of
satellite galaxies, mean halo mass, the minimum and maximum values of halo
masses for the given stellar mass bin, the niRan,, and the meaRspe.. . . . . 33
For every halo mass bin used to generate the X-ray surface brightness pro les,
we present the mean halo mass, the total number of distinct halos, the mean
stellar mass, the med®yom and the measqo, for every halo mass bin. . . . . . 33
For every stellar mass bin, we present the best- tting parameters of the model
(see Eg. 2.7)Sy,:the central surface brightness; the core radius;, the expo-

nent quantifying the slope of the pro le;, the scale radius at which the slope
changesto.. . . . . . . . e 40
For every halo mass bin, we present the best- tting parameters of the model (see
Eq. 2.7): Sy, the central surface brightness; the core radius;, the exponent
guantifying the slope of the pro la;, the scale radius at which the slope changes

L 40

Summary of the best- t parameters (see Eq. 3.1-3.3) and derived quantities (lu-
minosity values) obtained from tting the three forward models from this work
to the Fulpno X-ray surface brightness prole. . ... ... ... ........ 62

Fraction of galaxies in each halo mass bin for each large-scale environment clas-
sication. . . . . .. 82



Xiv List of Tables




Zusammenfassung

Die heil3e Phase des zirkumgalaktischen Mediums (CGM) bietet einen einzigartigen Einblick in
die Gassibme, die die Entwicklung von Galaxien bestimmen, da sie sowohl als Reservoir als
auch als Kanaliir Baryonen dient, die in die Galaxien hinein- und aus ihnen heréunssir.

Das heiRe CGM, wie es imddtgenlicht beobachtet wird, ist eine Sonde das di use baryo-
nische Gas und &gt dazu bei, Rckkopplungsmechanismen und Galaxienentstehungsmodelle
einzuschanken. dingste Fortschritte bei den Beobachtungghthkeiten, insbesondere mit dem
Rontgenteleskop eROSITA, haben neue Wege zur Untersuchung der Eigenschaften des heil3en
CGM um Galaxien mit der Masse der Milchstra3e (MW9 aret und entscheidende Anhalts-
punkte fir kosmologische hydrodynamische Simulationen geliefert. Die Interpretation dieser
Messungen ist jedoch aufgrund von Projektioredden, Beithgen unaufgélster Quellen und

des komplexen Ein usses der gr@®migen Umgebung einer Galaxie nach wie vor mit erhebli-
chen Herausforderungen verbunden.

In dieser Arbeit erstellen wir ein volighdig selbstkonsistentes Vaavismodell des heil3en

CGM unter Verwendung der kosmologischen hydrodynamischen Simulation TNG300. Wir kon-
struieren einen neuartigen Lichtkegel und generieren Schémg@nbeobachtungen, die auf
den intrinsischen Eigenschaften der Gaszellen basieren, sogenannte LC-TNGX, um direkte Ver-
gleiche mit Beobachtungen zu ebglichen. Unsere analytische Modellierung erfasst intrinsi-
sche Rntgen-Oberachenhelligkeitspro leiber stellare und Halo-Massenbereiche hinweg. Wir
stellen fest, dassdiere Sternmassenbereiche acheren Steigungen der intrinsischen galakto-
zentrischen Pro le entsprechen, was durch abnehmende Werte des Pro lexponembam-
ti ziert wird. Wir bestimmen quantitativ den Eekt von Satellitengalaxien, die in Stacking-
Experimenten dlschlicherweise als Zentralgalaxien identi ziert wurden, was die abgeleiteten
Rontgenoberachenhelligkeitspro le des heilden CGM verzeriir Btellare Massenbereiche von
10195 11 M | 10 125 M und 10%2° %5 M zeigen wir, dass selbst geringe Kontaminati-
onsanteile (bis zu 1%) die gemessenamtgenoberachenhelligkeitspro le bei groRen Radi-
en dominieren &nnen. Insbesondere im Bereich der MW-Masse dominieren falsch klassi zier-
te Zentrale, die 30940% oder 1% einer gestapelten Probe ausmachen, das gemessene Ober-

achenhelligkeitspro | jenseits von Radien vor0:11 Resoy,, 0:24 Rsoo. bzw. 1:04 Rsoq.

Darauf aufbauend entwickeln wir Voastsmodelle, die auf die radialen Obachenhel-
ligkeitspro le von Galaxien mit grol3er Masse im eROSITARgenbereich zugeschnitten sind.
Unser Modell umfasst zwei wichtige Emissionskomponenten: hei3es Gas um Zentral- und Satel-
litengalaxien sowie punkifmige Quellenbeitige von Bntgendoppelsternen (XRBs) und akti-
ven galaktischen Kernen (AGNSs). Wir simulieren Scheinbeobachtungen unter Verwendung der
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TNG300-basierten Gaspro le, wobei wir die Sternmassen- und Rotverschiebungsverteilungen
aus den Beobachtungen saiigig abgleichen, und untersuchen, wie Variationen in der zugrunde
liegenden Halomassenverteilung die Ergebnisse beein ussen. Wir zeigen, dass éherigrh

der mittleren Halomasse um einen Faktor vor2 zu einer 4fachenErhdhung der gesta-
pelten ROntgenluminosat des heilRen CGMuhrt. Durch die Einbeziehung empirischer Be-
schiankungen @ir AGN- und XRB-Leuchtkafte identi zieren wir das Vona@rtsmodell, das am
besten mit den eROSITA-Datérbereinstimmt. Im Bereich der MW-Sternmassen stimmt unser
Modell gut mit der bisherigen Literatiitberein. Wir stellen fest, dass innerhalb von etwa 40 kpc
vom Galaxienzentrum das heil3e CGM und die Punktquellenemission jew#ils 50% der ge-
samten Rntgenemission beitragen. Jenseits voAO kpc dominiert die heilie CGM-Emission

von Satellitengalaxien, die massereichere Wirtshalos mit einer mittleréBeGronM,oqn

104 M verfolgen, das gestapelte Signal. Dieser Ansatz bietet eine neuartige Methode, um die
mittlere AGN-Rbntgenleuchtkraft und die radiale Verteilung von heilem CGM-Gas in Galaxien
mit grof3er Masse gemeinsam zu bestimmen, was Tests von A@KkBpplungsvorschriften in
hydrodynamischen Simulationen &vgiicht.

