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Zusammenfassung

Die heifle Phase des zirkumgalaktischen Mediums (CGM) bietet einen einzigartigen Einblick in
die Gasstrome, die die Entwicklung von Galaxien bestimmen, da sie sowohl als Reservoir als
auch als Kanal fiir Baryonen dient, die in die Galaxien hinein- und aus ihnen herausstromen.
Das heifle CGM, wie es im Rontgenlicht beobachtet wird, ist eine Sonde fiir das diffuse baryo-
nische Gas und trigt dazu bei, Riickkopplungsmechanismen und Galaxienentstehungsmodelle
einzuschréinken. Jiingste Fortschritte bei den Beobachtungsmoglichkeiten, insbesondere mit dem
Rontgenteleskop eROSITA, haben neue Wege zur Untersuchung der Eigenschaften des heiflen
CGM um Galaxien mit der Masse der Milchstrale (MW) eroffnet und entscheidende Anhalts-
punkte fiir kosmologische hydrodynamische Simulationen geliefert. Die Interpretation dieser
Messungen ist jedoch aufgrund von Projektionseffekten, Beitrdgen unaufgeloster Quellen und
des komplexen Einflusses der groBraumigen Umgebung einer Galaxie nach wie vor mit erhebli-
chen Herausforderungen verbunden.

In dieser Arbeit erstellen wir ein vollstindig selbstkonsistentes Vorwértsmodell des heillen
CGM unter Verwendung der kosmologischen hydrodynamischen Simulation TNG300. Wir kon-
struieren einen neuartigen Lichtkegel und generieren Schein-Rontgenbeobachtungen, die auf
den intrinsischen Eigenschaften der Gaszellen basieren, sogenannte LC-TNGX, um direkte Ver-
gleiche mit Beobachtungen zu ermoglichen. Unsere analytische Modellierung erfasst intrinsi-
sche Rontgen-Oberflachenhelligkeitsprofile iiber stellare und Halo-Massenbereiche hinweg. Wir
stellen fest, dass hohere Sternmassenbereiche flacheren Steigungen der intrinsischen galakto-
zentrischen Profile entsprechen, was durch abnehmende Werte des Profilexponenten S quan-
tifiziert wird. Wir bestimmen quantitativ den Effekt von Satellitengalaxien, die in Stacking-
Experimenten filschlicherweise als Zentralgalaxien identifiziert wurden, was die abgeleiteten
Rontgenoberflachenhelligkeitsprofile des heiBen CGM verzerrt. Fiir stellare Massenbereiche von
10105-11 My, 10111125 My und 1027115 M, zeigen wir, dass selbst geringe Kontaminati-
onsanteile (bis zu 1%) die gemessenen Rontgenoberflichenhelligkeitsprofile bei groBen Radi-
en dominieren konnen. Insbesondere im Bereich der MW-Masse dominieren falsch klassifizier-
te Zentrale, die 30%, 10% oder 1% einer gestapelten Probe ausmachen, das gemessene Ober-
flachenhelligkeitsprofil jenseits von Radien von > 0.11 X Rsgo., > 0.24 X R50o. bzw. > 1.04 X R50(.

Darauf aufbauend entwickeln wir Vorwirtsmodelle, die auf die radialen Oberflichenhel-
ligkeitsprofile von Galaxien mit groBer Masse im eROSITA-Rontgenbereich zugeschnitten sind.
Unser Modell umfasst zwei wichtige Emissionskomponenten: heiles Gas um Zentral- und Satel-
litengalaxien sowie punktformige Quellenbeitrige von Rontgendoppelsternen (XRBs) und akti-
ven galaktischen Kernen (AGNs). Wir simulieren Scheinbeobachtungen unter Verwendung der
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TNG300-basierten Gasprofile, wobei wir die Sternmassen- und Rotverschiebungsverteilungen
aus den Beobachtungen sorgfiltig abgleichen, und untersuchen, wie Variationen in der zugrunde
liegenden Halomassenverteilung die Ergebnisse beeinflussen. Wir zeigen, dass eine Erh6hung
der mittleren Halomasse um einen Faktor von ~ 2 zu einer ~ 4 fachen Erhohung der gesta-
pelten Rontgenluminositit des heiBen CGM fiihrt. Durch die Einbeziehung empirischer Be-
schrinkungen fiir AGN- und XRB-Leuchtkrifte identifizieren wir das Vorwértsmodell, das am
besten mit den eROSITA-Daten iibereinstimmt. Im Bereich der MW-Sternmassen stimmt unser
Modell gut mit der bisherigen Literatur iiberein. Wir stellen fest, dass innerhalb von etwa 40 kpc
vom Galaxienzentrum das heiBe CGM und die Punktquellenemission jeweils ~ 40 —50% der ge-
samten Rontgenemission beitragen. Jenseits von ~ 40 kpc dominiert die heiBe CGM-Emission
von Satellitengalaxien, die massereichere Wirtshalos mit einer mittleren Grole von Mgy, ~
10'* M,, verfolgen, das gestapelte Signal. Dieser Ansatz bietet eine neuartige Methode, um die
mittlere AGN-Rontgenleuchtkraft und die radiale Verteilung von heiBem CGM-Gas in Galaxien
mit groBer Masse gemeinsam zu bestimmen, was Tests von AGN-Riickkopplungsvorschriften in
hydrodynamischen Simulationen ermoglicht.

Zusitzlich zu den beobachteten Projektionseffekten untersuchen wir, wie die grofraumige
kosmische Umgebung die Rontgeneigenschaften des heilen CGM formt. Mithilfe des DisPerSE-
Algorithmus zur Filamentfindung auf unserem TNG300-basierten Lichtkegel LC-TNGX, der
sich iiber 0,03 < z < 0,3 erstreckt, klassifizieren wir zentrale Galaxien in fiinf verschiede-
ne Kategorien der groraumigen Umgebung: Haufen und massereiche Gruppen, Haufenvororte,
Filamente, Filament-Void-Ubergangsregionen und Leerriume/Winde. Wir stellen fest, dass die
Rontgenoberflichenhelligkeitsprofile zentraler Galaxien in Filamenten mit My, > 102 Mg
im radialen Bereich von (0,3 — 0, 5)R00m um 20 — 45% heller sind als die in Hohlrdumen und
Wiinden. Dieser Uberschuss ergibt sich aus hoheren durchschnittlichen Gasdichten, Temperatu-
ren und Metallizitdten in Filamentgalaxien, was einen deutlichen Einfluss des kosmischen Netzes
auf die Eigenschaften heiBen CGMs erkennen lédsst. Unsere Ergebnisse unterstreichen, wie wich-
tig die Beriicksichtigung der kosmischen Umgebung bei der Interpretation von Rontgen-CGM-
Messungen ist, und zeigen vielversprechende Wege fiir zukiinftige Studien auf, die untersuchen,
wie die Geschichte des Zusammenbaus, die Gasakkretion und die Konnektivitit im kosmischen
Netz den Gehalt an heilem Gas in der Umgebung von Galaxien beeinflussen.

Insgesamt unterstreichen die in dieser Arbeit dargestellten Fortschritte, dass das vollstindige
Verstindnis des heiBen CGM einen integrierten Ansatz erfordert, der Rontgenbeobachtungen,
sorgfiltige Modellierung von Projektions- und Umgebungseftfekten und robuste Vergleiche zwi-
schen verschiedenen hydrodynamischen Simulationen kombiniert. Die hier entwickelten Metho-
den und Modelle bieten einen entscheidenden Rahmen fiir die Interpretation von Beobachtun-
gen des heilen CGM, die durch aktuelle und zukiinftige Rontgendurchmusterungen ermoglicht
werden, und ermoglichen es uns, das komplexe Zusammenspiel von baryonischer Physik, AGN-
Riickkopplung, Halo-Demographie und dem kosmischen Netz bei der Formung des heilen Ga-
ses um Galaxien zu entwirren. Da neue Daten von Missionen der ndchsten Generation wie Ne-
wAthena und HUBS zusammen mit immer ausgefeilteren Simulationen eintreffen, stehen wir
an der Schwelle, das heiBe CGM als prizise kosmologische und astrophysikalische Sonde zu
nutzen. Die vor uns liegenden Herausforderungen bei der Verkniipfung mikrophysikalischer
Riickkopplungsprozesse mit groBmafstidblichen Beobachtungen, der Quantifizierung von Umge-
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bungseinfliissen 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 (CGM) offers a unique window into the gas flows
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 the diffuse 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 significant challenges re-
main in interpreting these measurements due to projection effects, contributions from unresolved
sources, and the complex influence 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 profiles across stellar and halo mass bins. We find that higher stellar mass bins
correspond to shallower slopes of the intrinsic galactocentric profiles, quantified via decreasing
values of the profile surface brightness exponent . Critically, we quantify the effect of satellite
galaxies incorrectly identified as centrals in stacking experiments, which biases the derived hot
CGM X-ray surface brightness profiles. For stellar mass bins of 10'%3-11 Mg, 10'-1125 M,
and 10115 M., we demonstrate that even modest contamination fractions (as low as 1%)
can dominate the measured X-ray surface brightness profiles at large radii. Specifically, in the
MW-mass bin, misclassified centrals contributing 30%, 10%, or 1% of a stacked sample domi-
nate the measured surface brightness profile beyond radii of > 0.11 X Rsg., > 0.24 X Rs0., and
> 1.04 X Rsq., respectively.

Building on this framework, we develop forward models tailored to the eROSITA stacked
X-ray radial surface brightness profiles 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 profiles, carefully matching stellar mass and redshift
distributions from the observations, and explore how variations in the underlying halo mass dis-
tribution affect the results. We show that for galaxy samples matched in stellar mass, increasing
the mean halo mass by a factor of ~ 2 leads to a ~ 4X enhancement in 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 find that within approximately 40 kpc from the galaxy cen-
tre, the hot CGM and point-source emission each contribute ~ 40 — 50% of the total stacked
X-ray emission. Beyond ~ 40 kpc, the hot CGM emission from satellite galaxies, tracing more
massive host halos with mean My, ~ 10'* Mg, dominates the stacked signal. This approach
offers 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 effects, we investigate how the large-scale cosmic en-
vironment shapes the hot CGM X-ray properties. Using the DisPerSE filament-finding algorithm
on our TNG300-based lightcone spanning 0.03 < z < 0.3, LC-TNGX, we classify central galax-
ies into five distinct large-scale environment categories: clusters and massive groups, cluster out-
skirts, filaments, filament-void transition regions, and voids/walls. We find that the X-ray surface
brightness profiles of central galaxies in filaments with Mg, > 102 My, are 20-45% brighter
in the radial range of (0.3-0.5) X R;pom compared to those in voids and walls. This excess arises
from higher average gas densities, temperatures, and metallicities in filament galaxies, revealing
a clear imprint of the cosmic web on hot CGM properties. Our findings 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 effects, 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
offer an exciting frontier where theory and observation converge to refine 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 significant 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 flat, 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 constant A (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
ACDM 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 ACDM framework are precisely measured up to < 2% (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 first baryons, 380,000 years after the Big Bang at redshift
z ~ 1000. The anisotropies in the CMB spectrum are temperature differences at the scale of
a few uK, which were generated by quantum density fluctuations 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 the ACDM 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 first 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 for the ACDM model, which
is simply dependent on only six free parameters. These are the density parameters, the baryonic
density €, and the dark matter density Q., the Hubble constant, H', the amplitude of primordial
perturbations, A, the power-law spectral index of the primordial density-field pertubations n;,
and the reioinization optical depth, 7. Another key derived quantity in the ACDM model is o,
the root-mean-square fluctuation amplitude of the matter power spectrum on 82~! Mpc scales”.
While strong evidence exists in support of the ACDM 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 & Davé, 2015; Naab & Os-
triker, 2017). The balance between different 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 outflowing gas from
galaxies driven by stellar and Active Galactic Nuclei (AGN) feedback (Faucher-Giguere & 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 IllustrisTNG 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
effects—such as local correlated environment, misclassified central galaxies, and the offset be-
tween the X-ray centre and halo potential centre—that contaminate X-ray stacking observations
of the hot CGM. By building an IllustrisTNG-based lightcone (LC-TNGX) and simulating how
these effects arise in stacking experiments, this thesis provides a detailed framework to quantify

'Hy is also parametrized by means of / as Hy = 100 4 km s~! Mpc™!

20 is related to A, and n, via the transfer of the primordial fluctuations 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 factor ~ 2X increase in mean halo mass boosting the
CGM’s luminosity by ~ 4x), and additionally allows constraining AGN X-ray luminosity jointly
with the radial CGM profile. Finally, Chapt. 4 and the accompanying paper Shreeram et al.
(2025¢) explore how the cosmic web shapes the CGM by applying the filament finder DisPerSe
to the LC-TNGX. This classification shows that the hot CGM of galaxies in filaments, cluster
outskirts, and other environments each impart distinct imprints on X-ray profiles. E.g., galaxies
in filaments with My, > 10'2 M, appear 20 — 45% brighter at (0.3 — 0.5) X Ry, 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 findings 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 inflows, outflows, and feedback. We summarise the main
observational probes revealing different facets of the CGM in Sec. 1.3.1-1.3.3. In Sec. 1.4 we
summarise the different 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 scales > 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 fluctuations in the primordial distribution of matter, which evolved under the influence of
gravity, starting at ~0.1 Gyr, and have led to the present-day Universe at 5 ~ 13.7 Gyr. The
primordial fluctuations 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 fila-
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 in a ACDM 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 filaments, 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 redshift z ~ 0.9 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 redshift z = 0.15.

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 sufficiently 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-Lemaitre-Robertson-Walker (FLRW)
metric

ds® = a(t)*x* - 2dr, (1.1)

where ds defines the infinitessimal line element, c is the speed of light, x is the spatial vector
and a() is the scale factor. The evolution of the primordial density fluctuations in an expanding
Universe is described by a(t); this function defines the dynamics of the Universe. At present
time, f, the scale factor is defined to be unity, a(#y)) = ap = 1. Additionally, a(t) allows us to
describe the position of any object in the Universe as r = a(f)x, where x is an arbitrary spatial
vector for that object. Observations show that the recession velocity, v, with which objects at a
position, r, move from the observer is related as follows: v = (a/a)r (Hubble, 1929; Riess et al.,
1998)*. Therefore, a(f) is continuously decreasing in the expanding Universe, i.e., a(f) > 0.
Here, a(t)/a(t) = H(t) is the Hubble parameter describing the expansion rate of the Universe,
and H(ty) = H, is a constant. The Planck Collaboration et al. (2020) measure Hy, = (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, x = (r, 8, ¢), and the FLRW metric from Eq. 1.1 can be written as

2

1-Kr?

ds* = a(t)2( + rde) — 2dr, (1.2)
where K describes the geometry of the Universe, which assumes the value of 0, for a flat geom-
etry, within the ACDM framework.

How the curvature of spacetime, as defined by the metric in Eq. 1.2, responds to the presence
of mass, energy and momentum is encoded by Einstein’s field equations. These are second-order

3Image credits: www.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 figure, 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 the g —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 filaments, 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 collaboration. *
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non-linear differential equations, encapsulating six independent equations, that are written in the

following form
8nG

G#V + Agyv = 7Tyw (13)
where G, = R,, — 1/2g,,R is the Einstein tensor, composed of g,,, the metric tensor, and R,
the Ricci tensor. Additionally, R is the Ricci scalar, A is the cosmological constant, G is the
gravitational constant, and 7, 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 affect the curvature of spacetime. In a Universe without matter (i.e, vacuum
only), the T% term disappears. However, in our Universe, we assume T/ takes the form of a

perfect fluid, and it is related to the energy, p, and pressure, P, densities as follows
TV = (p + P)u'u, + P¢, (1.4)

where " is the four-velocity, which for a particle of mass m is also called the four-momentum,
p' = mu*. In the rest frame, p* = (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 7% assuming the form of a perfect fluid (Eq. 1.4),
provides us with the Friedmann equations, which are as follows:

@ K A 881G

E"‘;—g:TID, and (15)
. ) K

224 1 2 A= 81Gp. (1.6)
a a* a*

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

P = wpc?, (1.7)

where w = 0 for matter, w = 1/3 for radiation, and w = —1 for dark energy. By combining
Eq. 1.5 and Eq. 1.6, with Eq. 1.7, we can show that the critical density of a Universe, p,, 1s

2
De = 3, = 1.887* x 107%° g cm™. (1.8)
8nG

The A/3 and K terms in Eq. 1.5 can also be similarly used to define the dark energy density,

oa = Ac?/8nG, which is time independent, and the curvature density, px = —3Kc?/8nG>, which
evolves as px o« a~2. By implementing energy conservation for matter and radiation, we find that
the energy density of radiation evolves with time as p, o« a~*, while the energy density of matter
evolves as p,, o« a. By defining the dimensionless density parameters, Q; = p;/p., we can then
rewrite the Friedmann equation (Eq. 1.5) for our Univsere at the present time (ay = 1) as follows

Qp+Q, +Q, = 1. (1.9)

SIf the geometry of the Univserse is flat, i.e, K = 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 with a(¢), we find that radiation dominated the Uni-
verse before z ~ 3000. This was followed by the matter-dominated era until z > 0.7, 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 define an av-
erage matter density (o,,). At smaller scales, under the influence of gravity, this average density
is superposed with density fluctuations. The fractional density fluctuations 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 fluctuations in
mass (and energy) density, p, within a sphere of radius R decrease with R 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 density, (o,,), using the
overdensity parameter defined as
_pP- <pm>

o= . 1.10
o) (110)

Let’s consider the case of very small fluctuations, 6 < 1, where we can treat the growth
of overdensities using linear structure formation theory. This holds for the very early Universe,
where the fluctuations 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 of ~ 10? — 103,

The spatial density fluctuations 6(r) that grow linearly can be decomposed using the Fourier
transform, Jy, into harmonic waves with different amplitudes

5(r) = Z Se T, (1.11)
k

where k is the wave vector, whose magnitude, k = |Kk|, is related to the wavelength of the wave
k = 2m/A. The square of the density waves, |0x|* probes the amount of structure at that given
Fourier scale, k. By averaging over all the waves at a given wavenumber, we obtain the statistic
defined as the matter power spectrum, P(k) = (|6x|*)x. The evolving power per logarithmic band
is also expressed as
kK P(k)
272’
which is also related to the mean square density fluctuation. Given a smoothly varying power
spectrum, we can associate 1/k with a scale R = 1/k. Therefore, the spatial density fluctuations
represented at scale R are characterised by the power spectrum at any time P(k, t).
The gravitational potential, ¢, due to a density fluctuation, ¢, in a region of size, R, is
¢ o 5{(p,,)R?, which is independent of a(f). In the early Universe, the density fluctuations that

A; = (1.12)
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were encoded in the potential must have been imprinted on the radiation field when radiation de-
coupled from matter. As the photos climb out of a potential ¢/c* ~ Av/v, they are gravitationally
redshifted due to loss of energy. We expect to see a temperature anisotropy in the CMB radiation
AT/T =~ ¢/c*. The deepest potential wells of today’s objects, i.e., galaxy clusters, require escape
velocities of ve,e ~ 10° km s™!, corresponding to AT/T ~ O(10~°), which is exactly the scale
measured in CMB anisotripies.