Zusatzlich zu den beobachteten Projektionskten untersuchen wir, wie die gr@gmige
kosmische Umgebung diedRtgeneigenschaften des heil3en CGM formt. Mithilfe des DisPerSE-
Algorithmus zur Filament ndung auf unserem TNG300-basierten Lichtkegel LC-TNGX, der
sichuber Q03 z 0;3 erstreckt, klassi zieren wir zentrale Galaxien ianf verschiede-
ne Kategorien der groBumigen Umgebung: Haufen und massereiche Gruppen, Haufenvororte,
Filamente, Filament-Voidibergangsregionen und LeaaméwWande. Wir stellen fest, dass die
Rontgenoberachenhelligkeitspro le zentraler Galaxien in Filamenten Mifooy, > 102 M
im radialen Bereich von (@ 0;5)Rygom Um 20 45% heller sind als die in Hotdumen und
Wanden. Diesetberschuss ergibt sich aushreren durchschnittlichen Gasdichten, Temperatu-
ren und Metalliziaten in Filamentgalaxien, was einen deutlichen Ein uss des kosmischen Netzes
auf die Eigenschaften heiRen CGMs erkenréamsi. Unsere Ergebnisse unterstreichen, wie wich-
tig die Bericksichtigung der kosmischen Umgebung bei der Interpretation vongen-CGM-
Messungen ist, und zeigen vielversprechende Wegeuidinftige Studien auf, die untersuchen,
wie die Geschichte des Zusammenbaus, die Gasakkretion und die Konagktivkosmischen
Netz den Gehalt an heiliem Gas in der Umgebung von Galaxien beein ussen.

Insgesamt unterstreichen die in dieser Arbeit dargestellten Fortschritte, dass dasdgjést
Verstandnis des heiRen CGM einen integrierten Ansatz erfordert, detg@nbeobachtungen,
sorgiltige Modellierung von Projektions- und Umgebungskten und robuste Vergleiche zwi-
schen verschiedenen hydrodynamischen Simulationen kombiniert. Die hier entwickelten Metho-
den und Modelle bieten einen entscheidenden Rahiinedié Interpretation von Beobachtun-
gen des hei3en CGM, die durch aktuelle undimfiige Rdontgendurchmusterungen &iglicht
werden, und eriiglichen es uns, das komplexe Zusammenspiel von baryonischer Physik, AGN-
Ruckkopplung, Halo-Demographie und dem kosmischen Netz bei der Formung des hei3en Ga-
ses um Galaxien zu entwirren. Da neue Daten von Missionenatdrsten Generation wie Ne-
wAthena und HUBS zusammen mit immer ausgefeilteren Simulationen eamyetehen wir
an der Schwelle, das heil3e CGM al&zise kosmologische und astrophysikalische Sonde zu
nutzen. Die vor uns liegenden Herausforderungen bei der VUefkng mikrophysikalischer
Ruckkopplungsprozesse mit groBmaikdichen Beobachtungen, der Quanti zierung von Umge-
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bungseiniussen und der Eingrenzung der verschiedenen Mechanismen, die die Baryonenzyklen
steuern, bieten einen spannenden Grenzbereich, in dem Theorie und Beobachtung konvergieren,
um unsere Modelle der Galaxienbildung und -entwicklung zu verfeinern.
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Abstract

The hot phase of the circumgalactic medium (CGMgrs a unique window into the gas ows

that shape galaxy evolution, serving as both a reservoir and a conduit for baryons cycling in and
out of galaxies. The hot CGM, as observed in X-rays, probes thasdi baryonic gas, helping

to constrain feedback mechanisms and galaxy formation models. Recent advances in observa-
tional capabilities, particularly from the X-ray telescope eROSITA, have opened new avenues
to investigate the properties of the hot CGM around Milky Way (MW)-mass galaxies, yielding
critical benchmarks for cosmological hydrodynamical simulations. Yet signi cant challenges re-
main in interpreting these measurements due to projectients, contributions from unresolved
sources, and the complex in uence of a galaxy's large-scale environment.

In this thesis, we build a fully self-consistent forward model of the hot CGM using the
TNG300 cosmological hydrodynamical simulation. We construct a novel lightcone and gen-
erate mock X-ray observations based on intrinsic gas cell properties, so-called LC-TNGX, to
enable direct comparisons with observations. Our analytical modelling captures intrinsic X-ray
surface brightness pro les across stellar and halo mass bins. We nd that higher stellar mass bins
correspond to shallower slopes of the intrinsic galactocentric pro les, quanti ed via decreasing
values of the pro le surface brightness exponenCiritically, we quantify the eect of satellite
galaxies incorrectly identi ed as centrals in stacking experiments, which biases the derived hot
CGM X-ray surface brightness pro les. For stellar mass bins df316' M , 10!t 1¥25 M |
and 16+%° ¥5 M | we demonstrate that even modest contamination fractions (as low as 1%)
can dominate the measured X-ray surface brightness pro les at large radii. Speci cally, in the
MW-mass bin, misclassi ed centrals contributing 30P8%, or 1% of a stacked sample domi-
nate the measured surface brightness pro le beyond radii@fLll Rsp;, 0:24 Rsoo, and

1:04 Rsoq, respectively.

Building on this framework, we develop forward models tailored to the eROSITA stacked
X-ray radial surface brightness pro les of MW-mass galaxies. Our model includes two key
emission components: hot gas around both central and satellite galaxies, and point-source con-
tributions from X-ray binaries (XRBs) and active galactic nuclei (AGN). We simulate mock
observations using the TNG300-based gas pro les, carefully matching stellar mass and redshift
distributions from the observations, and explore how variations in the underlying halo mass dis-
tribution a ect the results. We show that for galaxy samples matched in stellar mass, increasing
the mean halo mass by a factor o leadstoa 4 enhancementin the stacked X-ray luminos-
ity of the hot CGM. By incorporating empirical constraints on AGN and XRB luminosities, we
identify the model that best matches the eROSITA data. In the MW stellar mass bin, our model
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agrees well with prior literature. We nd that within approximately 40 kpc from the galaxy cen-
tre, the hot CGM and point-source emission each contribu® 50% of the total stacked
X-ray emission. Beyond 40 kpc, the hot CGM emission from satellite galaxies, tracing more
massive host halos with med,y,, 10" M , dominates the stacked signal. This approach
o ers a novel method to jointly constrain the mean AGN X-ray luminosity and the radial hot
CGM gas distribution in MW-mass galaxies, enabling tests of AGN feedback prescriptions in
hydrodynamical simulations.

In addition to observational projection ects, we investigate how the large-scale cosmic en-
vironment shapes the hot CGM X-ray properties. Using the DisPerSE lament- nding algorithm
on our TNG300-based lightcone spanning® z 0:3, LC-TNGX, we classify central galax-
ies into ve distinct large-scale environment categories: clusters and massive groups, cluster out-
skirts, laments, lament-void transition regions, and voidslls. We nd that the X-ray surface
brightness pro les of central galaxies in laments witM,qoy, > 102 M are 20-45% brighter
in the radial range of (B—05) Ryoom COmMpared to those in voids and walls. This excess arises
from higher average gas densities, temperatures, and metallicities in lament galaxies, revealing
a clear imprint of the cosmic web on hot CGM properties. Our ndings highlight the importance
of accounting for the cosmic environment in interpreting X-ray CGM measurements and sug-
gest promising avenues for future studies exploring how the assembly history, gas accretion, and
connectivity in the cosmic web shape the hot gas content around galaxies.

Taken together, the progress outlined in this thesis underscores that fully understanding the
hot CGM requires an integrated approach, combining X-ray observations, careful modelling of
projection and environmental ects, and robust comparisons across multiple hydrodynamical
simulations. The methods and models developed here provide a critical framework for interpret-
ing hot CGM observations enabled by current and future X-ray surveys, allowing us to disen-
tangle the complex interplay of baryonic physics, AGN feedback, halo demographics, and the
cosmic web in shaping the hot gas around galaxies. As new data arrives from next-generation
missions like NewAthena and HUBS, alongside increasingly sophisticated simulations, we stand
at the threshold of using the hot CGM as a precise cosmological and astrophysical probe. The
challenges ahead in linking microphysical feedback processes to large-scale observables, quanti-
fying environmental impacts, and constraining the diverse mechanisms governing baryon cycles
0 er an exciting frontier where theory and observation converge to re ne our models of galaxy
formation and evolution.



Chapter 1

Introduction

The Universe we reside in, smoothed over large scales, is governed by gravity and the cos-
mological principle. The cosmological principle states that the Universe is homogeneous and
isotropic (Ellis & Harrison, 1974; Barrow & Matzner, 1977). Homogeneity implies that the
entire Universe has the same average physical properties. Isotropy states that there is no prefer-
ential direction in the Universe. This principle allows us to derive signi cant results from local
measurements, leading to the currently favoured concordance model that addresses the most im-
portant questions of cosmology, like the age, composition, and dynamics of the Universe. The
concordance model describes the geometry of our Universe to be strikingly at, whose energy
budget at the present epoch is dominated by “cold dark matter” (CDM) and “dark energy”, con-
tributing to about 25% and 70%, respectively. The latter mysterious component, dark energy, is
described by the cosmological constan{for reviews see, e.g., Weinberg 1989; Carroll 2001;
Padmanabhan 2003; Sahni 2004; Knobel 2012). The dominant contributions in the present-day
Universe from dark energy and dark matter motivate the concordance model to also be called the

CDM model. Despite mounting evidence for the existence of these two components (Zwicky,
1933; Rubin et al., 1980), their exact properties and direct detections remain undiscovered to
date (e.g., see Peebles & Ratra 2003; Arbey & Mahmoudi 2021; Oks 2021 for reviews).

With the advent of modern observational probes in astronomy, the constituents of the Uni-
verse in the CDM framework are precisely measured up t@% (Planck Collaboration et al.,
2020). One of the most powerful observational probes that provide us with impressively pre-
cise measurements of the cosmological parameters is the cosmic microwave background (CMB)
anisotropies. The CMB, discovered by Penzias & Wilson (1979), is a footprint of photons that
are emitted after the formation of the rst baryons, 380,000 years after the Big Bang at redshift
z 1000. The anisotropies in the CMB spectrum are temperaturereinces at the scale of
a few K, which were generated by quantum density uctuations in the early Universe. The
CMB anisotropies have been measured by space missions like the Cosmic Background Explorer
COBE (Kofman et al., 1993), WMAP (Hinshaw et al., 2013), and Planck Collaboration et al.
(2020), with increasing precision, and they show good consistency with @2M model.

Other observational probes include (i) Type la supernovae (SN1a, Riess et al. 1998; Perlmut-
ter et al. 1999), providing evidence for the accelerated expansion of the Universe; (ii) baryon
acoustic oscillations (BAO, Eisenstein et al. 2005; Cole et al. 2005; Percival et al. 2007; Alam
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et al. 2021), measuring cosmic expansion by characterising features in the clustering of galax-
ies; (iii) weak gravitational lensing (Mellier, 1999; Munshi et al., 2008; Hoekstra & Jain, 2008;
Kilbinger, 2015), probing the intervening dark matter distribution of the Universe; (iv) big bang
nucleosynthesis measurements (Cooke et al., 2014; Cyburt et al., 2016), constraining baryonic
matter the rst seconds of the Universe; (v) abundance of galaxy clusters (e.g., Mantz et al. 2015;
Bocquet et al. 2019; Ider Chitham et al. 2020; To et al. 2021; Garrel et al. 2022; Ghirardini et al.
2024; DES Collaboration et al. 2025), tracing the growth of structure in the Universe.

These combined cosmological probes provides broad support forGmeM model, which
is simply dependent on only six free parameters. These are the density parameters, the baryonic
density ,, and the dark matter density,, the Hubble constan,?, the amplitude of primordial
perturbationsA,, the power-law spectral index of the primordial density- eld pertubatiogs
and the reioinization optical depth, Another key derived quantity in theCDM model is g,
the root-mean-square uctuation amplitude of the matter power spectrurh drivipc scales.

While strong evidence exists in support of thEDM model, there are discrepancies among key
cosmological parameters between early-time (Planck Collaboration et al., 2020) and late-time
cosmological probes (Riess et al., 2019, 2021).

Galaxies form through the gravitational collapse of matter perturbations, with the initial
stages of galaxy formation depending on gas thermodynamics and associated physical processes,
such as radiative cooling, condensation, and energetic feedback, which enable the formation of
stars and galaxies (Rees & Ostriker, 1977; Silk, 1977; Somerville &D2a015; Naab & Os-
triker, 2017). The balance between drent galaxy formation processes and initial conditions
dictates the eventual formation of stars and their assembly into diverse galactic structures (Fall
& Efstathiou, 1980; White & Rees, 1978). The Circumgalactic Medium (CGM) plays a crucial
role in interfacing the gas between the interstellar medium (ISM) within galaxies and the external
intergalactic medium (IGM) outside them, encompassing the fossil imprints of physical mecha-
nisms that dictate the evolution of galaxies (Tumlinson et al., 2017). The CGM is a multiphase
medium characterised by rich dynamics, complex ionisation states, and a range of temperatures
and densities, acting both as a source of star-forming fuel and as a sink for out owing gas from
galaxies driven by stellar and Active Galactic Nuclei (AGN) feedback (Fauchere@gu Oh,

2023). The CGM can be probed by a variety of observational techniques, including absorption-
line spectroscopy, emission-line studies, and stacking analysis, which have collectively advanced
our understanding of the complex interplay between galaxies and their surroundings.