As the density fluctuations 6 — 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 fluctuations is influenced by the expanding Universe,
particularly a(f), 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 6 ~ 1.06. 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 6 = 6. = 1.686. The corresponding redshift for the formation of structures
goes up to z ~ 20 (Padmanabhan, 2002). As dark matter is the dominant component of matter,
the halos that first 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
first 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 scaffolding of the Universe, it is the baryonic matter,
particularly in the form of stars and gas within galaxies, that traces and modifies the structure
on smaller (~ kpc) scales (Blumenthal et al., 1984; Faucher-Giguere et 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 ACDM paradigm, cold dark matter is a collisionless fluid that collapses predomi-
nantly due to gravity, without experiencing shocks or significant 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; Bohringer & 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., Keres et 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 inefficient, 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 masses > 10'? My, 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 filaments 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 flow occurs when the gas cools effectively
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 My, typically accreting via the cold mode, while more
massive halos (above > 10!2 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;
Ocvirk et al., 2008).

The balance between different 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 first (Fall &
Efstathiou, 1980; White & Rees, 1978; Mo et al., 1998). The ability of gas to form molecular
hydrogen and cool effectively is particularly important for the formation of the first 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 & Davé, 2015), 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 many effects acting simulta-
neously, e.g., gravitational dynamics, hydrodynamics, radiative cooling, and energetic feedback,
all within dark matter halos (Somerville & Davé, 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 at z = 0, highlighting the interplay between gas dynamics and galaxy forma-
tion. The large panel displays a comoving 100 x 100 x 20 Mpc slice in projection, where the gas density
determines the brightness and gas temperature is color-coded: blue for cold gas (T < 10*> K), green for
warm gas (103K < T < 1037 K), and red for hot gas (T > 10°> K). These temperature regimes trace
distinct phases of the cosmic baryon cycle, such as cold filamentary inflows, shock-heated halo gas, and
feedback-driven outflows, which are central to the thermodynamics of the CGM. The 10 cMpc and 60
ckpc insets zoom in on a galaxy with a stellar mass of M, ~ 3 x 10'9 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).
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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 refinements (e.g., De Vaucouleurs 1959; van den Bergh
1976; Elmegreen & 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 classification 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 profiles, low specific 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 profiles,
and robust bulge—disk decompositions, morphology can be better studied through quantitative
structural parameters®. These advances allow us to move beyond purely visual classification and
connect galaxy structure to formation pathways (e.g., Peletier & Balcells 1996; De Jong et al.
2004; Falcon-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 & Davé 2015; Naab & Ostriker 2017; Donahue & Voit 2022).
Stellar feedback refers to outflows 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; Eckert et al., 2021). AGN feedback operates in two modes: a radiative
(quasar) mode at high, radiatively efficient 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 inefficient accretion from hot halos, where relativistic jets heat halo
gas and prevent cooling flows (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

®Morphology is parameterised by the bulge-to-disk ratio (B/T) and the Sérsic index n as a proxy for light con-
centration, where disks are well described by n ~ 1 (exponential profiles), whereas ellipticals and classical bulges
typically have n ~ 4 (de Vaucouleurs-like profiles); e.g., see review by Blanton & Moustakas 2009.
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is key to regulating quiescence in massive (2 10'2 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 to z ~ 1, and
can be traced spectroscopically using the 4000-A break, a robust indicator of stellar population
age (Kauffmann 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 significantly
since z ~ 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 quantified using the LF, ¢(L), 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 scale (L* or M), and a slope a (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 earlier (z > 2), 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 how different galaxy types
and physical processes dominate in different 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
cutoff of the GSMF at the high-mass end is shaped by AGN feedback, which is key in maintain-
ing quiescence in massive halos (3 10'> M,); see e.g., 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 how efficiently 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 ratio M, /M, peaks at ~ 0.03 in halos of M, ~ 10'> M, (Milky Way
halo mass scale), implying that even at peak efficiency only < 20% of the available baryons
are converted into stars by z ~ 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 & Davé,
2015). This relation is tightly constrained by joint analyses of abundances, clustering, lensing,
and group catalogs, shows < 0.2 dex intrinsic scatter above the pivot mass, and indicates that the
bulk of cosmic star formation over time occurs in a narrow band around M, ~ 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, defining the star-forming main sequence (SFMS), whose overall normalization has de-
clined steadily since z ~ 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 flattens 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). At a fixed
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 flattening at the high-mass end has
been interpreted as the combined result of efficient 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; Koppen et al. 2007; Finlator & Davé 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 & Davé, 2015; Primack, 2024).

Simulations aim to model this intricate interplay of different 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 figure demonstrates how gas density and
temperature trace cosmic web filaments 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 are insufficient, and
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 feedback effects, crucially tracing the bidirectional coupling between
galaxies and the vast circumgalactic medium (Tumlinson et al., 2017; Faucher-Giguere & Oh,
2023), forming the self-consistent framework for galaxy growth and the baryonic cycle (Péroux
& 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. It is defined 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 outflows, inflows, 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 this diffuse,
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 outflowing gas from galaxies driven by stellar and AGN feedback (Faucher-Giguere &
Oh, 2023).

Gas inflows 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 flows 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 outflows (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 mass M, ~ 10'> M, which corresponds to
the mass scale of Milky Way (MW)-like galaxies and marks the maximum in star formation effi-
ciency. The hot, volume-filling 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 (Faucher-Giguere
& Oh, 2023).

The CGM is empirically observed to be multiphase, exhibiting a complex gas structure at
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Figure 1.3: Illustration of the CGM taken from Tumlinson et al. (2017). The central galaxy, shown with
a red stellar bulge and blue gaseous disk, is embedded within a halo of diffuse, multiphase gas, hosted
by the CGM. Cold gas is accreted onto the galaxy through filamentary inflows from the intergalactic
medium (IGM), shown in blue, while energetic outflows, driven by stellar and AGN feedback, emerge
from the disk in pink and orange. Some of this ejected material eventually recycles back into the halo.
The surrounding CGM, shown in varying shades of purple, represents a dynamically evolving reservoir
that contains a mixture of gas contributed by inflows, outflows, and recycled material. This diffuse halo is
empirically observed to be multiphase, containing cool (T ~ 10* K), warm-hot (7 ~ 10*~> K), and hot
(T 2 10> K) gas. These phases arise from a combination of cooling flows, shock heating, and turbulent
mixing, resulting in a complex structure that is continuously reshaped through gas dynamics and feedback,
and is probed observationally across the electromagnetic spectrum.

various temperatures and ionisation states (Tumlinson et al., 2017; Mo & Miralda-Escudé, 1996;
Maller & Bullock, 2004). It contains a mixture of cool (T ~ 10* K), warm-hot (T ~ 10*7°
K) and hot (T > 10°3 K) gas, which are associated with processes such as infall of cooling
flows (e.g., McCourt et al. 2012), shock heating and mixing of the diffuse gas during galactic
outflows (e.g., Fielding et al. 2017; Thompson et al. 2016), contact layers between infalling cool
gas and the ambient hot medium (Begelman & Fabian, 1990). This complex CGM structure can
be probed through a variety of observational techniques across the electromagnetic spectrum,
which are detailed in the following sections.
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1.3.1 Absorption Line Studies

Absorption-line spectroscopy is one of the primary observational techniques for probing low-
column-density CGM gas. This technique analyses the absorption features due to interven-
ing gas imprinted on the continuum spectra of bright background sources such as quasars (see
e.g., Prochaska et al. 2011; Tumlinson et al. 2013; Werk et al. 2014; Rubin 2017). Absorption
lines from the CGM of halos span a wide range of ionized metal transitions, tracing gas at both
high and low column densities. These studies can infer the chemical composition, ionisation
conditions, kinematics, gas surface density, and thermodynamic structure of gas in the halos of
the foreground galaxies (see e.g., Oppenheimer et al. 2012; Lan & Mo 2018; Lan 2020; Anand
et al. 2021; Fumagalli 2024; Ng et al. 2025; Wu et al. 2025). Several major surveys have sys-
tematically characterised the CGM through these techniques (Tumlinson et al., 2013; Bordoloi
et al., 2014; Lehner et al., 2022).

Absorption features span across wavelengths, ranging from soft X-rays to UV and opti-
cal/NIR bands all the way to radio 21 cm lines; each probing different temperature regimes and
redshift windows (e.g., see Fig. 6 in Tumlinson et al. 2017). Different ions trace distinct phases
of the CGM: e.g., neutral hydrogen (H 1), Mg 11, C 11, and Si nt trace cooler gas (T ~ 10* K) while
C 1v and Si 1v probe intermediate-temperature gas. At the highest temperatures (7T > 10> K),
X-ray absorption lines from ions like O vi, O vii Ka or Nevit become prominent (see e.g., Wang
et al. 2005; Nicastro et al. 2005; Galeazzi et al. 2007; Bhattacharyya et al. 2023; Mathur et al.
2023).

Despite their advantages, absorption-line studies face challenges (see e.g., Churchill et al.
2015; Marra et al. 2021; Fumagalli 2024); they are generally limited to one sightline per galaxy
due to the rarity of bright background quasars (e.g., Lehner et al., 2015; Bowen et al., 2016;
Rauch & Haehnelt, 2011; Zhu & Ménard, 2013). In soft X-rays, the major challenge is con-
structing statistical samples and mapping the large-scale extent of the CGM, which will improve
with future X-ray telescopes with microcalorimeters (Wijers et al., 2020; Bogdén et al., 2023).
Additionally, line saturation and the blending of narrow line components can introduce ambigu-
ities in the measurements (Tumlinson et al., 2017). The interpretation of observed lines often
relies on complex photoionisation equilibrium (PIE) or collisional ionisation equilibrium (CIE)
models, which can be affected by uncertainties in relative elemental abundances and the extra-
galactic ultraviolet background (Kollmeier et al., 2014).

1.3.2 Emission Studies

Emission, and especially emission line, observations serve as a complementary method to ab-
sorption line studies for investigations the CGM by directly detecting photons emitted from the
gas. These studies are particularly effective at probing denser regions of the CGM as the emis-
sion measure scales as density squared (n?)’. Therefore, it poses a challenge to probe the lower

"For Ly nebulae, the emission is further affected by scattering since it is a resonant line. For recombination
lines, it depends on the densities of the ions and electrons. For emission due to collisionally-excited Hr regions, in
addition to the dependence on the ion density, there is also influence due to the UV radiation field (see e.g., Cantalupo
et al. 2005; Dijkstra 2014; Hennawi & Prochaska 2013)
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Figure 1.4: Visualisation of CGM gas properties around a Milky Way-like galaxy at z = 0 in the TNGS50
simulation, taken from Ramesh et al. (2023b). The panels project the quantities within +1.5R,po. and the
white circle marks the Rpo. of the halo. The four quadrants show the gas column density (upper left),
gas temperature (upper right), pressure (lower left), and entropy (lower right). Temperature and entropy
trace thermal structure and the shock-heated gas in the halo. They highlight the multi-phase nature of
the CGM, where the central galaxy is dominated by dense, cold gas, while the outer regions host hotter
gas. The entropy panel also highlights inhomogeneities within the CGM, appearing as overdense, cool,
low-entropy regions. The gas column density map is useful for comparison with observations probing the
CGM in absorption and emission line studies, as further detailed in Sec. 1.3.1 and 1.3.2.
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density regions, which are better accessed in absorption line studies. The current state of emis-
sion line measurements is advancing across different wavelengths. In the radio band, the Milky
Way'’s halo has been extensively mapped for High-Velocity Clouds (HVCs) via 21 cm H 1 line
emission (Wakker & van Woerden, 1997), although applying this technique to external galaxies
typically yields detections limited to within 10-20 kpc from the galactic center (Putman et al.,
2012). In the UV wavelengths, Hayes et al. (2016) measured an extended O vi halo around a
low-redshift starburst galaxy, and extended Ly« emission has been observed out to about 100 kpc
from z ~ 2.5 — 6.4 galaxies and quasars (e.g., Cantalupo et al. 2014; Prescott et al. 2015; Swin-
bank et al. 2015; Wisotzki et al. 2018; Farina et al. 2019; Leclercq et al. 2020; Li et al. 2023).
However, complexities in Lya radiative transfer hinder simple interpretation of Lya emission
maps (Dijkstra, 2014). Additionally, in optical wavelengths, Ha emission is found at 30-100 kpc
around low-redshift galaxies by stacking spectra (e.g., Zhang et al. 2016, 2018, 2020; Tacchella
et al. 2022; Zhang & Zaritsky 2024).

In the soft X-ray band, studies probe hot gas with temperatures exceeding > 10>° K, where
highly ionized species such as O vi and O vin exhibit strong transitions. For fully ionized gas,
X-ray emission allows for more direct mass inferences, circumventing the uncertain ionization
corrections common in absorption-line measurements. It is possible to probe the hot CGM using
both narrow-band and broad-band contributions (Koutroumpa et al., 2007; Bertone et al., 2010;
van de Voort, 2013; Bogdan et al., 2013b,a; Miller & Bregman, 2015; Anderson et al., 2016;
Li & Bregman, 2017; Bogdan et al., 2017; Li et al., 2017; Bregman et al., 2018; Das et al.,
2019; Gupta et al., 2023; Zheng et al., 2024a; Ponti et al., 2023a; Locatelli et al., 2024; Zheng
et al., 2024b). The narrow-band emission comprising O vii and O vir metal lines dominates the
lower halo mass regime 10'2 — 10'3 M, (Bertone et al., 2010; van de Voort, 2013; Wijers, 2022)
and is well-studied within our MW (Koutroumpa et al., 2007; Ponti et al., 2023a; Zheng et al.,
2024a; Locatelli et al., 2024). The broad-band contributions in X-ray emission studies probe
the thermal bremsstrahlung (free-free) continuum emission together with the weaker radiative
recombination emission (see e.g., Bohringer & Werner 2010; Lovisari et al. 2021), allowing us
to probe the plasma beyond line emission alone in stacking analyses.

Despite these advancements, due to the n? scaling of emission measure, the extremely low
surface brightness of CGM gas beyond > 100 kpc, and the steep increase of surface brightness
dimming (cc 1/(1 + z)*) with redshift, emission lines observations are technically challenging
and expensive for extragalactic and distant objects. Specifically in soft X-rays, this motivates
the need for future high-spectral resolution instruments to distinguish the extragalactic emis-
sion from that of the MW foreground (Nelson et al., 2023; Truong et al., 2023; Schellenberger
et al., 2024; ZuHone et al., 2024). Currently, extragalactic emission line studies are limited to
single-object direct imaging or small sample sizes, highlighting the importance of complemen-
tary broadband stacking/averaging analysis, as further detailed in the next section. Nevertheless,
by implementing forward models (Sec. 1.4), we can access buried hot CGM information, probed
by current X-ray observations, demonstrating that we do not need to wait until missions like
NewAthena (Nandra et al., 2013; Barret et al., 2020; Cruise et al., 2025), and HUBS (Cui et al.,
2020) to gain valuable insights about the CGM.
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1.3.3 CGM observations using large optical galaxy samples

A common technique employed to obtain higher signal-to-noise measurements to map the large-
scale CGM out to the virial radius is averaging over numerous objects, also called stacking.
This technique is a powerful way to extract faint signals by grouping objects in redshift and
stellar or halo mass bins. With the advent of large-area optical surveys, it has now become
possible to obtain redshifts and stellar mass catalogues of the order > 10° galaxies, e.g., with
SDSS?® (Comparat et al., 2017); DESI® Legacy Survey (Zou et al., 2019). Observational probes
studying the CGM are thus made possible with stacking techniques that use large area optical
surveys. Due to detection limits, these probes are especially powerful at the MW-stellar mass
(~ 5% 10'° M) scale and the more massive galaxy groups mass scale. They are as follows:

Thermal Sunyaev-Zeldovich effect (tSZ)

The thermal Sunyaev—Zel’dovich effect (Sunyaev & Zeldovich, 1972, tSZ) at mm-wavelengths
originates from the Compton scattering of CMB photons travelling through hot ionized gas along
the line of sight. These photons undergo inverse Compton scattering with the free electrons
prevailing in the CGM, IGM and other intervening ionised media, causing secondary CMB
anisotropies. The tSZ signal is an excellent tool for accessing the hot baryonic gas. This tech-
nique has been successfully applied together with stacking, probing the hot CGM around MW-
mass galaxies and groups (Planck Collaboration et al., 2013; Lim et al., 2018, 2021; Schaan
et al., 2021; Bregman et al., 2022; Das et al., 2023; Oren et al., 2024; Di Mascolo et al., 2024).