In summary, this thesis addresses three key questions in modelling the hot CGM by using
a novel lightcone constructed using the lllustrisTNG cosmological simulation and generating
mock X-ray observations. Chapt. 2 and the accompanying paper Shreeram et al. (2025a) details
on the construction of the TNG-based lightcone and systematically investigates the projection
e ects—such as local correlated environment, misclassi ed central galaxies, andsitebe-
tween the X-ray centre and halo potential centre—that contaminate X-ray stacking observations
of the hot CGM. By building an lllustrisTNG-based lightcone (LC-TNGX) and simulating how
these eects arise in stacking experiments, this thesis provides a detailed framework to quantify

1H, is also parametrized by meanstofsHg = 100hkm s * Mpc *
2 gis related toAs andns via the transfer of the primordial uctuations to the matter power spectrum.
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and mitigate them. In Chapt. 3 and accompanying paper Shreeram et al. (2025b), we demon-
strate how to retrieve the intrinsic hot CGM physics from eROSITA data by developing a forward
model of the stacked X-ray emissions from both hot gas and point sources (X-Ray binaries and
AGN). This approach reveals a tight correlation between the underlying halo mass distribution
and the resulting X-ray luminosity (with a factor2 increase in mean halo mass boosting the
CGM's luminosity by 4 ), and additionally allows constraining AGN X-ray luminosity jointly

with the radial CGM pro le. Finally, Chapt. 4 and the accompanying paper Shreeram et al.
(2025c) explore how the cosmic web shapes the CGM by applying the lament nder DisPerSe
to the LC-TNGX. This classi cation shows that the hot CGM of galaxies in laments, cluster
outskirts, and other environments each impart distinct imprints on X-ray pro les. E.g., galaxies
in laments with Mygom > 102 M appear 20 45% brighter at (B 0:5)  Ryoom than those

in voids or walls. Together, these studies underscore both the importance of meticulous forward-
modelling for reliable X-ray CGM measurements and the pivotal role of large-scale structure
and environment in shaping the hot CGM. Lastly, Chapt. 5 summarises the main ndings of this
thesis and provides an overview of promising future directions to pursue with the tools developed
and results obtained in this thesis.

In the current chapter, we describe on the history of the Universe in Sec. 1.1, walking through
the evolution from the Big Bang (Sec. 1.1.1) and the formation of dark matter halos (Sec. 1.1.2)
to galaxy formation (Sec. 1.1.3). Given our understanding of how galaxies form, we detail their
key properties and scaling relations in Sec. 1.2. We then progress to the crucial question of how
they evolve, in which the CGM, described in Sec. 1.3, plays a central role, and is the focus of this
thesis. The CGM is the multi-phase complex gas hosted within the halo, bearing the imprint of
numerous physical processes like gas in ows, out ows, and feedback. We summarise the main
observational probes revealing drent facets of the CGM in Sec. 1.3.1-1.3.3. In Sec. 1.4 we
summarise the dierent ways the complex multi-scale, multi-physics CGM is modelled, with
particular emphasis on using hydrodynamical simulations (Sec. 1.4.1). We also summarise the
key physical processes that impact the CGM in Sec. 1.4.2. Lastly, Sec. 1.5 presents a summary
of the objectives attained in this thesis.

1.1 The history of the Universe

While on large scale& 250 Mpc the Universe is homogeneous and isotropic (Laurent et al.,
2016), on smaller scales we observe huge deviations from the mean matter density, resulting
in the so-called cosmic web. These deviations from the cosmological principle are due to the
tiny uctuations in the primordial distribution of matter, which evolved under the in uence of
gravity, starting at 0.1 Gyr, and have led to the present-day Universg at 13:7 Gyr. The
primordial uctuations grew with time due to gravitational collapse, leading to the formation of
high-density peaks that are the nodes of the cosmic web hosting today's galaxy clusters. The
expansive network of bridges between these nodes forms a large-scale web dominated by la-
ments, which demarcate the underdense voids (Peebles, 2020). The existence and evolution of
the cosmic web (Bond et al., 1996) has been modeled using large N-body simulations of struc-
ture formation ina CDM Universe (e.g. Springel et al. 2006; Popping et al. 2009; Angulo et al.
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2012; Habib et al. 2012; Poole et al. 2015). Although the existence of laments, clusters and
voids has been well predicted theoretically, advances in spectroscopic surveys with increasing
resolution and depth have now allowed us to observationally map the cosmic web. The cosmic
web, as traced by galaxies, has been studied up to redshifd.® thanks to surveys such as

the Center for Astrophysics (CfA) Redshift Survey (De Lapparent et al., 1986), Sloan Digital
Sky Survey (SDSS, York et al., 2000), 2dF Galaxy Redshift Survey (2dFGRS, Colless et al.,
2001), 6dF Galaxy Survey (6dFGS, Jones et al., 2009), Galaxy and Mass Assembly (GAMA,
Driver et al., 2011), VIMOS Public Extragalactic Redshift Survey (VIPERS Guzzo et al., 2014),
2MASS (Huchra et al., 2012) and Cosmic Evolution Survey (COSMOS, Scoville et al., 2007).
In Fig. 1.1, we show the cosmic web as observed by the SDSS out to redsltifiL5.

1.1.1 Evolution of the Universe from the Big Bang

Together with the cosmological principle, another fundamental assumption on which the standard
cosmological theory relies is that on saiently large scales the Universe is governed by gravity
and dark energy, as described by by the theory of General relativity (GR, Einstein, 1915). In
GR, gravity is manifested as a curvature in spacetime, described by a metric. The most general,
homogenous, and isotropic metric is called the Friedmann-[tezrRobertson-Walker (FLRW)
metric

ds = at)®>x® cAdt%; (1.1)

whereds de nes the in nitessimal line element; is the speed of lightx is the spatial vector
anda(t) is the scale factor. The evolution of the primordial density uctuations in an expanding
Universe is described bg(t); this function de nes the dynamics of the Universe. At present
time, to, the scale factor is de ned to be unit(ty)) a, = 1. Additionally, a(t) allows us to
describe the position of any object in the Universe as a(t)x, wherex is an arbitrary spatial
vector for that object. Observations show that the recession velgcityith which objects at a
position,r, move from the observer is related as follows: (a=a)r (Hubble, 1929; Riess et al.,
1998}. Therefore,a(t) is continuously decreasing in the expanding Universe, a), > O.
Here,a(t)=a(t) H(t) is the Hubble parameter describing the expansion rate of the Universe,
andH(ty) Hogis a constant. The Planck Collaboration et al. (2020) medsyre (67:4 0:5)
km/s/Mpc, which is obtained by combining information from the CMB temperature, polarization
maps and the lensing data.

In angular coordinates, = (r; ; ), and the FLRW metric from Eq. 1.1 can be written as

dr? !
m + r2d Czdtz, (12)

ds = a(t)?
whereK describes the geometry of the Universe, which assumes the value of O, for a at geom-
etry, within the CDM framework.