Fast radio bursts (FRBs)

A new approach involves using FRBs to measure the Dispersion Measure (DM), which traces the
total column density of free electrons along the line of sight. FRBs are mysterious millisecond-
duration events detected with radio telescopes, which appear to be orders of magnitude more
luminous than pulsars, originating from cosmological distances (Petroff et al., 2019). While
there are many open questions regarding their physical origin and mechanisms (Zhang, 2023),
they are proving to be a powerful probe for accessing the electron column densities in galactic
halos (McQuinn, 2013; Ravi et al., 2019; Prochaska & Zheng, 2019; Wu & McQuinn, 2023;
Ocker et al., 2025) and for computing the low-z baryon fraction'® (Mufioz & Loeb, 2018; Lee
et al., 2022; Macquart et al., 2020). As the majority of the CGM gas is ionised, foreground
galactic halos cause a significant excess in the measured DM. For FRB DM measurements of
the CGM of halos, precise localisation of the host galaxy is required to confidently measure the
contribution from the foreground halos (e.g., see Medlock et al. 2024). Distinguishing between
different CGM models using FRBs would necessitate tens of thousands of bursts, which will
become possible with upcoming facilities (Hallinan et al., 2019; Vanderlinde et al., 2019; Leung
et al., 2021; Bhandari & Flynn, 2021).

https://www.sdss4. org/drl2/spectro/galaxy/
‘https://www.legacysurvey.org/dr10/description/
10The baryon fraction in the local Universe, f;, corresponds to the fraction of “’baryonic mass” within halos.
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Soft X-ray stacking

X-ray broadband emission maps, when combined with stacking, allow us to map the large-scale
extent of the hot CGM to the halo’s virial radius. Given the advent of the eROSITA tele-
scope (Predehl et al., 2010; Merloni et al., 2024), with high sensitivity in the soft X-ray band,
1.e., 0.5 — 2 keV, and large-area optical surveys (e.g., SDSS, DESI), it is possible to exploit the
unprecedented statistics to stack the X-ray emission at the position of optically selected galax-
ies (Comparat et al., 2022; Chadayammuri et al., 2022; Zhang et al., 2024a). The recent work, by
Zhang et al. (2024a), represents the state-of-the-art hot CGM measurements for MW-mass galax-
ies, which combines largest optical galaxy sample with the German half-sky eROSITA coverage
in X-rays. They stack 415, 627 galaxies with photometric redshifts from the DESI Legacy Survey
DR 9 (Dey et al., 2019; Zou et al., 2019) and 30, 825 central galaxies with spectroscopic redshifts
from the SDSS DR7 Main Galaxy Sample (Strauss et al., 2002; Abazajian et al., 2009). These
measurements provide powerful constraints on the hot CGM of Milky-Way mass and M31-mass
galaxies.

While X-ray stacking with eROSITA currently represents the most sensitive means of prob-
ing the hot CGM, its interpretation remains challenged by various observational effects that can
contaminate the intrinsic CGM signal. To disentangle this signal from observational systematics,
a comprehensive theoretical framework for modelling the intrinsic X-ray emission from the hot
CGM is essential. More precisely, projection effects have emerged as a significant yet previously
underexplored source of contamination in stacking experiments. These projection effects in-
clude contributions from the large-scale structure (LSS) surrounding halos, the misclassification
of satellite galaxies as centrals due to photometric redshift uncertainties in wide-area surveys,
offsets between the observed X-ray centre and the true centre of the gravitational potential, and
the line-of-sight projection of unrelated foreground and background X-ray emission. In this con-
text, it becomes crucial to quantify all such influences to enable robust tests of theoretical and
numerical predictions of the hot CGM against observational data, and doing so is the main topic
of this thesis. In the following Section 1.4, we provide a overview of the scopes of modelling the
hot CGM, while Chapter 2 and 3 addresses the specific questions regarding X-ray stacking using
the technique developed in this thesis, providing a comprehensive analysis and understanding of
the contaminating projection effects that affect X-ray stacking measurements of the hot CGM.

1.4 Modelling the CGM

Modelling the multi-phase, multi-scale, multi-process CGM described in Sec. 1.3, and compar-
ing it with observations, is vital to further our understanding of galaxy formation and evolution.
More precisely, CGM models encapsulate the distribution of baryons around the galaxy, probing
complex gas flows that fuel star formation, which are regulated by stellar and AGN feedback.
In addition to hydrodynamical simulations, which are described in Sec. 1.4.1, alternative ap-
proaches to model the CGM include (i) semi-analytic models (SAMs), and (ii) analytical and
equilibrium models. Together, SAMs, analytical, and equilibrium models form useful tools for
computationally inexpensive predictions and aiding in the interpretation of observational results.
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SAMs use analytic or phenomenological recipes to model baryonic processes atop merger
trees derived from dark matter N-body simulations (Lacey & Silk, 1991; White & Frenk, 1991;
Somerville & Primack, 1999; Cole et al., 2000; Springel et al., 2001; Croton et al., 2006; Guo
et al., 2011; Somerville & Davé, 2015). They predict gas infall, cooling, star formation, and
feedback, enabling broad parameter exploration across cosmological volumes (e.g., Henriques
et al. 2015; Hirschmann et al. 2016; Lagos et al. 2018; Ayromlou et al. 2021b; Yates et al. 2024).
Despite their computational efficiency for population studies, SAMs lack the capacity required
to capture the detailed, multiphase structure observed in the CGM (e.g., Mitchell et al. 2018;
Ayromlou et al. 2021a; Vani et al. 2025).

Various analytical and equilibrium models are implemented to describe the intrinsic proper-
ties of the hot CGM using simplified assumptions. These models often assume a generic force
balance (e.g., hydrostatic equilibrium) in hot halos, maintained by feedback-driven heating or
by a balance between gravitational forces and cooling losses (Faerman et al., 2017; Voit et al.,
2019; Pal Choudhury et al., 2019; Stern et al., 2024; Singh et al., 2021; Pandya et al., 2023;
Faerman & Werk, 2023). Common frameworks include precipitation models (Voit et al., 2017,
2018; Singh et al., 2021), isentropic configurations (Faerman et al., 2020, 2022), cooling flow
models (Stern et al., 2019, 2024; Sultan et al., 2025), and baryon pasting approaches (Osato &
Nagai, 2023). While these models can predict thermodynamic profiles of the CGM, significant
divergence amongst them at both small and large radial scales highlights shortcomings in pres-
sure support mechanisms and equilibrium assumptions (Pandya et al., 2023; Singh et al., 2024).
This divergence underlines the limitations of these models in replicating the dynamic complexity
and the self-consistent evolution inherent in real cosmic environments.

In contrast, hydrodynamical simulations offer a more comprehensive approach by resolving
the spatially and kinematically complex structures observed in the CGM and capturing the full
range of interactions between baryons and dark matter (e.g., Naab & Ostriker 2017). Such sim-
ulations incorporate detailed physics without relying on oversimplified assumptions, allowing
for realistic modelling of multiphase gas dynamics, star formation, and feedback processes in
a self-consistent manner. Thus, while SAMs and analytical models provide useful insights, hy-
drodynamical simulations remain the most powerful and versatile tool for accurately modelling
the CGM and linking theoretical predictions with observational data. The different approaches
to modelling the CGM are discussed in Sec. 1.4.1. The combined strengths of modelling ap-
proaches aid in understanding the CGM’s multifaceted processes and provide a comprehensive
framework for linking theory with observations. Sec. 1.4.2 summarises the key physical pro-
cesses currently modelled to describe the CGM.

1.4.1 Hydrodynamical simulations

Historically, the emergence of hydrodynamical cosmological simulations as a tool was moti-
vated by their early success in interpreting physical effects (see e.g., Holmberg 1941; Toomre &
Toomre 1972; Aarseth 2003), such as the structure of the Lyman-a forest, the distribution of cos-
mic baryons in the Universe (e.g., Cen & Ostriker 1992; Hernquist et al. 1996; Cen & Ostriker
1999; Zhang et al. 1995), producing realistic galaxy populations (Springel et al., 2018; Schaye
etal., 2015; Vogelsberger et al., 2014; Kaviraj et al., 2017), the impact of baryonic physics on the
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matter power spectrum (see e.g., Jing et al. 2006; Rudd et al. 2008; van Daalen et al. 2020; Giri &
Schneider 2021), the generation of late-type disc galaxies by including stellar feedback (Guedes
et al., 2011; Stinson et al., 2013; Hopkins et al., 2014; Wang et al., 2015; Grand et al., 2017;
Okamoto et al., 2005) and the influence of AGN feedback in higher-mass (> 10'> M) galax-
ies (see reviews by Brandt & Alexander 2015; Eckert et al. 2021; Harrison & Ramos Almeida
2024 and e.g., Springel et al. 2005a; Di Matteo et al. 2005; Vogelsberger et al. 2014). All these
successes underpin the development of modern cosmological hydrodynamic simulations, which
have since become one of the preferred methods for tackling the complex, multiscale, and mul-
tiphysics challenges inherent in galaxy formation (Vogelsberger et al., 2020; Faucher-Giguere &
Oh, 2023).

Hydrodynamical simulations explicitly track baryonic matter (gas and stars), which brings
into play a vast array of additional nonlinear processes that shape galaxies and their halos. Mod-
ern cosmological simulations evolve dark matter and baryons typically within a ACDM frame-
work, starting from inflationary initial conditions and imprinting perturbations on a homoge-
neous Universe. The dynamics and evolution of the contents of the Universe are governed by the
Friedmann equations (Somerville & Davé, 2015; Crain & van de Voort, 2023), as also detailed
in Sec. 1.1.1. Dark matter dynamics are modelled using the collisionless Boltzmann and Poisson
equations in an expanding Universe, solved via N-body techniques such as Particle-Mesh (PM),
TreePM, and Fast Multipole methods, implemented by key codes like ART (Kravtsov et al.,
1997), RAMSES (Teyssier, 2002), GADGET-2/3 (Springel, 2005), Arepo (Springel, 2010b),
Enzo (Bryan et al., 2014), ChaNGa (Jetley et al., 2008), GIZMO (Hopkins, 2015), HACC (Habib
et al., 2016), PKDGRAV3 (Potter et al., 2017), Gasoline2 (Wadsley et al., 2017), and SWIFT
(Schaller et al., 2024). Baryonic matter, treated as an inviscid ideal gas, is evolved using hydro-
dynamic solvers that fall into Lagrangian (e.g., Smooth Particle Hydrodynamics (SPH); Springel
2010a), Eulerian (e.g., adaptive-mesh-refinement; Berger & Oliger 1984), or Arbitrary Lagrangian-
Eulerian (e.g., moving-mesh; Springel 2010b) schemes. Due to finite resolution in simulations,
sub-resolution models are employed to represent unresolved physical processes at < kpc-scale,
such as gas cooling, star formation (typically from dense, neutral gas following a two-phase
ISM prescription; Springel & Hernquist 2003), and feedback from stars and black holes. Stellar
feedback injects thermal or kinetic energy and regulates star formation, often through decoupled
wind particles (Vogelsberger et al., 2020). Black hole growth is modelled through gas accre-
tion and mergers, with AGN feedback implemented in thermal or kinetic modes, as mentioned
in Sec. 1.1.3 and later in Sec. 1.4.2; in simulations like IlustrisSTNG, kinetic AGN feedback
at low accretion rates drives super-virial outflows and suppresses star formation in massive ha-
los (Weinberger et al., 2018). Additional physics that are also modelled in some simulations
include magnetic fields, cosmic rays, and radiation hydrodynamics, which alter gas properties,
as discussed further in Sec. 1.4.2.

Broadly, the results of hydrodynamical simulations can be categorised into two domains:
those that describe global statistical properties of the galaxy population and those that focus
on the detailed physical properties of individual galaxies. The former are best studied us-
ing large-volume simulations (> 50° Mpc?), which provide the statistical power necessary for
comparison with galaxy surveys, while the latter are better probed by zoom-in simulations.
Groundbreaking large-volume hydrodynamical simulations, such as, BAHAMAS (McCarthy
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Figure 1.5: Comparison of various cosmological hydrodynamical simulations at z ~ 0, including both
large-volume runs (shown as circles) with box sizes exceeding 25 Mpc and zoom-in simulation projects
(shown as diamonds). The x-axis represents the effective simulation volume, which is a proxy for the
total number of resolved galaxies with stellar masses > 10° My, and the total galaxy statistics. The y-
axis indicates the mass resolution, expressed by the lowest baryonic mass element. Progressing toward
the upper right corner of the plot marks the frontier of next-generation, high-resolution cosmological
simulations, which require significant computational resources and access to some of the world’s largest
supercomputing facilities. Here the IlustrisTNG suite of simulations are highlighted with three box sizes
(50 Mpc/h, 100 Mpc/h, and 300 Mpc/h), of which this thesis utilises the 300 Mpc/h TNG box. This figure
is taken from Pillepich et al. (2021).

et al., 2016), BlueTides (Feng et al., 2016), EAGLE (Schaye et al., 2015), Fable (Henden et al.,
2018), FLAMINGO (Schaye et al., 2023b), Horizon-AGN (Dubois et al., 2014), Illustris (Vo-
gelsberger et al., 2014; Genel et al., 2014; Sijacki et al., 2015), IllustrisTNG (The Next Gen-
eration) (Pillepich et al., 2018b; Springel et al., 2018; Nelson et al., 2018; Marinacci et al.,
2018; Naiman et al., 2018), Magneticum (Dolag, 2015; Dolag et al., 2025), MTNG - Mil-
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lenniumTNG (Pakmor et al., 2023), MassiveBlack-II (Khandai et al., 2015), MUFASA (Davé
et al., 2016), OWLS (Schaye et al., 2010) and SIMBA (Davé et al., 2019), form the bench-
mark for theoretical galaxy and CGM studies. Additionally, high-resolution and zoom-in
projects, such as Apostle (Sawala et al., 2016), Auriga (Grand et al., 2017), Aquarius (Springel
et al., 2008), Eris (Guedes et al., 2011), FIRE-1 (Hopkins et al., 2014), Fire-2 (Hopkins et al.,
2018), FLARES (Lovell et al., 2021), FOGGIE (Peeples et al., 2019), Hydrangea (Bahé et al.,
2017), The Three Hundred project (Cui et al., 2018b), NIHAO (Wang et al., 2015), Agertz &
Kravtsov (2016), and smaller-volume projects (25 Mpc)? e.g., Romulus25 (Tremmel et al., 2017),
CAMELS (Villaescusa-Navarro et al., 2021a), further complement these efforts, probing the fine
physical detail of gas flows on smaller scales (see also Tab. 2 in Vogelsberger et al. 2020 for a
summary of simulation properties).

Each simulation suite brings a different balance of box size, mass resolution, baryonic
physics, and scientific aims, but together they provide a vast repository of realisations to be
used to interpret observational campaigns and understand the baryon cycle (e.g., Wright et al.
2024). We show a summary plot from Pillepich et al. (2021) of the resolved baryonic mass ele-
ment (proxy for the resolution of the simulation) as a function of the simulation volume (proxy
for galaxy statistics) for some key simulations in Fig. 1.5. We note that more recently, there
exist new suites of next-generation cosmological simulations such as MTNG and FLAMINGO,
which offer Gpc-scale box sizes, however, with poorer mass resolutions compared to TNG300
(see Fig. 1 in Schaye et al. 2023a). To construct a forward model that replicates observational
X-ray stacking experiments, we require a simulation that combines large galaxy statistics, cap-
turing the effects of cosmological large-scale structure, together with the smaller-scale complex
physics of feedback and cooling in the hot CGM. At the time of starting this thesis, the TNG300
run of the IllustrisTNG cosmological hydrodynamical simulation offers the optimal compromise
between volume (302.6 Mpc box size) and mass resolution (1.1 x 10’ M), enabling the de-
tailed study of the hot CGM gas hosted by MW-mass galaxies together with a statistically robust
sample of galaxies.

The [ustrisTNG project, comprising a suite of publicly available simulations with three box
sizes TNG50, TNG100, and TNG300, utilises the AREPO code. AREPO employs a moving-
mesh finite volume method on an unstructured, dynamic Voronoi tessellation to solve equations
of ideal magnetohydrodynamics (MHD) and self-gravity, with gravity calculated via a Tree-PM
scheme. IllustrisTNG accounts for many physical processes, of which the most notable ones
are star formation regulated by a subgrid ISM model (Springel & Hernquist, 2003), metal en-
richment (Naiman et al., 2018), radiative gas cooling, galactic wind outflows (Pillepich et al.,
2018a), magnetic fields and diffuse radio emission (Marinacci et al., 2018), supermassive black
hole growth with Bondi accretion and mergers, thermal and kinetic modes for black hole feed-
back (Weinberger et al., 2018). TNG300 contains 2500° dark matter particles, with a baryonic
mass resolution of 1.1 x 107 Mg, a comoving value of the adaptive gas gravitational softening
length for gas cells of 370 comoving parsec, gravitational softening of the collisionless compo-
nent of 1.48 kpc, and dark matter mass resolution of 5.9 x 10’7 M. The TNG simulations adopt
the Planck Collaboration XIII 2016 cosmological parameters, with the matter density parameter
Q= Qam + Q= 0.3089, baryonic density parameter €, = 0.0486, Hubble constant Hy = 1004
km/s/Mpc with h = 0.6774, and Q, = 0.6911. The TNG model is calibrated to match key
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Figure 1.6: Schematic diagram adapted from Wright et al. (2024) summarising the differences between
three key simulations, EAGLE, TNG and SIMBA, on the gas flows inherent to the CGM. They split
the galaxy sample into low mass haloes (left) and higher mass haloes (right), where stellar and AGN
feedback dominate, respectively. They find that stellar feedback-driven outflows in EAGLE (upper left)
and SIMBA (upper right) can reach 2-3 X Rygo. at low halo masses (Mg < 102 M), while TNG
(bottom) predicts outflows that remain largely confined within the halo. For AGN-driven outflows, SIMBA
produces powerful winds extending several times Rygg. even in halos up to Mapp. = 1033 M., whereas
TNG and EAGLE show more limited gas ejection beyond 2-3 X Rygo.. Consequently, feedback also
impacts the baryon fraction in the CGM, as also depicted in the illustration.

observational constraints at z = 0, such as the cosmic star formation rate density, the galaxy stel-
lar mass function, and the stellar-to-halo mass relation, correlation functions and power spectra,
aiming to produce a realistic and diverse galaxy population (Weinberger et al., 2018; Pillepich
et al., 2018a,b; Springel et al., 2018).