How the curvature of spacetime, as de ned by the metric in Eqg. 1.2, responds to the presence
of mass, energy and momentum is encoded by Einstein's eld equations. These are second-order

3Image creditswww.sdss4.org/science/orangepie/
4This relation is also called Hubble's law.
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Figure 1.1: Two-dimensional map of the large-scale structure of the Universe as observed by the Sloan
Digital Sky Survey (SDSS). The Milky Way galaxy is located at the center of the gure, and each point
represents a galaxy. The redshift of a galaxy, which increases with distance from the Milky-Way observer,
determines its radial position on the map. This image includes galaxies out to about 2 billion light-years,
with the colors depicting thg r color of the galaxy. The striking web-like pattern that emerges is known

as the cosmic web. It is a vast, interconnected network of laments, clusters, and voids shaped by gravity
and dark energy over cosmic time. The SDSS data provides a detailed view of the large-scale structure,
revealing how galaxies trace the underlying distribution of dark matter across the Universe. Image Credits:
M. Blanton and SDSS collaboratior?.
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non-linear di erential equations, encapsulating six independent equations, that are written in the

following form 8 G

G + g = p T ; (1.3)
whereG R  1=2g Ris the Einstein tensor, composedgf, the metric tensor, ang
the Ricci tensor. AdditionallyR is the Ricci scalar, is the cosmological constar is the
gravitational constant, anfl is the energy-momentum tensor. The left-hand side encapsulates
the geometrical aspect of spacetime, and the right-hand side describes the sources (energy and
momentum) that aect the curvature of spacetime. In a Universe without matter (i.e, vacuum
only), theT term disappears. However, in our Universe, we asslim&ékes the form of a

perfect uid, and it is related to the energy, and pressurd?, densities as follows
T =(+Puu +P ; (1.4)

whereu is the four-velocity, which for a particle of massis also called the four-momentum,
p = mu. Inthe rest framep = (1;0;0;0), with the time-component®, representing the
energy.

In a homogenous and isotropic Universe, described by the FLRW metric (Eq. 1.2), the appli-
cation of Einstein's equations (Eq. 1.3) with assuming the form of a perfect uid (Eq. 1.4),
provides us with the Friedmann equations, which are as follows:

a2 K 8 G

—+— —=—: and 15
az a2z 3 3 (1.5)
a a K

22+ 5+5 = 8G: (1.6)

The main components of the Universe are non-relativistic matter, radiation, and dark energy.
Assuming these dierent components comprising the Universe are adiabatic, they follow the
equation of state

P=w ¢ (1.7)

wherew = 0 for matter,w = 1=3 for radiation, andv = 1 for dark energy. By combining
Eg. 1.5 and Eq. 1.6, with Eq. 1.7, we can show that the critical density of a Universe,
3H3
— =188 10%®gcm?: 1.8
5o g (1.8)
The =3 andK termsin Eq. 1.5 can also be similarly used to de ne the dark energy density,
= ¢?=8 G, which is time independent, and the curvature densityy 3Kc?=8 G°, which
evolves ask / a 2. By implementing energy conservation for matter and radiation, we nd that
the energy density of radiation evolves with time ag a #, while the energy density of matter
evolves as ,/ a 3. By de ning the dimensionless density parametersz ;= , we can then
rewrite the Friedmann equation (Eg. 1.5) for our Univsere at the presentdymel() as follows

+ o+t =1 (1.9

5If the geometry of the Univserse is at, i.& = 0, this component vanishes.
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Cosmological probes (e.g., CMB anisotropies, SN1a, BAO, weak lensing, BBN, etc.) pre-
cisely measure the total matter density in the Universe today. By imposing Eq. 1.9 together with
the evolution of each of these components vat), we nd that radiation dominated the Uni-
verse beforeg 3000. This was followed by the matter-dominated era w&l0:7, after which
dark energy took over.

1.1.2 Formation of dark matter halos

The fact that the Universe is homogeneous and isotropic at large scales allows us to de ne an av-
erage matter density . At smaller scales, under the in uence of gravity, this average density

is superposed with density uctuations. The fractional density uctuations are considered a real-
isation of random processes. A completely uniform Universe would not lead to the formation of
all the inhomogeneous structures we see today, as also shown in Fig. 1.1. At any given random
position in the sky (outside the Milky Way and local structures), the fractional uctuations in
mass (and energy) density,within a sphere of radiuR decrease witR as a power-law. Due to
gravity, these overdensities grow and attract increasingly more matter, resulting in the departure
of structures from the background expansion; thereafter, they collapse to form halos. We com-
pare these local (small-scale) perturbations to the average background degrsijtyusing the

overdensity parameter de ned as .
_ ml
T Thg (2.10)
Let's consider the case of very small uctuations, 1, where we can treat the growth
of overdensities using linear structure formation theory. This holds for the very early Universe,
where the uctuations are of the order of 10 ° as measured by the Planck Collaboration et al.
(2020) using CMB anisotropies. However, at late times, these overdensities (and underdensities)
follow highly non-linear evolution and are of the order ofl(? 10°.
The spatial density uctuationg(r) that grow linearly can be decomposed using the Fourier

transform, y, into harmonic waves with dierent amplitudes
X .
= e, (1.11)
k

wherek is the wave vector, whose magnitudtes jkj, is related to the wavelength of the wave
k = 2= . The square of the density wavgs,j> probes the amount of structure at that given
Fourier scalek. By averaging over all the waves at a given wavenumber, we obtain the statistic
de ned as the matter power spectruR(k) hj j%i«. The evolving power per logarithmic band
is also expressed as
K*P(K).

227
which is also related to the mean square density uctuation. Given a smoothly varying power
spectrum, we can associateklwvith a scaleR  1=k. Therefore, the spatial density uctuations
represented at scaleare characterised by the power spectrum at any B(ket).

The gravitational potential,, due to a density uctuation,, in a region of sizeR, is
/' h 4iR%, which is independent ad(t). In the early Universe, the density uctuations that

2= (1.12)
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were encoded in the potential must have been imprinted on the radiation eld when radiation de-
coupled from matter. As the photos climb out of a potentia®  v=v, they are gravitationally
redshifted due to loss of energy. We expect to see a temperature anisotropy in the CMB radiation

T=T =c2 The deepest potential wells of today's objects, i.e., galaxy clusters, require escape
velocities ofvese  10° km s 2, corresponding to T=T O (10 °), which is exactly the scale
measured in CMB anisotripies.

As the density uctuations ! 1, the amount of power per logarithmic band in Fourier
space becomes non-linear (Peebles, 2020) and is better understood using N-body simulations.
Additionally, the evolution of the density uctuations is in uenced by the expanding Universe,
particularly a(t), where the collapsing overdensities are damped by the expansion rate of the
Universe. The maximum expansion of the density perturbation before collapsing, the so-called
turnaround time, approaches when the density contrast:06. After the turnaround time, it can
be shown that the perturbations eventually collapse to form bound objects, i.e., halos form above
the critical threshold < 1:686. The corresponding redshift for the formation of structures
goesupte 20 (Padmanabhan, 2002). As dark matter is the dominant component of matter,
the halos that rst formed were made up of dark matter. The distribution of dark matter then
dictates the formation of objects with visible matter, like gaseous halos and stars, later forming
galaxies (White & Rees, 1978). In the hierarchical CDM paradigm, smaller structures collapse
rst and then merge into larger systems, proceeding in a "bottom-up” fashion (Mo et al., 2010;
Cole et al., 2000).

1.1.3 From dark matter halos to galaxy formation

While dark matter governs the large-scale suding of the Universe, it is the baryonic matter,

particularly in the form of stars and gas within galaxies, that traces and modi es the structure

on smaller ( kpc) scales (Blumenthal et al., 1984; Faucher-@rguet al., 2011). Galaxies

form within the gravitational potential wells of dark matter halos, representing collapsed, high-

density regions within the cosmic web (Bond et al., 1996). They have characteristic stellar masses
10" M , and are crucial tracers for understanding the Universe's evolution (Blanton & Mous-

takas, 2009; Naab & Ostriker, 2017).

Within the CDM paradigm, cold dark matter is a collisionless uid that collapses predomi-
nantly due to gravity, without experiencing shocks or signi cant free-streaming (Springel et al.,
2006; Peebles, 2020). Contrarily, the infalling baryonic gas into the dark matter potential wells
experiences pressure. It can cool and condense, losing energy primarily through two-body radia-
tive processes such as bremsstrahlung emission, atomic excitation, and inverse Compton scatter-
ing (Rees & Ostriker, 1977; Silk, 1977;0Bringer & Werner, 2010). This enables the baryonic
material to segregate from the dark matter and accumulate as dense, cold gas at the centre of the
dark matter halo, forming stars that assemble into galaxies.

The initial stages of galaxy formation depend not only on the gravitational collapse of mat-
ter perturbations but also critically on gas thermodynamics and associated physical processes.
Studies (e.g., Keseet al. 2009; Dekel & Birnboim 2006) show that the gas accreting onto ha-
los can follow distinct thermal pathways, which are critical for galaxy formation. If the cooling
time of the gas is shorter than the dynamical time of the halo, rapid collapse and fragmentation
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into stars can occur (Rees & Ostriker, 1977; Fardal et al., 2001; Dekel et al., 2009). In more
massive halos, where radiative cooling may be innt, gas can shock-heat to the virial tem-
perature and settle into a quasi-static equilibrium, forming a hot gaseous atmosphere. These hot
atmospheres are prevalent at halo mags#8'2 M , i.e., at Milky-Way mass and more massive
clusters and groups of galaxies today (e.g., Gunn & Gott 1972; Dekel & Birnboim 2006; Popesso
et al. 2024c). In contrast, in low-mass halos or along dense laments of the cosmic web, studies
show that gas may avoid strong shock-heating and accrete directly in a "cold mode” (see e.g.,
Keres et al. 2005; Birnboim & Dekel 2003). This cold ow occurs when the gas cootstvely

as it falls in, or if its pressure support is negligible, allowing it to free-fall to the centre without
developing an accretion shock. The transition between cold and hot mode accretion depends on
halo mass and redshift, with halos 10'2 M typically accreting via the cold mode, while more
massive halos (abo 10'> M ) experience hot mode accretion (van de Voort et al., 2011;Kere

et al., 2009). These accretion modes, which depend on halo mass and redshift, fundamentally
determine the gas supply available for star formation over cosmic time (Brinchmann et al., 2004;
Ocuvirk et al., 2008).

The balance between dérent galaxy formation processes and the initial conditions dictates
the eventual formation of stars and their assembly into diverse galactic structures, such as whether
a system forms an elliptical galaxy, if most gas turns into stars rapidly during collapse, or a spiral
galaxy, if the gas remains gaseous and settles into a rotationally supported disk rst (Fall &
Efstathiou, 1980; White & Rees, 1978; Mo et al., 1998). The ability of gas to form molecular
hydrogen and cool eectively is particularly important for the formation of the rst stars in early,
small halos at high redshifts (Tegmark et al., 1997; Abel et al., 2002; Bromm & Larson, 2004).
The observable properties of galaxies (stellar mass, morphology, star formation rate, and internal
structure) emerge from the complex interplay between cosmological accretion, star formation,
and feedback processes (White & Frenk, 1991; Somerville 8D2015), as further described in
Sec. 1.2. Baryons can reach higher central densities than dark matter, enabling the formation of
compact structures such as disks and bulges (Mo et al., 2010). However, energetic feedback from
supernovae and AGN can heat and expel gas, reducing star formation and modifying the mass
distribution within halos (Springel & Hernquist, 2005; Springel et al., 2005b; Velliscig et al.,
2014). Studies linking star formation to gas surface density and pressure (see e.g., Kennicutt Jr
1998; Schaye & Dalla Vecchia 2008; Crain & van de Voort 2023) pave the way to understand the
connections between interstellar gas properties and global galactic evolution. All these processes
have an impact on the dark matter halos under certain conditions, contrary to naive expectations
from dark matter-only models (Mashchenko et al., 2006, 2008; Governato et al., 2010; Pontzen
& Governato, 2012; van Daalen et al., 2014).

Galaxy formation is a complex physical process governed by masgte acting simulta-
neously, e.g., gravitational dynamics, hydrodynamics, radiative cooling, and energetic feedback,
all within dark matter halos (Somerville & Day 2015; Naab & Ostriker, 2017). The resulting
galaxy populations vary widely in morphology and structure, shaped by complex formation his-
tories and evolving intrinsic and extrinsic conditions (Conselice, 2014). Therefore, observational
properties of galaxies serve as the most direct probes of their evolutionary pathways.
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Figure 1.2: Visualisation of the multi-phase baryonic structure from the EAGLE (Schaye et al., 2015)
Ref-L100N1504 simulation &= 0, highlighting the interplay between gas dynamics and galaxy forma-
tion. The large panel displays a comoving 10000 20 Mpc slice in projection, where the gas density
determines the brightness and gas temperature is color-coded: blue for cold gd<©t® K), green for

warm gas (16°K < T < 10°°K), and red for hot gasT( > 10°°K). These temperature regimes trace
distinct phases of the cosmic baryon cycle, such as cold lamentary in ows, shock-heated halo gas, and
feedback-driven out ows, which are central to the thermodynamics of the CGM. The 10 cMpc and 60
ckpc insets zoom in on a galaxy with a stellar massfef 3 10'°M : the 10 cMpc view highlights

its local cosmic web environment, while the 60 ckpc panel shows the distribution of starlight in optical
bands. Together, these multiscale projections demonstrate how cosmological hydrodynamical simulations
capture the emergence of galaxy populations from the evolving gas distribution within the large-scale
structure. Figure taken from Schaye et al. (2015).