Accurately modelling the hot CGM is challenging due to its complex, multiphase, and multi-
scale structure, and its properties are highly sensitive to subgrid feedback models in cosmological
simulations (see e.g., Lau et al. 2024). Wright et al. (2024) find significant differences between
simulations like EAGLE, IllustrisTNG (TNG), and SIMBA as shown in Fig. 1.6, due to dif-
ferent feedback schemes. Other key findings on the CGM from hydrodynamical simulations
include a split in X-ray properties between star-forming and quiescent galaxies in the Milky Way
mass range, driven by black hole feedback that affects hot gas content, temperature, and X-ray
brightness (Truong et al., 2023; Oppenheimer et al., 2020). Simulations also predict anisotropic
CGM outflows (Truong et al., 2021b), complex multiphase gas (Ramesh et al., 2023b), signif-
icant magnetic field effects (Tumlinson et al., 2017; Ramesh et al., 2023a), additional pressure
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support from cosmic rays (Ji et al., 2020; Werhahn et al., 2021; Ruszkowski & Pfrommer, 2023;
Girichidis et al., 2024), and varying baryon fraction distribution (e.g., Davies et al. 2020a; Med-
lock et al. 2024). All these findings highlight that while the CGM properties remain sensitive to
feedback prescriptions and unresolved sub-grid models, accurate comparisons with observational
benchmarks of the hot CGM offer promising avenues to better inform and calibrate simulation
models, as also highlighted in Fig. 1.6. Indeed, this is one of the primary aims of this thesis,
which I will come back to in Sec. 1.5.

1.4.2 Key physical processes shaping the hot CGM

The CGM is shaped by a complex interplay of physical processes that drive its evolution and
impact its observable properties. These processes are incorporated into hydrodynamical simula-
tions, which progress towards describing the observed multiphase structure and dynamics (Tum-
linson et al., 2017). The combined effects of the key processes offer a comprehensive framework
for investigating the CGM’s structural evolution, and they aid in comparing theoretical predic-
tions with observations (Faucher-Giguere & Oh, 2023). The complete list of all the processes
is vast and still being explored with improving data and modelling; here, we expand on the key
mechanisms which have been topics of active investigation in the last decades.

Thermal instabilities

Thermal instabilities lead to the condensation of hot gas into cooler clumps, seeding diverse
phases within the CGM, as seen in both absorption and emission studies (McCourt et al., 2012;
Voit, 2021; Donahue & Voit, 2022). These instabilities are driven by an imbalance between heat-
ing and cooling and contribute to the rich, multiphase structure that characterises the CGM (Field,
1965). Radiative cooling is critical for governing the thermal state and evolution of the CGM,
particularly in its ability to transition gas between phases. Efficient cooling can lead to the con-
densation of gas into denser structures, contributing to the formation of cold clumps and clouds
within the hotter halo environment. It directly influences the density and temperature distribu-
tions by allowing energy loss via emission lines and continuum processes (Sutherland & Dopita,
1993; Wiersma et al., 2009).

Stellar Feedback and Galactic Winds

Feedback from stars primarily impacts lower-mass systems and includes mechanisms like super-
nova explosions, stellar winds, and radiation pressure (Dekel & Woo, 2003; Benson et al., 2003;
Faucher-Giguere & Oh, 2023), as also introduced in Sec. 1.2. These processes inject energy and
momentum into the CGM, heating the gas and propelling metals outward, which aids in redis-
tributing baryons and in maintaining a multiphase state (see e.g., Kay et al. 2002; Ceverino &
Klypin 2009; Katz et al. 2024). Stellar feedback is crucial for regulating star formation within
galaxies and affecting the thermal balance of their surrounding halos (e.g., Muratov et al. 2015;
Agertz & Kravtsov 2016).
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AGN Feedback

AGN feedback exerts a significant influence on the CGM, particularly in massive (> 10'?> Mg)
halos dominated by supermassive black holes (see Sec. 1.2 and reviews by Brandt & Alexander
2015; Eckert et al. 2021). AGNs release large amounts of energy via jets, winds, and radiation,
driving outflows that redistribute metals and thermal energy throughout the CGM (Kormendy &
Ho, 2013). This feedback includes thermal and kinetic components, both critical for maintaining
hot atmospheres, suppressing cooling flows, and modifying star formation rates (e.g., Springel
et al. 2005a; Di Matteo et al. 2005). By heating the surrounding gas, AGN feedback prevents
excessive cooling that could otherwise trigger star formation, aligning with observed X-ray lumi-
nosities and CGM thermal profiles (Keres et al., 2009; Choi et al., 2015; Donahue & Voit, 2022).
By accurately modelling AGN feedback, simulations can more precisely mirror the complex in-
terplay between galaxies and their circumgalactic environments (Harrison & Ramos Almeida,
2024; Vogelsberger et al., 2014).

Cosmological environment

The broader large-scale cosmological environment, i.e., the location of the galaxy in the cosmic
web, also influences the CGM. For instance, galaxies infalling into clusters via cosmic filaments
are systematically more quenched than their counterparts from other isotropic directions (see e.g.
Martinez et al. 2016; Einasto et al. 2018; Salerno et al. 2019; Gouin et al. 2020). Simulations
show that the gas content of galaxies located as far as 3x virial radius (Cen et al., 2014; Arthur
et al., 2019; Mostoghiu et al., 2021) to 5x the virial radius (Bahé et al., 2013) of the groups and
clusters centre is gas-depleted compared to their counterparts in the field, as also reaffirmed by
observations (e.g., Tanaka et al. 2004; Catinella et al. 2013; Cortese et al. 2011). Similar trends
of higher gas depletion, higher quiescent fraction, and stellar mass also hold for galaxies closer to
the cosmic filament spines (Malavasi et al., 2017; Laigle et al., 2018; Sarron et al., 2019; Bonjean
etal., 2020; Winkel et al., 2021; Hoosain et al., 2024). Furthermore, the large-scale structure can
collimate cold streams, guiding gas into halos, and imparting angular momentum to the infalling
gas (van de Voort & Schaye, 2012; Zinger et al., 2016; Nuza et al., 2014). This aspect is the
focus of Chapt. 4 of this thesis.

Turbulence and ram pressure

Turbulence and ram pressure in the CGM are caused by large-scale inflows, energetic feedback,
and accretion onto dense clumps and clouds within the CGM, representing a kinetic energy-
dominated CGM (e.g., McCourt et al. 2011; Faucher-Giguere & Quataert 2012). Turbulent mo-
tions play a vital role in sustaining a stable, multiphase CGM by mediating mixing and assisting
in pressure support, shaping the distribution of gas phases in halos (Ocker et al., 2025), particu-
larly in the inner regions of the CGM (e.g., Schmidt et al. 2021). While the > 10'!> M, halos are
mostly thermally supported against gravitational infall, the contributions from ram pressure and
turbulence become increasingly important in lower halo mass objects (see e.g., Fielding et al.
2017; Lochhaas et al. 2020; Kakoly et al. 2025).
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Magnetic Fields

The presence of magnetic fields (see e.g., Pakmor et al. 2014; Rieder & Teyssier 2016) introduces
nonthermal pressure support in the CGM. Studies show that magnetic fields can impact the sta-
bility of cold, dense clouds (Nelson et al., 2020), alter gas inflow velocities, temperatures, and
pressures (van de Voort et al., 2021), affect the evolution and dynamics of the gas (Pakmor et al.,
2020) and suppress fluid instabilities (e.g. Berlok & Pfrommer 2019; Sparre et al. 2020). This
effect is found to be important in the central regions (e.g., < 0.3 Rygo.) of the CGM (e.g., Ramesh
et al. 2023a), and is also shown to impact the propagation of cosmic rays (e.g., Yang & Ji
2023; Beck 2009; Pakmor et al. 2014; Butsky & Quinn 2018). Quantitative predictions for mag-
netic field properties in the CGM still vary significantly between different simulation codes due
to differences in feedback models, numerical techniques, and resolution (Pakmor & Springel,
2013; Su et al., 2017; Vogelsberger et al., 2020); however, future comparisons with observations
(e.g., Prochaska et al. 2019) offer crucial constraints to inform simulation models.

Cosmic Rays

Cosmic rays (CR) are high-energy particles originating from processes like supernovae and AGN
activity. As they propagate through the CGM they can exert pressure, drive winds, and modulate
cooling rates, influencing both the multiphase structure and dynamics of the CGM (see review
by Owen et al. 2023). Recent studies (Ji et al., 2020; Werhahn et al., 2021; Ruszkowski &
Pfrommer, 2023; Girichidis et al., 2024) suggest that cosmic rays are integral in providing addi-
tional pressure support to the observed hot phase against collapse and energising outflows (e.g.,
see also Trapp et al. 2022; Chan et al. 2022). Ponnada et al. (2022, 2024) highlight cosmic
rays’ ability to couple with magnetic fields, amplifying their impact through increased pressure
support and energy transport. Additionally, cosmic rays may facilitate metal mixing and al-
ter thermal stability thresholds, especially for the cold gas phases, further shaping the CGM as
probed in UV-absorption lines (e.g., Salem et al. 2016; Buck et al. 2020; Butsky et al. 2022). Cur-
rent limitations in accurately modelling CR transport are self-consistent treatment of magnetic
fields, anisotropic diffusion, and streaming related challenges that demand advanced numerical
techniques to prevent instabilities (e.g., Vogelsberger et al. 2020).

1.5 This Thesis

The hot component of the CGM, as probed in X-rays, is the most massive and volume-filling
among the multiphase gas hosted by halos > 10'!'> M. With the advent of eROSITA, we have
the highest signal-to-noise X-ray data available at the time of writing this thesis, as presented
in Zhang et al. (2024a,b). They conduct X-ray stacking experiments with the eROSITA data
and detect the hot CGM out to the virial radius of Milky-Way and M31-like galaxies. X-ray
stacking analysis provides the most sensitive state-of-the-art observations of the hot CGM in
the current observational landscape. Still, they are subject to observational effects that affect
the interpretation of the hot CGM. Consequently, we need a complete theoretical framework
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to describe the hot CGM emission to disentangle the intrinsic signal from other observational
effects.

To interpret the X-ray radial profiles probing the hot CGM, modelling the projection effects
affecting the measurements is of utmost importance. We are interested in constructing a forward
model with large statistics of galaxies to mimic observational X-ray stacking experiments. In
other words, we require a simulation that contains a large enough box size to encompass the
effects of the cosmological LSS and also accounts for the complexities introduced by feedback
and cooling, inherent to the hot CGM. Therefore, we use cosmological hydrodynamical simu-
lations that self-consistently predict the LSS and its impact on gas dynamics within a halo. We
use the [llustrisTNG cosmological hydrodynamical simulation with the box of side length 302.6
Mpc (TNG300; Nelson et al., 2019)!", as introduced in Sec. 1.4.1 and will be further described
in Chapt 2. Using TNG300, we construct a lightcone, so-called LC-TNGX, and generate mock
X-ray observations by self-consistently using the gas cell information. The LC-TNGX is a novel
tool that forms the basis for the various aspects of the hot CGM studied in this thesis.

In summary, this thesis answers three important questions in the field of modelling the hot
CGM, in the following three Chapters 2, 3, and 4 and accompanying publications Shreeram
et al. (2025¢,a,b):

1. How do projection effects that impact the hot CGM as measured in X-rays? In order to
test theoretical and numerical predictions of the hot CGM against X-ray observations, we
must quantify all the effects that influence observations in stacking experiments. Among
the primary sources of contamination in X-ray stacking experiments are the projection
effects affecting the hot gas emission. These projection effects, which have not been ex-
plored in detail before, include the contribution from the LSS halo environment (locally
correlated X-ray emission), the effect of satellite galaxies being misclassified as central
due to limitations in the (photometric) redshift accuracy for the galaxies in large surveys,
the offset between the X-ray centre and the centre defined by the minimum of the halo
potential, and the Line-of sight (LoS) projection of uncorrelated X-ray emission of fore-
and background structures. Chapt. 2 explores these effects using LC-TNGX to provide
a complete description and full understanding of the contaminating projection effects in
X-ray stacking experiments of the hot CGM.

2. Can we retrieve the hot CGM physics from the X-ray stack of galaxies from eROSITA
data? With our knowledge of projection effects in Chapt. 2, we proceed in Chapt. 3 and
embark on the challenge of developing a forward model for the stacked X-ray radial surface
brightness profile measured by eROSITA around MW-mass galaxies. Our model contains
two emitting components: hot gas (around central galaxies and around satellite galaxies
hosted by more massive halos) and X-ray point sources (X-ray binaries and Active Galactic
Nuclei). In Chapt. 3, we show that for the same mean stellar mass, a factor ~ 2X increase
in the mean value of the underlying halo mass distribution results in ~ 4X increase in the
stacked X-ray luminosity from the hot CGM. Here, we find that the gas physics driving
the shape of the observed hot CGM (in stellar-mass-selected X-ray stacking experiments)

Uhttp://www.tng-project.org
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is tightly correlated with the underlying halo-mass distribution. Additionally, this chapter
provides a novel technique to constrain the average AGN X-ray luminosity jointly with the
radial hot CGM gas distribution within the halo using measurements from X-ray galaxy
stacking experiments.

. How does the large-scale cosmic web impact the X-ray emitting CGM? While key

physical processes of the hot CGM have been widely studied, the influence of a galaxy’s
large-scale cosmic environment on the hot gas content remains less explored. In Chapt. 4,
we investigate how the large-scale cosmic web affects the X-ray surface brightness (XSB)
profiles of galaxies in the context of cosmological simulations. Again, using our novel
[lustrisTNG-based lightcone, spanning 0.03 < z < 0.3, first developed in Chapt. 2, we
apply the filament finder DisPerSE on the galaxy distributions to identify the cosmic fil-
aments within the lightcone. We classify central galaxies into five distinct large-scale
environment (LSE) categories: clusters and massive groups, cluster outskirts, filaments,
filament-void transition regions, and voids/walls. We find that the X-ray surface brightness
profiles (XSB) of central galaxies of dark matter haloes in filaments with Mo, > 1012 M,
are X-ray brighter than those in voids and walls, with 20 — 45% deviations in the radial
range of (0.3 — 0.5) X Rypom. Our results demonstrate that the impact of the large-scale
cosmic environment is imprinted on the hot CGM’s X-ray emission.



Chapter 2

Quantifying Observational Projection
Effects with a Simulation-based hot CGM
model

The results presented in this chapter were published in Astronomy & Astrophysics, 697, A22,
titled ”Quantifying observational projection effects with a simulation-based hot CGM model”
Shreeram, S., Comparat, J., Merloni, A., Zhang, Y., Ponti, G., Nandra, K., ... & Sorini, D.
(2025a).

2.1 Summary

In this chapter, we take the first step toward a self-consistent framework for modelling the hot
CGM by constructing a cosmological lightcone from the TNG300 hydrodynamical simulation.
This lightcone is initially employed to study projection effects that bias stacked X-ray measure-
ments of the CGM, but it also forms the foundation for the subsequent chapters. More precisely,
in Chapt. 3, it is implemented for forward modelling of eROSITA observations, and in Chapt. 4,
it is combined with large-scale structure classifications to explore environmental dependencies.
In order to build a fully self-consistent forward model for the hot CGM, we construct a lightcone
and generate mock X-ray observations of the large-scale structure. We quantify the main projec-
tion effects impacting CGM measurements, namely the locally correlated large-scale structure in
X-rays and the effect due to satellite galaxies misclassified as centrals, which affect the measured
hot CGM galactocentric profiles in stacking experiments. We present an analytical model that
describes the intrinsic X-ray surface brightness profiles of haloes across the stellar and halo mass
bins. The increasing stellar mass bins result in decreasing values of 3, the exponent quantifying
the slope of the intrinsic galactocentric profiles. We measure the effect of misclassified centrals
in stacking experiments for three stellar mass bins: 10'%3-1"M, 10!'=11-2M, and 10'-3-115M,,.
We find that the contaminating effect of the misclassified centrals on the stacked profiles increases
when the stellar mass decreases. When stacking galaxies of Milky-Way-like stellar mass, this
effect is dominant already at a low level of contamination: in particular, misclassified centrals
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contributing 30%, 10%, or 1% of a sample dominate the measured surface brightness profile at
radii > 0.11 X Rspgc, = 0.24 X Rs00c, and > 1.04 X Rsq., respectively.

2.2 Motivation for this work

Several extragalactic studies have reported single-object broad-band X-ray detections of hot gas
around galaxies (Bogdan et al., 2013b,a; Anderson et al., 2016; Bogdan et al., 2017; Li et al.,
2017; Das et al., 2019). Owing to the density-squared dependence of X-ray emissivity, however,
these detections are confined to the densest regions of the CGM, typically within 40—-150 kpc of
the galaxy centre. To extend measurements out to the halo virial radius, R,; (i.e., 2 200 kpc),
Anderson et al. (2015) stacked the all-sky X-ray data from ROSAT at the positions of the SDSS
galaxies. With the launch of SRG/eROSITA, we have unprecedented statistics to extend the study
of the hot CGM in X-rays with stacking analysis. E.g., Oppenheimer et al. (2020) first demon-
strated the promise of this approach using mock observations from the [llustrisSTNG and EAGLE
simulations, while subsequent works (Comparat et al., 2022; Chadayammuri et al., 2022), and
more recently Zhang et al. (2024a, hereafter Z+24), have applied it directly to eROSITA data,
detecting the hot CGM out to R,;; around Milky Way— and M31-like systems. Today, stack-
ing represents the most sensitive technique available for probing the hot CGM in X-rays. Yet,
its interpretation remains complicated by a variety of observational effects, motivating the need
for a comprehensive theoretical framework to isolate the intrinsic hot CGM signal from other
observational effects.

A plethora of theoretical models (e.g., Faerman et al. 2017; Voit et al. 2019; Pal Choudhury
et al. 2019; Stern et al. 2024; Singh et al. 2021; Pandya et al. 2023; Faerman & Werk 2023)
have been used to describe and predict the intrinsic properties of the hot CGM; Singh et al.
(2024) discuss the comparison of some idealised cases. Similarly, Oppenheimer et al. (2020);
Vladutescu-Zopp et al. (2024) made explicit predictions of the intrinsic hot CGM profiles ob-
tained by assigning mock X-ray emission to the hot halos found in cosmological hydrodynami-
cal simulations. However, before testing theoretical and numerical predictions of the hot CGM
against state-of-the-art observations, we must quantify all the effects that influence the hot CGM
observations in stacking experiments. Among the primary sources of contamination in X-ray
stacking experiments, inhibiting us from retrieving the physical properties of the detected CGM
emission, are (1) unresolved AGN and X-ray binaries (XRB) population of galaxies (Biffi et al.,
2018b; Vladutescu-Zopp et al., 2023), and (2) projection effects within the hot gas emission of
the cosmic web. These projection effects include the contribution from the Large-Scale Struc-
ture (LSS) halo environment (locally correlated X-ray emission), the effect of satellite galaxies
being misclassified as central due to limitations in the (photometric) redshift accuracy for galax-
ies in large surveys (see e.g., Weng et al. 2024), the offset between the X-ray centre and the
centre defined by the minimum of the halo potential, and the Line-of sight (LoS) projection of
uncorrelated X-ray emission of fore- and background structures. Z24 tried to model these effects
empirically for the first time; however, we need forward models based on cosmological hydro-
dynamical simulations for a complete description and full understanding of these contaminating
effects.
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Table 2.1: 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 mean Rjqq,,, and the
mean Rsqqc.