1.2 Galaxy properties 11

1.2 Galaxy properties

Historically, the structural and morphological diversity of galaxies was the key observational
probe of physical processes inherent to galaxy formation and evolution. The Hubble sequence (Hub-
ble, 1929; Sandage, 2005) and its later re nements (e.g., De Vaucouleurs 1959; van den Bergh
1976; EImegreen & Elmegreen 1987) provide a taxonomy for galaxy types based on visual and
structural characteristics such as spiral arms, bars, rings, and bulge-to-disk ratios. Hubble's ter-
minology and classi cation of galaxies into “early-type” (ellipticals and lenticulars) and “late-
type” (spirals) galaxies remains widely used, where galaxies are divided into smooth, dispersion-
supported early-types and complex, rotation-supported late-types (see e.g., Blanton & Moustakas
2009; Mo et al. 2010). Spiral (late-type) galaxies are disk systems with ongoing star formation
and typically blue in colour, often hosting central bulges (classical or pseudobulges), with bars
that redistribute angular momentum, and distinct thin and thick disk components, e.g., Gilmore &
Reid (1983); Kennicutt Jr (1998); Kormendy & Kennicutt Jr (2004). Lenticulars are disk galaxies
with smooth, concentrated light pro les, low speci ¢ star formation rates, and little molecular
gas; they lack spiral structure but retain disk-like features (Dressler, 1980; Van den Bergh, 2009;
Blanton & Moustakas, 2009). Ellipticals (early-types) exhibit smooth, symmetric morpholo-
gies, old stellar populations, low cold-gas content, and predominantly red colours (e.g., Merritt
1999; Chiosi & Carraro 2002; Renzini 2006; Tojeiro et al. 2013; Cassisi & Salaris 2013). With
the advent of recent surveys, which provide high quality galaxy spectra, galaxy light pro les,
and robust bulge—disk decompositions, morphology can be better studied through quantitative
structural parametetsThese advances allow us to move beyond purely visual classi cation and
connect galaxy structure to formation pathways (e.g., Peletier & Balcells 1996; De Jong et al.
2004; Falén-Barroso & Knapen 2013; Conselice 2014).

Galaxies grow and change through cosmic gas accretion, mergers, internal instabilities, and
environmental interactions, which set the fuel for star formation and black hole growth and help
trigger the transition from star-forming to quiescent states (quenching); e.g., Dekel & Birnboim
(2006); Keres et al. (2005); Martin et al. (2018); Peng et al. (2010). This evolution is tightly
linked to feedback, the energy and momentum from stars and supermassive black holes, which
acts in preventive (hindering fresh gas from reaching the ISM) and ejective (removing ISM gas)
ways (see reviews by Somerville & Da2015; Naab & Ostriker 2017; Donahue & Voit 2022).
Stellar feedback refers to out ows from massive stars and supernovae, while AGN feedback
refers to energy and momentum transfer from central black holes of the galaxy (Dekel & Woo,
2003; Hopkins et al., 2012; Eckertetal., 2021). AGN feedback operates in two modes: a radiative
(quasar) mode at high, radiatively eient accretion, triggered by mergers or disk instabilities,
which launches fast winds and expels cold gas to suppress star formation; and a kinetic jet (radio)
mode at low, radiatively inecient accretion from hot halos, where relativistic jets heat halo
gas and prevent cooling ows (e.g., Croton et al. 2006; Hopkins & Elvis 2010; McNamara &
Nulsen 2007; Heckman & Best 2014; Alexander & Hickox 2012; Brandt & Alexander 2015). In
combination, stellar feedback regulates and can quench low-mass systems, while AGN feedback

5Morphology is parameterised by the bulge-to-disk ratiéT{Rand the ®rsic indexn as a proxy for light con-
centration, where disks are well describedrby 1 (exponential pro les), whereas ellipticals and classical bulges
typically haven 4 (de Vaucouleurs-like pro les); e.g., see review by Blanton & Moustakas 2009.



12 1. Introduction

is key to regulating quiescence in massi€el('? M ) halos (e.g., Donahue & Voit 2022).

Statistical comparisons of galaxy populations across cosmic time provide key insights into
their evolutionary pathways. Despite their diversity in mass, size, and morphology, galaxies also
reveal a striking degree of regularity, following a number of remarkably tight scaling relations
(see e.g., Mo et al. 2010). One of the most fundamental manifestations of this regularity is the
bimodal distribution of galaxies in color—-magnitude space. Galaxies display a pronounced sepa-
ration into a "blue cloud' and a ‘red sequence’ (Strateva et al., 2001; Baldry et al., 2004; Blanton
& Moustakas, 2009). The red sequence is primarily made up of quiescent systems, dominated by
old stellar populations with little or no ongoing star formation (e.g., Van Den Bosch et al. 2008;
Graves et al. 2009; Williams et al. 2009). In contrast, the blue cloud contains star-forming galax-
ies, which host younger stellar populations and exhibit active star formation (Brinchmann et al.,
2004; Asari et al., 2007; Whitaker et al., 2012). This bimodality persists at least td, and
can be traced spectroscopically using the 4000-A break, a robust indicator of stellar population
age (Kau mann et al., 2003; Bell et al., 2004; Kriek et al., 2006; Wu et al., 2018). Observation-
ally, the comoving number and stellar mass density of quiescent galaxies has risen signi cantly
sincez 2, indicating that many galaxies once in the blue cloud have transitioned to the red
sequence through quenching processes (Vulcani et al., 2014; Sampaio et al., 2022). These trends
highlight how statistical relations provide a powerful framework for linking galaxy properties to
their evolutionary states, as discussed in the following subsection on the statistical properties of
galaxies

1.2.1 Statistical properties of galaxies

Key statistical properties of galaxies encapsulate crucial information about the underlying phys-
ical processes and must be explained by any successful simulation or theory of galaxy formation
(see review by Primack 2024). This requires determining marginal distribution functions, al-
lowing us to grasp the properties intrinsic to a galaxy population. Here we discuss the Galaxy
Stellar Mass Function (GSMF), Luminosity Function (LF), the Stellar Mass-to-Halo Mass Rela-
tion (SMHR), Star-Forming Main Sequence (SFMS), and Mass-Metallicity Relation (MZR).

A fundamental property of a galaxy is its luminosity, which broadly traces its stellar con-
tent and correlates with stellar mass via mass-to-light relations, but evolves as stars form and
age (Conroy, 2013; Bell & de Jong, 2001). As a result, the distribution of luminosities encodes
key aspects of how the galaxy population evolves across cosmic time (Binggeli et al., 1988;
Blanton et al., 2003). This evolution is typically quanti ed using the LH,), and the GSMF,

(M>), which give the comoving number density as a function of luminosity and stellar mass, re-
spectively. Both are commonly parameterized by a functional form called the Schechter function
described by a normalization, a characteristic scal& (or M ), and a slope (Schechter, 1976;
Baldry et al., 2012). Connecting these functions to the galaxy assembly histories, observations
show that massive galaxies assembled the bulk of their stars eaie?)( while low-mass sys-
tems built up more gradually over extended timescales, a trend often termed “downsizing” (see
e.g., Cowie et al. 1996; Neistein et al. 2006; Fontanot et al. 2009). These statistical descriptions
not only capture the evolution of the galaxy population but also reveal hogreint galaxy types
and physical processes dominate inafient regimes; e.g., in the local Universe, the bright end
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of the LF is dominated by early-type systems, whereas the faint population is largely late-type
and star-forming (see e.g., Blanton & Moustakas 2009; Driver et al. 2022). Similarly, the sharp
cuto of the GSMF at the high-mass end is shaped by AGN feedback, which is key in maintain-
ing quiescence in massive hal@&10? M ); see e.qg., Pillepich et al. 2018b; Oppenheimer et al.
2021; Crain & van de Voort 2023.