1Og]() (%_;) 1Oglo %_; Ncent_rals Nsatel}ites lOgl() MAz/IO;Jm 10g10 (M]\Z,Iosm) R200m RSOOC

min-max mean  CEN®™  SATS™ mean min-max kpc kpc
105 -11 10.7 5109 2719 12.7 [11.9,13.7] 525.02 242.75
11-11.25 11.1 680 220 13.3 [12.6,14.0] 816.05 369.01

11.25-11.5 11.4 305 60 13.6 [13.2,14.2] 1077.71 484.52

Table 2.2: For every halo mass bin used to generate the X-ray surface brightness profiles, we present the
mean halo mass, the total number of distinct halos, the mean stellar mass, the mean Rygg,, and the mean
Rspoc, for every halo mass bin.

Maoom

log,o 5 log. . Mz Nbistinct hatos 1 Mook, Rooom — Rsooc
min-max £10 Mo CENTITY 10 Mo kpc kpc
12.5-13.0 12.7 3,677 10.7 375.54 246.35
13.0-13.5 13.2 1,113 11.0 549.27 353.35
13.5-14.0 13.7 382 114 810.09 519.34

In this chapter, we analyse numerical simulations to empirically quantify the effects of the
locally correlated X-ray emission and the misclassified centrals, also called the satellite-boost
effect, relevant for measuring the hot CGM in stacking experiments. To do this, we use the
TNG300 hydrodynamical simulations (Pillepich et al., 2018b; Marinacci et al., 2018; Naiman
etal., 2018; Nelson et al., 2015; Springel et al., 2018) to construct a lightcone and generate mock
X-ray observations. We focus here on the projection effects of hot gas affecting the X-ray surface
brightness profiles. The structure of the chapter is as follows. Sec. 2.3 details the construction
of the TNG300 lightcone (LC-TNG300) used for modelling the hot CGM in this study. We
explain all the projection effects in detail in Sec. 2.3.1. In Sec. 2.4, we describe the process for
generating mock X-ray observations that mimic observational data and provide the machinery
for computing the surface brightness profiles. Sec. 2.5 presents the main results of this work done
with the TNG300 lightcone. Lastly, Sec. 2.6 discusses the main findings and Sec. 2.7 provides
an overview with prospects.

2.3 Simulated lightcone with IllustrisTNG: LC-TNG300

Since we are interested in studying the impact of the locally correlated X-ray emission within
the LSS environment of the halo, we require a simulation that contains all the complexities intro-
duced by feedback and cooling, which are imprinted in X-ray measurements. We also require a
large box size to encompass the effects of the cosmological LSS itself. Therefore, we use cosmo-
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Figure 2.1: Illustration of the lightcone built using TNG300 in the x-y plane. The figure shows the
subhalos within LC-TNG300 at 0.03 < z < 0.3 remapped using boxremap (Carlson & White, 2010). The

observer is set at the (0, 0, 0) location. The lightcone goes out to 1231 cMpc along the x-axis, subtending
an area of 47.28 deg? on the sky in the y-z plane. The subhalos are colour-coded with their stellar masses.
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Figure 2.2: The projected rest-frame X-ray events from the TNG300 ligthcone in the 0.5 — 2.0 keV
band for a telescope with energy-independent collecting area 1000 cm? and exposure time of 1000 ks.
The events are generated using the hot gas cells within the TNG300 lightcone at redshifts 0.03 — 0.3
using pyXsim (ZuHone & Hallman, 2016). The centre for the projection onto the sky is chosen as R.A.,
Dec.= (0.,0.) degrees. The contours represent the two X-ray surface brightness levels of 5 x 10714 erg s7!

cm™2 arcmin™ and 2 x 107'% erg s™! cm™2 arcmin 2.

logical hydrodynamical simulations that self-consistently predict the LSS and its impact on gas
dynamics within a halo. We use the IllustrisTNG cosmological hydrodynamical simulation with
the a of side length 302.6 Mpc (TNG300; Nelson et al., 2019)'. TllustrisTNG accounts for many
physical processes, among of the most notable which are star formation regulated by a subgrid
ISM model (Springel & Hernquist, 2003), metal enrichment (Naiman et al., 2018), radiative gas
cooling, galactic wind outflows (Pillepich et al., 2018a), magnetic fields and diffuse radio emis-

'http://www.tng-project.org
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Figure 2.3: The projected halos (centrals) are overplotted with their corresponding scaled Rsgo. at z = 0.3;
the Rsoo. of the halos are represented by the size of the circles. We also show the projected rest-frame X-
ray events from the TNG300 ligthcone in the 0.5 — 2.0 keV band for a telescope with energy-independent
collecting area 1000 cm? and exposure time of 1000 ks at the redshift slice of 0.284 < z < 0.3. The halos
with Mago, € 10147145 Mg, are shown in red, Mygg, € 1013-5-14 Mg in grey, Maoom € 1013-135 Mg in
cyan, and M»qo,, € 102213 M, in blue.

sions (Marinacci et al., 2018), supermassive black hole growth with Bondi accretion and mergers,
thermal and kinetic modes for black hole feedback (Weinberger et al., 2018). IllustrisTNG also
reproduces correlation functions and power spectra of particles and halos (Springel et al., 2018).
TNG300 contains 2500° dark matter particles, with a baryonic mass resolution of 1.1 X 10’ My, a
comoving value of the adaptive gas gravitational softening length for gas cells of 370 comoving
parsec, gravitational softening of the collisionless component of 1.48 kpc, and dark matter mass
resolution of 5.9 x 10’ My. The TNG simulations adopt the Planck Collaboration XIII 2016
cosmological parameters, with the matter density parameter Q,, = Qq,, + , = 0.3089, baryonic
density parameter Q, = 0.0486, Hubble constant Hy = 1004 km s~! Mpc~! with & = 0.6774, and
Qp =0.6911.

The Friends-of-Friends (FoF) algorithm is applied to the dark matter particles with linking
length b = 0.2 to obtain the halos. The subhalos are retrieved with suBrIND (Springel et al.,
2001; Dolag et al., 2009) that detects gravitationally bound substructures, which are equivalent to
galaxies in observations. Additionally, sUBFIND classifies the subhalos into centrals and satellites,
where centrals are the most massive substructure within a distinct halo.

To model the hot gas emission in the redshift range 0.03 < z < 0.3, as in observations (e.g.
Comparat et al. 2022; Chadayammuri et al. 2022; Zhang et al. 2024a), we need four boxes lined
up behind each other to arrive at the comoving distance, dc(z = 0.3), of 1231 Mpc. For a full-sky
lightcone going up to z = 0.3, we must replicate and stack 512 boxes; however, such replication
causes large-scale projection effects that cannot be estimated properly; see Merson et al. (2013).
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Therefore, we box remap? all snapshots into a configuration where the longest length of one
of the sides is ~ 4x the original length (Carlson & White, 2010). This technique ensures that
the new elongated box has a one-to-one remapping, remains volume-preserving, and keeps local
structures intact. For a box whose original dimensions are normalized to (1,1, 1), the unique
solution for the transformed box sides is (4.1231,0.7276,0.3333), respectively. We remap the
coordinates of particles (gas, dark matter, and stars) and the halo and their subhalo catalogues.
There are 22 snapshots within the observationally motivated redshift range of 0.03 < z < 0.3.
Therefore, we obtain 22 remapped particle cuboids and 22 remapped galaxy catalogue cuboids at
redshift z < 0.3. We define the observer’s position as being at a corner of the smallest face. The
opening angles for the observer are (6 ¢ obs, PLc obs) = (10.16, 4.64) degrees. The area subtended
on the sky for a given observer is 47.28 deg?. We illustrate the lightcone constructed with the box
remap technique in Fig. 2.1. We also publicly release LightGen, the code used for generating
the lightcone in this work.

The distinct halos, CEN;iaﬁlo, and subhalos within the LC-TNG300 are catalogued with their
physical properties and binned in stellar mass and halo mass bins, as shown in Tab. 2.1 and
Tab. 2.2. We have 5, 109 centrals and 2,719 satellites of stellar mass in the Milky-Way range
M, = 10'%5-""M,), which is sufficient to statistically model the projection effects in these
halos.

This chapter defines the stellar mass used from TNG300 as the mass within twice the stellar
half-mass radius. We present quantities relative to both critical and mean densities because
Rsoo.° is the radius most commonly used by X-ray astronomers (see e.g., Lyskova et al. (2023)
and references therein), and R,q,,* represents the halo’s viral radius and is theoretically more
relevant as it presents quantities within the virialized halo. The galaxy catalogue is divided into
central, CEN*™ and satellites, SAT*™ for the concerned stellar mass bins. To construct the SATS™
catalogue, we refer to the halo/subhalo classification, where we match all the central galaxies
with the distinct halos, thereby leaving behind all the secondary subhalos or satellites.

2.3.1 Contributions to observed X-ray surface brightness profiles

The main objective of this study is to model the various sources of contamination that come
into play when measuring the hot gas component of the CGM. Here, we list all the components
contributing to the observed X-ray surface brightness profile.

1. Intrinsic emission from the halo. This corresponds to the emission within the radius, Ryoom,
of the central halo in 3D. We associate this X-ray emission with being intrinsic to the
galaxy’s CGM. It must be noted that the definition of a halo boundary at which the gas
is bound is non-trivial; we refer to Diemer et al. (2017) and references therein for more
details.

2http ://mwhite.berkeley.edu/BoxRemap/

3Rs00c is the radius at which the density of the halo is 500X the critical density of the universe.

*Ryoom is the radius at which the density of the halo is 200x the mean matter density (cold dark matter and
baryons).
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2. Locally correlated environment. This component encapsulates the surrounding emission
of the galaxy with the LSS in which it resides. Also known as the 2-halo term (Cooray
& Sheth, 2002; Kravtsov et al., 2004), this corresponds to the contribution arising due to
the local background changing with the size of the halo. This effect is explored in tSZE
studies, where Vikram et al. (2017), Lim et al. (2021) show the impact of the two-halo
component, where the one-halo contribution at mass scales My, < 10137133 h™! My, is
swamped by the two-halo term due to nearby massive systems dominating the measured
signal. Given our focus on MW-size halos, modelling the contribution from the locally-
correlated background is crucial for disentangling intrinsic hot CGM emission from the
local background.

3. Intrinsic emission from satellites. The X-ray emission from the satellite galaxy contributes
to the total observed CGM emission in projection. As the host galaxy is more massive, with
a deeper potential well, the contribution of this effect is negligible in stacking experiments
(see Rohr et al. (2024) for further insight into the detectability of the satellite emission).

4. Contamination from misclassified centrals. In observations that use photometric surveys,
classifications between centrals and satellites are inhibited due to limitations in the redshift
accuracy. This effect is large and unavoidable for photometric surveys (~ 30% contami-
nants for MW-like galaxies; Sec 3.5 in Z24) and significantly mitigated for spectroscopic
surveys (~ 1% contaminants for MW-like galaxies; Sec 3.7 in Z24), but not completely
removed due to survey incompleteness or residual uncertainty in the central/satellite classi-
fication for systems with a low number of galaxies (see also Weng et al. 2024 who quantify
the effect for absorbers in cold gas with TNGS50). This implies that the measured X-ray
surface brightness profiles in stacked samples of galaxies classified as centrals contain
the intrinsic emission around truly central galaxies but are contaminated by the emission
measured around satellites (off-centred) misclassified as centrals. In conclusion, including
the emission around satellites in the stacking analysis alters the recovered profiles and,
therefore, must be modelled.

5. The X-ray to true centre offset. The theoretically defined centre of a halo, which is the
minimum of the dark matter potential well, could be offset from the observationally de-
fined centres, e.g., the peak of the SZ signal or the X-ray emission, or the optical/infrared
centre inferred from the stellar distribution (Zitrin et al., 2012; Lauer et al., 2014; Saro
et al., 2015; Cui et al., 2016; Seppi et al., 2023). This offset is associated with physical
effects such as galaxy mergers (Martel et al., 2014), misidentification of the brightest halo
galaxy (Hoshino et al., 2015; Hikage et al., 2018; Oguri et al., 2018; Zhang et al., 2019)
or failure of the brightest halo galaxy being a proxy for the minimum of the halo potential
in optical studies (Skibba et al., 2011). Overall, miscentering causes a smoothing effect
in stacking studies (Oguri & Takada, 2011), and therefore, must be calibrated and mod-
elled. This effect of miscentring correlates with halo mass; hence, it is well-studied at the
cluster and group scales. As we simulate X-ray emission around lower mass, MW-like
halos in this work, we extend the discussion of miscentering of the X-ray emission from
the minimum of the host halo potential to MW mass scales. We return to the implications
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of such X-ray—potential offsets for stacked CGM measurements in Sec. 2.6.3, where we
assess how miscentering can bias inferred profiles.

6. Contamination from other X-ray sources. Other X-ray emitting sources, like XRB and
AGN, contaminate the measured hot CGM. The XRB emission is distributed on the scale of
the stellar body of a galaxy; however, for an instrument with a Point Spread Function (PSF)
like eROSITA, it is unresolved and appears as a point source. Z24 take special precautions
to account for this by masking the eROSITA-detected point sources within the X-ray data.
They also model additional contributions from the unresolved XRB and AGN. While this
chapter does not address this effect, Chapt. 3 provides further details on the modelling of
the AGN and XRB resolved/unresolved emissions for eROSITA observations.

7. Line of Sight (LoS) projection. Objects along the line of sight that do not reside near the
galaxy also contaminate the detected signal. Nevertheless, this uncorrelated contamina-
tion is well-modelled as the large-scale background and foreground in observations and,
therefore, is not discussed further in this work.

8. Other X-ray background components. The local background is a combination of (1) the
Soft X-ray background (SXRB; Henley & Shelton 2010, 2012, 2013; Nakashima et al.
2018; Gupta et al. 2023; Pan et al. 2024; Yeung et al. 2024), which is composed of emission
from the local hot bubble, the MW CGM, other intervening galactic structure and the
time variable solar-wind charge exchange, (2) the Cosmic X-ray background (De Luca
& Molendi, 2004; Gilli et al., 2007; Luo et al., 2016; Cappelluti et al., 2017), which is
dominated by AGN, and (3) the instrumental effects. In this study, we simulate intrinsic
X-ray events from hot gas alone; therefore, this study does not quantify the impacts of
these other well-studied X-ray background components.

In summary, this chapter focuses on modelling the locally correlated environment and the
effect due to misclassified-centrals (the satellite-boost effect). We also quantify the effect of the
X-ray to true centre offset for the halo mass bins considered here.

2.4 Method

We detail the process to create mock X-ray observations in Sec. 2.4.1 and introduce the formal-
ism used to fit the X-ray surface brightness profiles in Sec. 2.4.2. We detail the data products
generated to study the projection effects in Sec. 2.4.3.

2.4.1 Mock X-ray observation

The photons are simulated in the 0.5 — 2.0 keV intrinsic band with pyXsim (ZuHone & Hall-
man, 2016), which is based on pHox (Biffi et al., 2013; Biffi et al., 2018a), by assuming an input
emission model where the hot X-ray emitting gas is in collisional ionization equilibrium. The
spectral model computations of hot plasma use the Astrophysical Plasma Emission Code, APEC’

5 APEC link https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/nodel34.html
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Figure 2.4: Mean X-ray surface brightness profiles in the stellar mass bins: M, = 10'%>"11 Mg, corre-
sponding to MW-like galaxies (leff), M, = 1011125 M, (centre), and M, = 10'1--11:5 My, (right). The
vertical dashed line is the mean Rsgg. at 242.75 kpc (left), 369.01 kpc (centre), and 484.52 kpc (right) of
the respective galaxy stellar mass bin, with the shaded area corresponding to the minimum and maximum
values. The black line is the analytical model, shown in Eq. 2.7, fit to the LC-TNG300 mean X-ray surface
brightness profiles. The best-fitting parameters for the model are given in Tab. 2.3. We find decreasing
values for the slope, 8, with increasing stellar mass bins.
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Figure 2.5: Mean X-ray surface brightness profiles in the halo mass bins: Mapm = 10123713 M, corre-
sponding to MW-like galaxies (left), Magom = 10137133 Mg (centre), and Maooy = 10133714 My (right).
The vertical dashed line is the mean Rsgg. at 246.35 kpc (left), 353.35 kpc (centre), and 519.34 kpc (right)
of the respective halo mass bin with the shaded area corresponding to the minimum and maximum values.
The black line is the analytical model, shown in Eq. 2.7, that fits the LC-TNG300 mean X-ray surface
brightness profiles. The best-fitting parameters for the model are given in Tab. 2.4. We find decreasing
values for the slope, 8, with increasing halo mass bins.

code (Smith et al., 2001) with atomic data from aromps v3.0.9 (Foster et al., 2012). The apec
model requires the plasma temperature of the gas cells (in keV), the metal abundances, the red-
shift z, and the normalization, N, which is defined as follows.

1014
= | nengdv, 2.1
47[Da(l + 2)12 f nennd 2.1
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Table 2.3: For every stellar mass bin, we present the best-fitting parameters of the model (see Eq. 2.7):
S 0,:the central surface brightness; r., the core radius; S, the exponent quantifying the slope of the profile;
rs, the scale radius at which the slope changes to e.

log,, M, /Mg Te rg

min max logio So [kpc] B [kpc] €
105-11 36963700 1137700 04437000 4417 45701
I1-1125 37631008 5390 02830 3287 42470
1125-115  38.08070003 4007008 024970001 407+2 4707003

Table 2.4: For every halo mass bin, we present the best-fitting parameters of the model (see Eq. 2.7): Sy,
the central surface brightness; r., the core radius; 3, the exponent quantifying the slope of the profile; r,
the scale radius at which the slope changes to €.

log ) Magom/Mo Fe

min max logioSo [kpc] B s €
125-13 368040 [543 057500 3227 3008
13-13.5 374147005 7050 030700 276.0°05 48058
13.5- 14 38.08570002 4 081007 (2427001 417 7105 4 g9y 10002

where D, is the angular diameter distance to the source (cm), dV is the volume element (cm?),
n. and ny are the electron and hydrogen densities (cm™?), respectively. The temperature is cal-
culated from the internal energy u and the electron abundance x.(= n./ny) of the gas cells®. The
temperature T for every gas cell is defined as

T=(y- 1%# 2.2)

where kg is Boltzmann’s constant in CGS units and vy = 5/3 is the adiabatic index. The mean
molecular weight u is given as

4
T 143Xy +4Xpx, P

where Xy = 0.76 is the hydrogen mass fraction and m, is the proton mass in grams. The metal
abundances within TNG are provided for the snapshots at redshift intervals of every 0.1. As
a result, 19 of the 22 snapshots within the lightcone constructed in this work lack metallicity
information. Given the lack of metallicity information and the inaccuracies introduced by in-
terpolation of metallicity values between the 0.1 redshift intervals due to the evolution of gas
particles, we assume a constant metallicity of 0.3 Z; this is consistent with measurements for
our MW (Miller & Bregman, 2015; Bregman et al., 2018; Kaaret et al., 2020; Ponti et al., 2023b).
This work uses the solar abundance values from Anders & Grevesse (1989).

The TNG star formation model is based on the subgrid two-phase model proposed by
Springel & Hernquist (2003), with some modifications (see Pillepich et al., 2018b, and refer-
ences therein). The gas cells that emit efficiently in the soft X-ray band (i.e. [0.3-5] keV) are due

I 2.3)

5See FAQ here: https://www.tng-project.org/data/docs/faq/
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to the SN-driven kinetic decoupled winds, which ultimately deposit energy into non-star-forming
gas cells. Additionally, the hot component of this two-phase model exhibits typically high tem-
perature (> 10° K). As further explained in Truong et al. (2020) (see Appendix B-C), because
this multiphase structure within the TNG model is not resolved, and it is instead modelled by a
simplistic two-phase structure with unrealistic assumptions, we cannot make a sensible estimate
of the X-ray emission from the unresolved phases of the ISM. Therefore, by excluding the pa-
rameter space of the warm-neutral ISM (Le Brun et al., 2014; Rahmati et al., 2016; Wijers et al.,
2019), namely: (1) excluding star-forming gas cells, (2) ignoring gas cells below 10° K, and (3)
ignoring gas cells with densities above 1072 g/cm?®, we ensure the gas particles used in this work
are physically emitting X-rays.

Within pyXSim, the number of photons generated depends on the specified collecting area of
the assumed X-ray telescope, its exposure time, and redshift. We generate sufficient photons by
assuming a telescope with an energy-independent collecting area of 1000 cm? (about 3/4 of the
eROSITA field-of-view-average effective area at 1 keV) and an exposure time of 1000 ks. The
photon-list is generated in the observed frame of the X-ray emitting gas cells and is corrected
to rest frame energies. The LoS direction determines the event’s position in the sky. We define
the LoS along the x-axis within the lightcone. By applying a 6y ¢ obs/2 = 5.08 deg rotation along
the z-axis and —¢pc obs/2 = —2.32 deg rotation along the y-axis, we centre the y-z plane at (0, 0)
degrees. The photons generated by the gas particles are projected onto the sky, with the resulting
image shown in Fig. 2.2.

We also project the halo and subhalo positions on the sky, as shown in Fig. 2.3 for a redshift
slice of z = 0.3. The X-ray events are then stacked around the projected halo/subhalo positions.
The surface brightness profiles’” S(r) are calculated as a function of the projected radius on the
sky in the 0.5 — 2 keV energy band. The centre is chosen as the location of the most bound
particle within the halo/subhalo as found by the FoF/susrinp algorithm. The number of photons
with rest frame energy E [erg] in each radially outward bin r, N(E, r), is weighted by the area,
A [kpc?], of the 2D shell between r and r + dr, the fraction of photons collected from the source,
fa, and the exposure time, f., [seconds],

2 keV
E~0s kv N(Ei, 1) E;

S =
x(r) FatopA(r)

erg
. 2.4
sec kpc2] 24

Here, fa is the fraction of the source photons collected by the synthesized telescope that has a
collecting area A:
A

fA - 47TdL(Z)2

(2.5)

where d| (z) is the luminosity distance to the source.

"We define the surface brightness profiles in this work in units of erg s~ 1 kpc~2, consistent with Z24, also called
the luminosity profile.



42 2. Quantifying Observational Projection Effects in hot CGM measurements

2.4.2 X-ray surface brightness profiles and their analytic modelling

The hot CGM surface brightness profile can be analytically described by the g model (Cavaliere
& Fusco-Femiano, 1976);

Sx05-20 kevlr] = So .
C

2173+3
- (1) } , 2.6)

where S is the central surface brightness, r. is the core radius at which the profile slope becomes
steeper, and 3 is the exponent quantifying the slope of the profile. In cases where the outskirt
steepens more than the slope defined for the inner radii by the f—model, following Vikhlinin
et al. (2006), we introduce a new slope-parameter as follows:

r 2 _3ﬁ+% r y1-€/Y
1+ (—) ] X {1 + (—) l , 2.7
T. s

where r; is the scale radius at which the slope changes to € and y defines the width of the transition
region. We fix y = 3 and restrict the priors on r; > r. and € < 5, as suggested by Vikhlinin et al.
(20006), in the fitting procedure.

Sx.05-20 kevlr] = So

2.4.3 Prerequisite data products for quantifying projection effects

To obtain contributions from the large-scale structure, i.e. the locally correlated X-ray emission,
we generate cubes and profiles with the CEN*'™ catalogue for two cases as follows:

1. Ryoom cubes and profiles: every central galaxy within the halo catalogue is assigned X-ray
events within Ry, of the parent halo. We define these profiles as the intrinsic hot gas
emission profiles.

2. Rismpes Riompe and Rip7mpe cubes and profiles: all the X-ray events, intrinsic and locally
extrinsic, irrespective of whether they belong to the galaxy but within 3 Mpc, 9 Mpc, and
27 Mpc of the source centre, are selected in 3D spherical comoving volumes. We construct
the profiles and cubes to quantify the impact of contamination from the local vicinity on
the intrinsic source emission.

To quantify contributions from the emission associated with misclassified centrals, we use
the SAT™ catalogue in the same stellar mass bin as the central galaxies. For galaxies in the
three stellar mass bins (10'%>~!" My, 10''-112 M, and 10>~ M) we construct a total
galaxy samples containing Ny, galaxies, of which there are N, centrals and N, satellites. The
number of satellites is defined as Ny = fiaNViot, Where fiy, the fraction of satellites, is varied at
the values 0.01, 0.1, and 0.3. The corresponding mean X-ray surface brightness profiles for a
sample containing f;, satellites are obtained as follows.

X, tot

N tot

Zf\ikit S(i)

SX,tot[r] = (2.8)
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The mean X-ray s1_1rface brightness proﬁle_ components from the central galaxies, Sx,cen[r] and
satellite galaxies, Sx su[7] contributing to Sx [7] are as follows:

_ Zg\icen S(i)cen
Sxcenlr] = (1 = fia) X %, (2.9)
and
_ Zﬁ\;sm S(i)sa
Sxsalr] = frae X % (2.10)
sat

respectively. Therefore, Sx,tot[r] = (1 - fo) SX,Cen[r] + faat S’X,sat[r]. We calculate the uncer-
tainties in the total surface brightness profile of the total, central, and satellite components by
bootstrapping.

2.5 Results

Here, we present the main results of this work. In Sec. 2.5.1, we discuss the outcome of fitting the
analytical model to the stacked LC-TNG300 intrinsic profiles. In Sec. 2.5.2, we carry forward
the current state-of-the-art to understand the impact of the locally correlated environment on the
intrinsic X-ray surface brightness profile. Lastly, in Sec. 2.5.3, we show the prominence of the
effect due to misclassified centrals.

2.5.1 Fitting analytic models to the intrinsic X-ray surface brightness pro-
files

Fig. 2.4 and Fig. 2.5 show the mean X-ray surface brightness profiles in three stellar mass and
halo mass bins, respectively. We fit the surface brightness profiles with the analytic model intro-
duced in Eq. 2.7 and provide the best-fit parameters in Tab. 2.3 and Tab. 2.4 for the stellar and
halo mass bins, respectively. A simple S model by Eq. 2.6, describes the lowest stellar and halo
mass bins. However, the simple S model fails to describe the more massive stellar and halo mass
bins. Therefore, we implement the modified— model as described in Eq. 2.7, which successfully
describes the LC-TNG300 profiles in the stellar and halo mass bins across all masses.

The latter model has two break radii, the core radius 7. and the scale radius r,, where r, < r,.
The scale radius ry affects the profile at radii beyond Rsgo., the mean Rsgo. of the stacked mass
bin. The model also introduces two slope parameters: S, which influences the X-ray surface
brightness profile at radii r < r,; and €, the slope that affects the profile at r > r;. As Rsp. 1S
the radius used most commonly in observations, and 8 quantifies the shape of the profile at radii
< Rs00c, we discuss here the variations in S across the stellar and halo mass bins.

The increasing stellar mass bins 10'%5-11 M, | 101257115 M, and 10'2°-115 M, result in
decreasing values of 8 from 0.4, 0.28, and 0.25, respectively. The same trend holds for the halo
mass bins, where increasing halo mass bins: 10'>°713 Mg, 103135 M, and 10"*°~1* M, have
decreasing values of 8 from 0.57, 0.30, to 0.24, respectively. One of the reasons for the decrease
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Figure 2.6: Mean X-ray surface brightness profiles in the stellar mass bin M, = [1010-5, 10“] Mo,
corresponding to MW-like galaxies. The locally correlated large-scale structure contributions are shown
by comparing the profiles obtained with photons selected within +Ryqq,, (purple) and those obtained within
+3 Mpc (solid black), £9 Mpc (solid grey), £27 Mpc (dashed grey) away from the halo centre. The
crosses are from previous work by Oppenheimer et al. (2020), who generate mock X-ray observations
using TNG-100. The vertical dashed line at 242 kpc and the dotted line at 525 kpc are the mean Rsgp,
and Ryoom, respectively, of the 5, 109 galaxies used in the mass bin with the shaded area corresponding to
the minimum and maximum Rsq. values. The shaded uncertainties on the profiles represent the variance
obtained by bootstrapping.

is attributed to the mass-dependence of the feedback prescriptions in the TNG300 model, i.e.,
stellar mode dominating at lower masses, and the kinetic and thermal modes of energy injection
by AGN dominating galaxies with M, > 10'%° M, (Weinberger et al., 2016). As discussed
in Weinberger et al. (2018), the two AGN-related feedback channels depend on the black-hole
(BH) accretion rates. For high accretion rates, the thermal mode causes the gas cells close to
the galactic centre to heat, eventually releasing the energy radiatively in X-rays. However, for
lower accretion rates, the kinetic mode kicks in, depositing energy through winds and jets in
random directions away from the BH. This causes gas heating and, hence, X-ray emission via
cooling at a larger distance away from the galaxy centre, overall causing a flattening of the radial
X-ray surface brightness profile as shown by the slope 8 in Fig. 2.4 and 2.5. This reasoning is
further consolidated with studies detailing the effects of the kinetic mode of BH feedback in the
TNG model (Terrazas et al., 2020), its impact on the gas properties, i.e., temperature, entropy,
density, and CGM fraction (Zinger et al., 2020; Davies et al., 2020a), and its correlations with
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X-ray emission (Truong et al., 2020; Oppenheimer et al., 2020; Truong et al., 2021a; Ayromlou
et al., 2023). Sorini et al. (2024) show a similar trend of decreasing slope for the gas density
profiles with the SIMBA (Davé et al., 2019) suite of simulations. With simulation comparison
projects like caMELs simulations (Villaescusa-Navarro et al., 2021b), it is possible to study the
correlation between X-ray emission around galaxies with different feedback implementations,
the exploration of which we leave for a future study.

In the following two sections, we focus on how the projection effects result in deviations from
the intrinsic profile. We discuss the effects on the stellar mass bins as it is an observationally
available mass proxy.

2.5.2 Locally correlated environment

For the MW-mass bin, M, = 10'3-1! M, with mean Ry, = 525 kpc, we generate cubes within
+3 Mpc, £9 Mpc and +27 Mpc from the galaxy center. This corresponds to photons selected
within ~ 5.7 X Rypom, ~ 17 X Ropom, and ~ 51.4 X Rypom, respectively. Fig. 2.6 presents the
impact of the locally correlated LSS for MW-like halos. We show the intrinsic profile that is
obtained by selecting events within +R5,, of the galaxy centre in purple. We compare our result
with previous work from Oppenheimer et al. (2020), shown with the crosses in Fig. 2.6. They
predict the profile between 10— 242 kpc for a stellar mass sample in the mass range 1082~ 11-¥M,
containing ~ 400 galaxies. Their stellar mass sample is divided into low sSFR and high sSFR.
We take the mean of the low sSFR and high sSFR profiles generated in their work and compare
them with ours. The halo mass range corresponding to their stellar mass bin is 107123713 M,
which entails the mean halo mass Msgm = 10'?7 M, same as that of the MW mass bin used
in our work. Oppenheimer et al. (2020) use the TNG-100 simulation and synthesize mock X-
ray observations for individual halos as opposed to this work that uses TNG300 and synthesizes
mock X-ray observations within the lightcone. Despite these differences, this work’s predicted
X-ray intrinsic emission profiles are in good agreement with Oppenheimer et al. (2020).

We find that increasing the volume by %(5.7° — I’)R},,, = 771.5 X R}, i.e., by including
events within +3 Mpc, boosts the X-ray surface brightness profile at Ry, by a factor of 5.2. We
show this with the thick black line in Fig. 2.6. We find deviations from the true intrinsic profile
due to events selected within +3 Mpc at ~ 150 kpc, which corresponds to = 0.6 X Rsg. and
~ 0.3 X Ry, for the MW-stellar mass bin.

When considering the events within +9 Mpc, i.e., increasing the volume used to compute the
X-ray surface brightness profiles by 2Z(17° — I*)R},, = (2.0x 10*) R}, we find that the X-ray
surface brightness profile at Ry, is boosted by a factor of 16.8 This is shown by the grey curve
in Fig. 2.6. We find deviations from the true intrinsic profile due to events selected within +9
Mpc, at ~ 100 kpc, which corresponds to = 0.4 X Rspg- and = 0.2 X Ry, for the MW-stellar mass
bin.

For events selected in +27 Mpc or by including events in a volume of (8.2 x 10%) R;OOm, the
X-ray surface brightness profile at Ry, is boosted by 47.3. This is shown by the light grey
dashed curve in Fig. 2.6. The profile, in this case, remains unchanged only at radii < 40 kpc,
which corresponds to = 0.2 X Rsp. and = 0.08 X Ry, for the MW-stellar mass bin.

In conclusion, we show for the first time the effect of the local environment on the true



=
=)

2. Quantifying Observational Projection Effects in hot CGM measurements

o T feen 10.99 r — fen 090 ] L — fen 070

L 1097k foar 10.01 1037k — fear10.10 1 103t — fear+0.30
Y F - SX.;}‘iIBBm 7 F — Sk ; — Stk ]
in N —— Rsooq=242.74 kpc | r ——- Rsood=242.74 kpc 1 —— Rsood= 242.74 kpc |
0 i F ]

o 1075 i 1036} 1036[

_ E | E E

(] r i F F
L, F | F E

> r i - L

% 103t i 107} 1055}

| F E F

n - } C r

o B i L L
u>)£ 1034L : 1034L 1034

10T 102 103 10t 102 103 101 102 103
Projected radius, rp [kpc] Projected radius, rp [kpc] Projected radius, rp [kpc]

Figure 2.7: Effect of centrals (purple) and misclassified-centrals (green), in the stellar mass bin M, =
[1010'5 , 10“] Mg, on the total X-ray surface brightness profiles (black). The total sample is constructed
such that there are 1% satellites and 99% centrals (left panel), 10% satellites and 90% centrals (middle
panel), and 30% satellites and 70% centrals (right panel). The vertical dashed line at 242 kpc is the mean
Rspoc of the 5109 galaxies used in the mass bin with the shaded area corresponding to the minimum and
maximum values. The shaded regions on the profiles are the uncertainties obtained by bootstrapping.

intrinsic profile of a mean MW-like stacked X-ray surface brightness profile. Namely, we find
deviations from the true profile at = 0.3 X Ryom, = 0.2 X Rygom, and = 0.08 X Ry, by including
events out to ~ 5.7 X Rogom, ~ 17 X Ryoom, and ~ 51.4 X Rypom, respectively. The black, grey, and
dashed-grey curves in Fig. 2.6 show that increasing the integration volume swamps the features
of the intrinsic profile at radii closer to the galaxy centre.

In observations, one is sensitive to the complete line of sight towards the observer. Therefore,
this effect can be corrected by subtracting a background emission level determined empirically
from the observed surface brightness at a large distance from the halos of interest (assuming
spherical symmetry in the large-scale emission). We test the impact of a simple, conventional
background subtraction, where we subtract the mean value of the surface brightness profile be-
yond the R, (vertical purple dotted line) from the respective grey, and dashed-grey curves in
Fig. 2.6, as is most commonly done in observations. We find that the resulting profiles after
background subtraction agree well with the intrinsic profile (solid purple line) out to Rsy. (the
vertical dashed-dotted line). Beyond Rs., such a subtraction underestimates the X-ray emission
at the outskirts. However, this must be further tested with larger-volume lightcones than that
used here (see further discussion in Sec. 2.6.1). Nevertheless, given the setup used in this work,
we can, for the first time, probe this effect locally around the halo and show its impact in stacking
experiments.