Another key property with which galaxies are associated is their underlying dark matter halos,
as discussed in Sec. 1.1.3. Consequently, characterizing the galaxy population typically requires
connecting its observable properties to those of the host dark matter halos (Berlind & Weinberg,
2002; Cooray & Sheth, 2002; Wechsler & Tinker, 2018). The SMHR links galaxy stellar mass to
host halo mass and is a key benchmark for galaxy formation models and for interpreting survey
data, because it encodes howaently halos turn baryons into stars and thereby ties galaxy
statistics to the underlying dark matter halo population (Behroozi et al., 2013; Moster et al.,
2013). Empirically, the ratiol,=M,, peaks at 0:03 in halos ofM, 102 M (Milky Way
halo mass scale), implying that even at peakciency only. 20% of the available baryons
are converted into stars liy' 0 (Fukugita & Peebles, 2004; Moster et al., 2010; Peebles &
Ratra, 2003). The stellar fraction declines toward both lower and higher halo masses, pointing
to stellar feedback suppressing star formation in low-mass halos and AGN feedback doing so at
high masses (Dekel & Silk, 1986; Benson et al., 2003; Croton et al., 2006; Somerville & Dav
2015). This relation is tightly constrained by joint analyses of abundances, clustering, lensing,
and group catalogs, shows0:2 dex intrinsic scatter above the pivot mass, and indicates that the
bulk of cosmic star formation over time occurs in a narrow band arddpnd 10°M (Yang
et al., 2009; Leauthaud et al., 2012; Behroozi et al., 2013; Wechsler & Tinker, 2018).

Among star-forming galaxies, the star formation rate (SFR) correlates tightly with stellar
mass, de ning the star-forming main sequence (SFMS), whose overall normalization has de-
clined steadily since 2 (Brinchmann et al., 2004; Noeske et al., 2007; Whitaker et al.,
2012; Speagle et al., 2014). A second key scaling is the mass—metallicity relation (MZR), which
shows that more massive galaxies are typically more metal-rich, with a slope that is steep below
M, 10> M and attens at higher masses (e.g., Tremonti et al. 2004; Baldry et al. 2008;
Zahid et al. 2014; Wu et al. 2016; Maiolino & Mannucci 2019 and references therein). Ata xed
stellar mass, galaxies at higher redshift have lower gas-phase metallicities (Zahid et al., 2014;
Erb et al., 2006; Curti et al., 2020; Sanders et al., 2021). This attening at the high-mass end has
been interpreted as the combined result o€ent metal removal through galactic winds in low-
mass systems, saturation of chemical yields in more massive galaxies, reduced star formation in
low-mass galaxies due to stellar feedback, and possible variations in the integrated stellar initial
mass function (e.g., Dekel & Silk 1986;3¢pen et al. 2007; Finlator & D&2008; Zahid et al.

2014). Together, the SFMS and MZR trace how galaxies assemble mass, accrete gas, and are
regulated by feedback (Lilly et al., 2013; Somerville & @a2015; Primack, 2024).

Simulations aim to model this intricate interplay of drent processes shaping these galaxy
properties and scaling relations (Crain & van de Voort, 2023). An illustration of these coupled
processes across cosmic scales is provided in Fig. 1.2, which shows multi-scale projections from
the EAGLE simulation (Schaye et al., 2015). The gure demonstrates how gas density and
temperature trace cosmic web laments and the dark matter halos. It also shows halos hosting hot
gaseous atmospheres and the impacts on baryons due to feedback-driven processes. The zoom-
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ins reveal how a typical Milky Way-mass galaxy emerges from this complex environment. Such
visualisations emphasise the essential role of simulations in linking the large-scale distribution
of baryons to the internal properties of galaxies. Because these processes are multi-scale, non-
linear, and coupled across large dynamical ranges, analytic treatments alone a@ansuand
cosmological hydrodynamical simulations have become an indispensable tool to study galaxy
formation and evolution (Vogelsberger et al., 2020). They capture detailed gas evolution, its
multi-phase nature, and feedbackeets, crucially tracing the bidirectional coupling between
galaxies and the vast circumgalactic medium (Tumlinson et al., 2017; Fauchesr&i&LOh,

2023), forming the self-consistent framework for galaxy growth and the baryonic cyamieu¥®

& Howk, 2020).

1.3 The Circumgalactic Medium (CGM)

The CGM plays a crucial role in interfacing the gas between the interstellar medium (ISM) within
galaxies and the external intergalactic medium (IGM) outside them. Itis de ned as the gas within
the virial radius of the galaxy but outside its stellar disk. This surrounding gas reservoir is gravi-
tationally bound to the halo and encompasses the fossil imprints of physical mechanisms—such
as out ows, in ows, and feedback processes—that dictate the evolution of galaxies (see Tumlin-
son et al. 2017 for a review). In recent years, this component has assumed a central role in our
understanding of galaxy evolution, owing to rapid observational advances in probing théedi

nearly invisible material. Observations and simulations alike reveal that the CGM is a multiphase
medium characterised by rich dynamics, complex ionisation states, and a range of temperatures
and densities. It acts both as a source of star-forming fuel through cosmic web accretion and as
a sink for out owing gas from galaxies driven by stellar and AGN feedback (Fauchere@Gigu

Oh, 2023).

Gas in ows from the cosmic web are vital to sustain star formation, while feedback processes
and galactic winds play an essential role in regulating SFRs. Therefore, studies of the CGM help
to constrain the mass distribution, kinematics, thermodynamics, and chemical abundances of the
gas ows that regulate galaxy formation. These mechanisms are sensitive to the galaxy's envi-
ronment and its dark matter halo properties, as shown by the SHMR (see Sec. 1.2.1); see review
from Wechsler & Tinker (2018). According to most models, the SHMR indicates that the low-
halo-mass end is sensitive to stellar and supernova (SN) driven feedback (Dekel & Woo, 2003;
Benson et al., 2003), which causes gas heating, hot bubble formation (McKee & Ostriker, 1977),
galactic-scale wind out ows (Dekel & Silk, 1986), and turbulence (Ostriker & Shetty, 2011;
Strickland & Heckman, 2009). In contrast, AGN are expected to dominate the feedback in high-
halo-mass systems (Silk & Rees, 1998; Fabian, 2012; Eckert et al., 2021). Of particular interest
is the peak of the SHMR relation at the pivotal halo migs 102 M , which corresponds to
the mass scale of Milky Way (MW)-like galaxies and marks the maximum in star formatien e
ciency. The hot, volume- lling phase of the CGM at this mass scale encapsulates a rich range of
physical processes and is therefore a key testbed for galaxy formation models (Faucleee Gigu
& Oh, 2023).

The CGM is empirically observed to be multiphase, exhibiting a complex gas structure at
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