2.5.3 The Effect of Misclassified Centrals

In simulations, we completely and accurately classify central and satellite galaxies within a given
stellar mass bin. Using this to our advantage, here, we make a precise prediction of the average
emission arising from stacking around satellite galaxies by considering the following fraction
of satellite (or misclassified centrals) contaminating the total galaxy sample: 0.01, 0.1 and 0.3.
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Figure 2.8: Effect of centrals (purple) and misclassified-centrals (green), in the stellar mass bin M, =
[10“, 101125 ] Mo, on the total X-ray surface brightness profiles (black). The total sample is constructed
with 1% (left panel), 10% (middle panel), and 30% (right panel) satellites. The vertical dashed line at 369
kpc is the mean Rsqg. of the 680 galaxies used in the mass bin with the shaded area corresponding to the
minimum and maximum values.
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Figure 2.9: Effect of centrals (purple) and misclassified-centrals (green), in the stellar mass bin M, =
[10“'25, 1013 ] Mo, on the total X-ray surface brightness profiles (black). The total sample is constructed
with 1% (left panel), 10% (middle panel), and 30% (right panel) satellites. The vertical dashed line at
484.5 kpc is the mean Rsgg. of the 305 galaxies used in the mass bin with the shaded area corresponding
to the minimum and maximum values.

We select these contamination fractions of satellites by bootstrapping over the entire satellite
galaxy sample. Tab. 2.1 details the number of centrals and satellites in the three stellar mass bins
presented here. We show our findings in Fig. 2.7, 2.8, and 2.9, corresponding to stellar mass bins
1010511 M, 1011-1125 M, and 10!!-25-115 M, respectively.

Fig. 2.7 quantifies the effect of misclassified centrals on the total surface brightness profile,
shown with the solid black line, in the MW-stellar mass bin of 10'%3-'! M,. We show the inte-
grated profile obtained by stacking only the satellite galaxies misclassified as centrals in green
and the intrinsic profile due to central galaxies in purple. The point at which the profile due to
misclassified centrals (green) intersects the intrinsic central galaxy (purple) profile represents the
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point at which the effect due to misclassified centrals contributes ~ 50% to the total (centrals and
satellites) emission. For a sample with 1% (left panel) and 10% (central panel) contaminating
satellites, the effect due to misclassified centrals dominates over the intrinsic central galaxy emis-
sion at radii > 1.04 X Rspo. (~ 252 kpc) and > 0.24 X Rsgo. (~ 59 kpc), respectively. In a sample
with 30% satellites contaminants (right panel), the effect due to misclassified centrals dominates
over the intrinsic central galaxy emission at radii > 0.11 X Rsq. (~ 27 kpc).

Analogously, Fig. 2.8 quantifies the effect of misclassified centrals on the total surface bright-
ness profile, shown with the solid black line, for galaxies in the stellar mass bin 10'~1125 M,
For a sample with 1% (left panel) contaminating satellites, we find that the effect of misclassi-
fied centrals has negligible impact within radii < Rsg.. For 10% satellite contamination (central
panel), the effect due to misclassified centrals dominates over the intrinsic central galaxy emis-
sion at radii > 1.1 X Rspp. (~ 400 kpc) and for 30% satellites contamination (right panel), the
effect due to misclassified centrals dominates over the intrinsic central galaxy emission at radii
> 0.63 X Rspo. (~ 231 kpc).

Finally, Fig. 2.9 quantifies this effect for the largest mass bin we are considering,
10"-25-115 M. For a sample with 1% (left panel), 10% (centre panel) and 30% satellite con-
tamination (right panel), the effect due to misclassified centrals remains negligible at all radii
< Rs0o.. More precisely, the 1% satellite contamination has a negligible impact on the total sur-
face brightness profile. The 10% and 30% satellite contamination dominate over the intrinsic
central galaxy profile at > 1.7 X Rspo. (~ 804 kpc) and > 1.2 X Rsgo. (~ 565 kpc), respectively.

As expected, we find from Fig. 2.7, 2.8, and 2.9 that the effect due to misclassified centrals
becomes increasingly important as we probe lower stellar mass bins in stacking experiments.
As we go to higher mass bins, the decreasing impact of the effect of misclassified centrals is
attributed to the satellites - of the same stellar mass bin - residing in less massive parent halos
(see further explanation in Sec. 2.6).

Fig. 2.10 presents the radial fraction of the X-ray emission from the intrinsic CGM - for four
different levels of misclassified centrals contamination - in three stellar mass bins: 1095~ M,
1011125 M, and 1011257115 M, respectively. We complement the conclusions from Fig. 2.7,
2.8, and 2.9 by showing that for MW-like galaxies, the effect of misclassified centrals at the
lowest contamination fraction of 0.01 results in the intrinsic central galaxy emission contributing
only ~ 51% of the total emission at Rsg.. This further deteriorates with the increasing fraction
of misclassified centrals in the galaxy sample, where fractions of 0.1, 0.3, or 0.5 result in the
intrinsic emission contributing ~ 9%, ~ 3% and ~ 1% of the total emission at Rsg., respec-
tively. This effect is less pronounced for the intermediate and most massive stellar mass bins
of 101125 My and 10"~ M compared to the MW-like stellar mass bin. In the case of
the 10''-112> M, mass bin, for a fraction of misclassified centrals of 0.01, 0.1, 0.3, or 0.5, the
central intrinsic emission contributes ~ 93%, ~ 55%, ~ 23% and ~ 11% of the total emission
at Rsq,, respectively. Analogously, for the stellar mass bin of 10'!2>=115 Mg, for a fraction of
misclassified centrals of 0.01, 0.1, 0.3, or 0.5, the central intrinsic emission contributes ~ 99%,
~ 86%, ~ 61% and ~ 40% of the total emission at Rsg ., respectively. Therefore, we present a
clear trend of the increasing importance of the effect of misclassified centrals, not only due to the
increasing fraction of satellite contamination in the galaxy sample but also due to the decreasing
stellar mass bins.



2.6 Discussion 49

2.6 Discussion

This chapter uses a TNG300-based forward model for the hot CGM emission and demonstrates,
for the first time, the effect of locally correlated large-scale structure around a halo, the effect of
misclassified centrals in stacked hot CGM galactocentric profiles and the effect of the choice of
centre. Our findings are important for studies of the X-ray emission around lower mass galaxies
with stacking experiments. We divide the discussion of our results by focusing on the projec-
tion effects due to the locally correlated environment, first, in Sec. 2.6.1, second, the effect of
misclassified centrals in Sec. 2.6.2, and lastly, the effect of miscentering in Sec. 2.6.3.

2.6.1 Locally correlated environment

The locally correlated environment for MW-like stellar mass galaxies boosts the mean galacto-
centric X-ray emission at large radii less than R,,. More precisely, at Ry, the X-ray emission
1s boosted 5.2%, 16.8x and 47.3% by including emission +3 Mpc, £9 Mpc, +27 Mpc away from
the halo centre, respectively.

Increasing the volume over which the intrinsic galactocentric profiles are measured also leads
to increased X-ray emission at smaller radii. This increased X-ray emission, in projection, is
attributed to the local environment in which the galaxy resides. The upturn in the black line in
Fig. 2.6, corresponding to including events within +3 Mpc (~ 5.7Ry0,,) of the galaxy centre,
signifies the presence of other X-ray emitting halos > 1 Mpc away from MW-like galaxies, i.e.,
~ 2 X Rypom O & 4 X Rspp.. This “upturn” feature is washed out as we start including events
in even larger volumes, as shown by the grey and dashed-grey lines (corresponding to events
selected within £9 Mpc and +27 Mpc, respectively) in Fig. 2.6. This supports our finding that
an observer starts probing the averaged hot gas emission from all galaxies in projection along
the line of sight, drowning out the features due to the local environment when integrating events
over larger volumes around a galaxy centre.

Further improvements to study this effect would involve including events to even larger radii
around the galaxy. Given the limited area of the lightcone, 47.28 deg?, we are constrained in
studying this effect out to +27 Mpc. To quantify the effects of the locally correlated large-
scale environment to even larger distances than those explored here, we need larger-volume
lightcones, which is possible with larger cosmological hydrodynamical simulations like Mag-
neticum (Dolag, 2015), MillenniumTNG (Pakmor et al., 2023; Hernandez-Aguayo et al., 2023),
and FLAMINGO (Schaye et al., 2023a). Additionally, future studies could study how different
simulation feedback prescriptions can impact the trend observed in the X-ray surface brightness
profiles by including events in larger volumes. It is particularly interesting to understand how the
physics implemented in hydrodynamical simulations impacts the baryon spread around galaxies,
1.e., the radius at which all the emissions converge to the mean background level in X-rays. We
leave the study of these aspects to future work, which is made possible with the advent of projects
like the caMELs simulations (Villaescusa-Navarro et al., 2021b); see, e.g., Gebhardt et al. (2024)
and Sorini et al. (2022).
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Figure 2.10: The fraction of X-ray emission from the intrinsic hot CGM for different levels of satellite
contamination (misclassified centrals) in the total galaxy sample. The fraction of X-ray emission from the
intrinsic hot CGM for misclassified central contamination fractions of 0.01 (dotted line), 0.1 (dash-dotted
line), 0.3 (dashed line), and 0.5 (solid line) are shown for three different mass bins: MW-like galaxies
with stellar-masses in 10'%>~11 My, (left panel), 10''~1125 My, (middle panel), and 10"~ My, (right
panel). The shaded regions around each curve correspond to the uncertainty of the mean profile obtained
by bootstrapping. The vertical black solid line at 242 kpc in the left panel, 369 kpc in the middle panel, and
484.5 kpc in the right panel corresponds to the mean Rsqq, of the respective mass bins with the shaded area
signifying the minimum and maximum values. We find that the contaminating effect of the misclassified
centrals on the stacked profiles increases when the stellar mass decreases.

2.6.2 The Effect of Misclassified Centrals

We next examine the impact of satellites that are misclassified as centrals (“satellite boost™) on
the stacked X-ray surface brightness profiles. Figure 2.7, 2.8, and 2.9 show this effect for stellar
mass bins of 10103-11 10M1=11-25 and 10257115 My, respectively.

For the MW-like stellar mass bin (10'%>-!! M), the effect is strongest. Satellites in this mass
range typically reside in group- or cluster-mass halos (Mag,, ~ 10237151 M, with a mean of
1037 M), much more massive than the halos of the genuine centrals of the same stellar mass.
The X-ray surface brightness of these satellites, misclassified as centrals, therefore reflects the
extended emission of the host halo rather than their own CGM. When such satellites are stacked
together with centrals, they add an off-centered, group- or cluster-scale component that flattens
the overall profile slope. Even modest contamination fractions can dominate the stacked profile
at large radii: for example, if only 10% of satellites are misclassified as centrals in the stacking
sample, they already dominate over the central contribution beyond ~ 0.2 Rsq,.

By contrast, for the higher stellar mass bins (10''~11'?5 and 10!'""?-115 My,), the impact of mis-
classified centrals is much weaker. In these bins, both centrals and satellites occupy comparably
massive halos, so the magnitude of the effect on the X-ray surface brightness profiles is weaker
than in the MW-mass bin. As a result, the relative bias from contamination is reduced. This
trend is summarized in Fig. 2.10, where the MW-like bin consistently shows the largest loss of
intrinsic central emission at Rsg. for all contamination levels, while the higher-mass bins remain
much less affected.
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To understand why the MW stellar-mass bin is most affected by misclassified centrals, we
examine the host halo masses of satellites in the higher stellar-mass bins of 10''7112> M and
10'125-11:5 M. These satellites typically reside in halos with mean masses of ~ 10'* M, and
~ 10'%2 My, respectively, compared to the mean halo masses of 1033 My, and 10'*¢ M, for the
corresponding centrals. Because the halo masses of centrals and satellites in these more massive
bins are closer in value than for the MW-mass bin®, much larger levels of contamination are
required for misclassified centrals to alter the stacked signal. Within the more realistic contami-
nation levels considered here, the effect is therefore negligible for the higher stellar-mass bins. In
summary, misclassified centrals can significantly bias stacked X-ray surface brightness profiles
in the MW stellar-mass regime, but this effect is less prominent in higher stellar masses, where
the halo masses of centrals and satellites are more comparable.

We now address whether this effect of satellites misclassified as centrals could be mitigated
observationally using X-ray information. For this discussion, we assume that the galaxy sample
has already been accurately classified into centrals and satellites. In that case, the residual impact
of misclassified centrals arises primarily from instrumental resolution: satellites closer to their
central than the instrument’s angular resolution cannot be distinguished and may be misidenti-
fied as centrals. In principle, one could attempt to use X-ray detections of individual halos to
exclude satellites near centrals. However, this approach is only feasible when the halo can be
individually resolved in X-rays, which is not viable for MW-mass halos with survey instruments
like eROSITA due to the faintness of their CGM emission (see also Sec. 2.6.3).

For more massive halos (M31-like), where detection is more likely, we explore whether re-
moving satellites within a given angular separation of a central reduces contamination. We find
that excluding M31-mass satellites within 15 of a central lowers their mean contribution to the
stacked X-ray surface brightness profile by ~ 25% at Rsyo., compared to the case where all satel-
lites are treated as misclassified centrals (see Fig. 2.11). Thus, this proximity-based selection
mitigates the flattening of the stacked profile caused by satellites. A key caveat, however, is that
such a procedure preferentially selects galaxies in isolated environments, biasing the inferred
CGM signal.

Given these findings, we conclude that the contribution of satellites in MW-like galaxy sam-
ples must not be neglected in stacking analyses. Observationally, disentangling the contamina-
tion from misclassified centrals requires modelling the intrinsic central galaxy profile jointly with
an additional component capturing the contribution of misclassified centrals for a given contam-
ination fraction, as done in the following Chapt. 3. This effect is particularly severe for pho-
tometric surveys, where contamination levels can reach ~ 30% for MW-like galaxies (Sec. 3.5
in Z24). In spectroscopic surveys, the problem is significantly alleviated, with contamination
reduced to ~ 1% (Sec. 3.7 in Z24), though not eliminated entirely due to survey incompleteness
or residual uncertainties in central—satellite classification, especially in low-richness systems.
Similar challenges have also been quantified in other tracers, such as absorbers in cold gas us-
ing TNGS50 (Weng et al., 2024), underscoring that central-satellite misclassification remains a
non-negligible systematic that must be accounted for in stacking analysis.

8This is a direct implication arising from the difference in the stellar-to-halo-mass relation for central and satellite
galaxies (Shuntov et al., 2022)
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Figure 2.11: Effect of selectively removing satellites misclassified as centrals on the stacked X-ray surface
brightness profile. The selection is based on the proximity of the satellite contaminant from the true
central. The total population of satellites misclassified as centrals (solid green line) is divided into satellites
within 15” of a central (green dotted line) and satellites farther than 15” from a central (grey dotted line) in
projection on the sky. We show that satellites (misclassified as centrals) within 15 of a central galaxy have
a steeper profile than the case where we consider all the satellites, thereby reducing the overall flattening
of the X-ray surface brightness profile due to misclassified centrals. Contrarily, the satellites farther than
15” from a central have a constant surface brightness profile. The central galaxy profile is shown in purple.
The vertical dashed line at 369 kpc is the mean Rsgg. of the 680 galaxies used in the M31 stellar mass bin,
and the shaded area corresponds to the minimum and maximum Rsgo. value of the central galaxies in the
M31-mass bin. The shaded uncertainties on the profiles represent the variance obtained by bootstrapping.
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2.6.3 Offsets between the X-ray and the minimum of the dark matter po-
tential centres: magnitude and implications

As first introduced in Sec. 2.3.1, we now return to study the effect of offsets between the obser-
vationally defined X-ray centre and the “true” centre defined by the minimum of the halo dark
matter potential. The X-ray centre is computed as the luminosity-weighted mean of the counts
within the spherical R, aperture of the central halo. In contrast, in our lightcone analysis we
adopt as the input (true) centre the position of the most bound particle within the halo, as iden-
tified by the FoF/susrinD algorithm in TNG300. Offsets, Ax_ray—input, are measured in projection
on the sky and converted to physical distances using the halo redshift.

We find that the Ax_ray—input distribution has a mean of 70 kpc, with 16"-84™ percentiles
spanning 13—131 kpc, consistent with previous studies (Seppi et al., 2023; Popesso et al., 2024a).
The halos in this sample have a mean Mg, = 1033 My, (i.e. M31-like systems), with 1684
percentiles between 10'>4-10'3> M. Examining bins in halo mass, we find mean offsets of 52
kpc, 66 kpc, and 79 kpc for the 1025713 M, 103135 M, and 10'35-!* M, ranges, respectively,
indicating that the offset between X-ray and true centres increases systematically with halo mass.

In a stacking analysis with an eROSITA-like instrument, using the halo potential minimum
as the centre, such offsets would contribute to a miscentering effect. If the X-ray halo is individ-
ually detected, miscentering can only be corrected when the offset is larger than the eROSITA
resolution of ~ 30”. In our lightcone, ~ 13% of halos have such resolvable offsets, with the
fraction remaining ~ 13% in the 10'>5-!3 M, and 10'*~135 M, bins, and rising to 17% in the
10135714 M, bin. However, we note that diffuse X-ray emission from individual MW-mass halos
is below eROSITA’s detection threshold. Detecting the X-ray peak in such systems is therefore
not feasible at present, though it may become possible with future, higher-sensitivity observato-
ries.

2.7 Conclusions

The main conclusions from this chapter are summarised as follows.

1. We present an analytical model (Eq. 2.7) that well-describes the intrinsic S x-profile in
LC-TNG300 across the stellar mass bins 10'%3-1'M,, 10"'-112M_, and 10'"->-11SM, and
halo mass bins of 10'25-13M, 1013-135M,, and 10'3>1*M,. We provide the best-fitting
parameters for the analytical model in Tab. 2.3 and Tab. 2.4 for the stellar and halo mass
bins explored in this work.

2. We carry forward the current state-of-the-art modelling analysis presented in Oppenheimer
et al. (2020) by also showing the impact of the locally correlated environment on the mea-
sured X-ray surface brightness profiles.

3. We present, for the first time, the effect of misclassified centrals in stacking experiments
for three stellar mass bins: 10'%3-1'M,, 10'"-'1’M,, and 10!'"-!!SM,. We find that the
contaminating effect of the misclassified centrals on the stacked profiles increases when
the stellar mass decreases.



54 2. Quantifying Observational Projection Effects in hot CGM measurements

4. For the MW-like galaxies, we conclude that the contribution of satellites (or misclassified
centrals) can not be neglected in stacking analysis (see Fig. 2.10). In cases where 30%,
10%, or 1% of the satellites contribute to the total emission of MW-like galaxies, we
have shown that they dominate the measured total Sy profile at radii > 0.11 X Rsgo., >
0.24 X Rsgo., and > 1.04 X Rs., respectively.

5. Wereport in Sec. 2.6.3 that the offsets between the X-ray peak and the halo potential centre
are typically ~ 70 kpc (increasing with halo mass), and while most of these offsets are
below eROSITA’s resolution, ~ 10-20% are resolvable; such miscentering can bias stacked
X-ray CGM profiles by artificially broadening the emission, and must be accounted, when
possible, for when interpreting future direct detections or stacking analyses.

Modelling observed CGM profiles and comparing them with simulations is crucial to con-
strain the different galaxy formation models and to understand how the feedback and physics
prescriptions affect the hot CGM profile. Current state-of-the-art cosmological hydrodynami-
cal simulations are calibrated on the stellar mass function and successfully reproduce realistic
galaxy populations. Despite this, Davies et al. (2020b) show that EAGLE and IllustrisTNG pre-
dict different total gas mass fractions, affecting the observed CGM properties at MW-masses.
Similarly, Khrykin et al. (2024) shows how the hot gas is sensitive to the different feedback
variants within SIMBA. The model and methodology presented here provide the machinery to
compare the measured hot CGM profiles among current simulations in future works.

Future X-ray missions, on the observation side, like Athena (Nandra et al., 2013), AXIS
(Mushotzky et al., 2019), HUBS (Cui et al., 2020) will push our current detection limits and
provide us with (i) the spatial resolution to reach higher redshifts, (ii) better quantify point-like
source contamination within the hot CGM, (iii) the spectral resolution to allow disentangling
components via spectral fitting and (iv) the grasp to reach even fainter surface brightness levels.
This chapter, focusing on modelling the projection effects, is a step towards exploiting the in-
formation provided by the next-generation telescopes to better understand the intrinsic hot CGM
emission. The prospects of this framework would be to extend it to interpret hot X-ray CGM
measurements in stacking experiments by accounting for all projection effects, i.e., not only the
impact due to the local environment of the halo and the effect due to misclassified centrals but
also the emission from other X-ray sources such as AGN and XRB.



Chapter 3

Retrieving the hot CGM physics from the
X-ray radial profile from eROSITA with an
IlustrisTNG-based forward model

The results presented in this chapter were published in Astronomy & Astrophysics, titled “Re-
trieving the hot CGM physics from the X-ray radial profile from eROSITA with an llustrisTNG-
based forward model” Shreeram, S., Comparat, J., Merloni, ... (2025b)

3.1 Summary

In this chapter, we build on the IllustrisTNG lightcone framework developed in Chapt. 2, to
construct a forward model for the stacked X-ray observations for interpreting eROSITA data.
While the previous chapter focused on characterizing and mitigating projection effects inherent
to CGM measurements done by stacking analysis, here, we utilize this information and use the
same lightcone to carefully model the measured X-ray signal. More precisely, in this chapter,
we develop forward models for the stacked X-ray radial surface brightness profile measured by
eROSITA around MW-mass galaxies. Our model contains two emitting components: hot gas
(around central galaxies and around satellite galaxies hosted by more massive halos) and X-ray
point sources (XRB and AGN). We model the hot gas profile using the TNG300-based prod-
ucts. We generate mock observations with our TNG300-based model (matching stellar mass and
redshift with observations) with different underlying halo mass distributions. Therefore, we test
the CGM properties as a function of their host halo mass distribution. The point sources are
described by a simple point-spread-function (PSF) of eROSITA, and we fit their normalization
in this work. In total, we fit the X-ray surface brightness profile with two free parameters: the
normalization of satellites in more massive host halos and the normalization of the mean point
source emission. We show that for the same mean stellar mass, a factor ~ 2X increase in the
mean value of the underlying halo mass distribution results in ~ 4X increase in the stacked X-ray
luminosity from the hot CGM. Using empirical models to derive a permissible range of AGN
and XRB luminosities in the MW-mass X-ray galaxy stack, we choose our forward model best
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describing the hot CGM for the eROSITA observations. Our chosen model in the MW stellar
mass bin is in good agreement with previous literature results. We find that at < 40 kpc from
the galaxy centre, the hot CGM of central galaxies and the X-ray point source emission (from
XRB and AGN) each account for ~ 50% of the total X-ray emission budget. Beyond ~ 40
kpc, we find that the hot CGM around satellites (probing their more massive host halos with
mean Mg, ~ 10'* M) starts to dominate the stacked X-ray surface brightness profile. The gas
physics driving the shape of the observed hot CGM (in stellar-mass-selected X-ray stacking ex-
periments) is tightly correlated by the underlying halo-mass distribution. This chapter describes
a novel technique to constrain the AGN X-ray luminosity jointly with the radial hot CGM gas
distribution within the halo using measurements from X-ray galaxy stacking experiments. Imple-
menting this technique on other state-of-the-art simulations will provide a new ground for testing
different galaxy formation models with observations. Lastly, the modelling strategy developed
here also motivates us to explore new directions, such as the environmental analysis done in
Chapt. 4, where we study how the large-scale structure influences the hot CGM.

3.2 Motivation for this work

Given the advent of eROSITA (Merloni et al., 2024), there have been several studies exploiting
the unprecedented statistics for stacking the X-ray emission at the position of optically selected
galaxies, such as Comparat et al. (2022); Chadayammuri et al. (2022) and most recently, Zhang
et al. (2024a, hereafter Z24). 724 represent the state-of-the-art hot CGM measurements for MW-
mass galaxies, combining the largest optical galaxy sample with the German half-sky eROSITA
coverage in X-rays. They stack 415,627 galaxies with photometric redshifts, Full,n,, from the
DESI Legacy Survey DR 9 (Dey et al., 2019; Zou et al., 2019, 2022) and 30, 825 central galax-
ies with spectroscopic redshifts from the SDSS DR7 Main Galaxy Sample (Strauss et al., 2002;
Abazajian et al., 2009). The latter, the SDSS-based central galaxy sample, is advantaged with
spectroscopic information, allowing thr classification of galaxies into centrals and satellites with
halo mass information (Tinker, 2021). Z24 retrieve the X-ray surface brightness profile from
the hot CGM by empirically modelling the impact due to satellites, AGN and XRB emission.
However, the former, the DESI Legacy survey-based galaxy sample, can not be classified into
centrals and satellites, given the limitations in photometric redshift accuracy, making the mod-
elling of this dataset challenging. To exploit the highest signal-to-noise ratio data (factor of 13.5
times more statistics than the spectroscopic sample) to date, in this chapter, we construct a for-
ward model to disentangle the hot CGM radial profiles from the X-ray stack of optically selected
galaxies.

Among the dominating sources of contamination in X-ray stacking experiments at MW-mass
galaxies are (/) the AGN and X-ray binary (XRB) populations of galaxies (Biffi et al., 2018b;
Vladutescu-Zopp et al., 2023), and (2) the effect of having satellite galaxies in the stacking sam-
ple, where these satellites contribute to the averaged X-ray stack with their more massive host
galaxy within which they are embedded in the Large Scale Structure (see, e.g., Chapter 4, Weng
et al. 2024). Given that we are modelling a photometric galaxy sample in this chapter, we do not
have the classification of galaxies into centrals and satellites due to limitations in the (photomet-
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ric) redshift accuracy for the galaxies in large optical surveys. Therefore, we use our TNG-based
forward model to account for the satellite galaxy contribution by allowing the normalization of
the surface brightness profile to be free when fitting to the data. The contaminating effect of the
satellites was quantified in detail in Chapt. 2 (and accompanying paper Shreeram et al. 2025¢),
where we find that this effect becomes increasingly significant in the stacking sample as the stel-
lar mass decreases. When conducting blind X-ray stacking analysis at the positions of optically
selected galaxies, where centrals and satellites are unclassified, the inclusion of satellites im-
plies that the total measured X-ray surface brightness profile comprises (i) the intrinsic hot gas
emission around truly central galaxies and (ii) the contamination of hot gas emission measured
around satellites. We emphasize that the latter does not correspond to the emission intrinsic to
the satellites as the more massive host (central) galaxy in the vicinity of the satellite dominates
the emission, resulting in a negligible contribution of the intrinsic satellite emission (see, e.g.,
Rohr et al. 2024).

This chapter presents a forward model for the stacked galaxy profile comprising the X-ray
emitting gas and point source emission. We use the lightcone built with TNG300 in Chapt. 2
to construct mock galaxy catalogues representing the observations. From our TNG-based mock
galaxy catalogue, we predict the hot gas CGM profile contribution to the X-ray galaxy stack from
central and satellite galaxies. We parameterize the normalization of the hot gas contribution from
satellites, Nsy. The hot gas prediction for central galaxies from our forward model with TNG is
left unchanged. As for the point-like source contributions from AGN and XRB, we do not use the
simulations, which are quite uncertain in their predicted instantaneous AGN activity, but rather
we describe their contribution with a normalization parameter N, and fix the radial shape using
the PSF of eROSITA. This leaves us with two fitting parameters in our model: the contribution
of point sources in the stack N, and the normalization of the satellite X-ray surface brightness
profile Ng,.. We fit our forward model to the mean X-ray surface brightness profile reported Z24,
obtained by stacking MW-mass galaxies. We obtain the point source luminosity obtained from
our fitting analysis, and we interpret our results by comparing them with independent empirical
models of AGN luminosity functions.

The chapter is organized as follows. Sec. 3.3 expands on the observational data used for
modelling in this study. Sec. 3.4 describes the forward model built in this work; details on the
point source and hot gas component are provided in Sec. 3.4.1 and Sec. 3.4.2, respectively, and
generation of mock galaxy catalogues in Sec. 3.4.3. Sec. 3.5 interprets and discusses the results,
and Sec. 3.6 summarizes the main findings of this chapter.

3.3 Data

This study uses the results from Z24, specifically the galaxy sample derived from optical data
from the Legacy Survey Data release 9 (Dey et al. 2019), and X-ray data from the first four
SRG/eROSITA All-Sky Surveys (eRASS:4) within the western galactic hemisphere (Merloni
et al., 2024). Here, we summarize the relevant details from Z24 to motivate the forward-model
setup, as described in Sec. 3.4.

The LS DR9 overlaps by 9, 340 deg® with the western Galactic hemisphere. Z24 define the
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Fully,o sample containing 1,677,909 galaxies, which is based on the LS DR9 galaxy catalog
from Zou et al. (2019, 2022), who provide the galaxy properties. Stellar masses, M,, with
uncertainties of ~ 0.2 dex are provided in the range 9.5 < logM, < 11.5 and photometric
redshifts, zpno, With uncertainty Azppee < 0.03, span the range 0.01 < zppo < 0.4 (see Tab. 3
in Z24 for further classification into stellar mass bins). We focus here on the modelling of the
X-ray emission from MW-like galaxies, defined by the stellar mass bin 10.5 < log,, M, < 11.0,
and located in the redshift range 0.02 < zpnoe < 0.17. This sample contains 415, 627 galaxies and
median stellar mass and redshift of 5.5 x 10'° M,, and Zphot = 0.14, respectively.

The details of the data analysis pipeline used to obtain the observed X-ray surface brightness
profiles, based on the LS DR9Y (Full,,) galaxies, are provided in Z24. They stack the X-ray
data in different stellar mass bins following the method from Comparat et al. (2022). The first
step is to generate X-ray event cubes around every galaxy in the sample within 3 Mpc. The
events within the cube are assigned a physical radial distance from the source, Ry, along with
the exposure time, 7., effective collecting area, A4, and the rest frame energy of the event
around the source E,.. The X-ray surface brightness profile around the galaxy is obtained, with
additional correction factors due to absorption and area loss if masking of sources is applied
(see Eq. 1 in Z24). We use the background subtracted profiles in this work (for details of the
background treatment in the data, see Appendix A in Z24).

3.4 Forward model built in this work

This section explains the forward model we built to fit the observed X-ray surface brightness
profile reported in Z24. The mean X-ray surface brightness profile obtained from X-ray stacking
of galaxies at their optically detected positions is expressed as

SX, total(r) = SX, hot gas(r) + SX, point—source(r)’ (31)

where Sx_ ot gas[7] 1s the X-ray contribution to Sx () from hot gas (further detailed in
Sect. 3.4.2) and Sx. poini—source[7] 18 the X-ray contribution from AGN and XRB (Sect. 3.4.1).
‘We then introduce the forward models constructed in this work in Sec. 3.4.3.

3.4.1 The point source component

The Sx. point—source[ 7] cOmponent is expressed as
SX, point—source(r) = Nps PSF(Z, r) (32)

where N is the normalization of the point-source component and PSF[z, r] is the shape of the
point-source component as defined by the survey-averaged eROSITA PSF. Here, the shape of the
mean PSF is obtained by converting from angular to physical scale [kpc] using the redshifts of
the galaxies in the stacking sample. We constrain N, by fitting the observations.

We do not use the TNG300 outputs to predict the contributions from AGN and XRB for
the following reasons. As presented in Habouzit et al. (2019), the X-ray Luminosity Function
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(XLF) for AGN in TNG shows an overproduction of faint AGN at z = 0, a common problem
in hydrodynamical cosmological simulations due to poorly resolved sub-grid feedback prescrip-
tions (Sijacki et al., 2015; Volonteri et al., 2016; Rosas-Guevara et al., 2016; Biffi et al., 2018b).
Additionally, TNG underpredicts the bright end of the XLF compared with observations, due
to the over-efficient kinetic mode of feedback prescriptions with TNG (Habouzit et al., 2019).
Given these discrepancies between the hydrodynamical simulations and observations, using the
TNG-based predictions for the X-ray AGN contribution would be unreliable for the purpose of
this work. As for XRB, whose prediction depends on the star formation rates (SFR) of galaxies
(more details in Sec. 3.5.1), using the TNG SFR values for the mock galaxies to represent ob-
servations requires extreme care, given how sensitive the SFR is to the definition of quenched
galaxies, the physical apertures used for measurement of the SFR, and the mass resolution of
the simulation (Donnari et al., 2019). Additionally, the quenched fraction of satellite galaxies
is overestimated in the stellar mass range of M, € 10'°"!' M at z = 0 (Donnari et al., 2021),
which entails the mass range of interest in this work. These caveats impede us from reliably
predicting meaningful estimates for point source contributions intrinsic to the TNG model that
can be directly compared with observations.

In this chapter, we use independent empirical estimates (Sec. 3.5.1 and Sec. 3.5.2 ) to predict
the allowed range of the mean X-ray luminosity from XRB and AGN, respectively. Since the
estimates from these empirical models are independent of TNG, we use them to inform our
forward models for the permitted values of point source luminosities, as shown in Fig. 3.2.

3.4.2 The hot gas component

In this chapter, we model the hot gas emission using the TNG300 hydrodynamical simulations
(Pillepich et al., 2018b; Marinacci et al., 2018; Naiman et al., 2018; Nelson et al., 2015; Springel
et al., 2018); we use TNG300 to construct a lightcone and generate mock X-ray observations,
as presented in Chapt. 2. Here, we summarize the most important features. We use the Illus-
trisTNG cosmological hydrodynamical simulation with the box of side length 302.6 Mpc (Nel-
son et al., 2019, TNG300;)'; this box size allows us to map the hot CGM around MW-mass
analogues embedded in the large-scale structure. TNG300 contains 2500° dark matter parti-
cles, with a baryonic mass resolution of 1.1 x 107 M, (resulting in > 10? particles at MW-mass
galaxies), a comoving value of the adaptive gas gravitational softening length for gas cells of
370 comoving parsec (allowing us to resolve the X-ray gas from ~ 5 kpc from the halo cen-
tre), gravitational softening of the collisionless component of 1.48 kpc, and dark matter mass
resolution of 5.9 X 10’ M. The TNG simulations adopt the Planck Collaboration XIII 2016 cos-
mological parameters. The TNG300 lightcone, LC-TNG300, is constructed with the box remap
technique (Carlson & White, 2010), and spans across redshifts 0.03 < z < 0.3; this range is
motivated by observations (e.g. Comparat et al. 2022; Chadayammuri et al. 2022; Zhang et al.
2024a). It goes out to 1231 cMpc along the x-axis, subtending an area of 47.28 deg? on the sky
in the y-z plane. The physical properties of the distinct halos and subhalos within the TNG300
lightcone are obtained by the suBrinD algorithm (Springel et al., 2001; Dolag et al., 2009). sus-

Thttp://www.tng-project.org
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Figure 3.1: Forward models constructed for the hot CGM from central galaxies by varying the underlying
halo mass distribution. Left panel: The purple halo mass distribution (Model 1) is obtained from the
mock central galaxy catalogue - constructed with the TNG300 lightcone (LC-TNG300) from Chapt. 2
- for the X-ray stack from Zhang et al. (2024a) that uses optically detected galaxies with photometric
redshifts (Fullypo) from LS DR (Dey et al., 2019). Note that the mock galaxy catalogue is generated by
matching LC-TNG300 to Fullyp in stellar mass and redshift (see details in Sec. 3.4.3); the median stellar
mass and redshift of the Fullype (and our mock catalogues) are 5.5 X 10'° My, and 0.14, respectively.
The underlying halo mass distribution of the Fullpho optical dataset is unknown. The pink distribution
(Model 2; with mean Magom = 5.4 x 10'2 M) discards the top 10% most massive halos before the
generation of the mock galaxy catalogue. The yellow distribution (Model 3; with mean M>pom = 3.5 X
10'2 M) discards the top 30% most massive halos before the generation of the mock galaxy catalogue.
Right panel: The corresponding X-ray surface brightness profiles in the 0.5 — 2 kev energy band (for
details on their generation see Sec. 3.4.2) for the three mock galaxy catalogues with different halo mass
distributions, which are shown in the left panel. The profiles are convolved with the eROSITA PSF and
they represent the Fullpho dataset in the stellar mass and redshift plane. Nevertheless, due to the impact of
the underlying halo mass distribution, the shape and normalization of the hot CGM profiles are impacted,
where discarding the most massive halos from the underlying halo distribution results in steeper profiles
with lower normalizations.

FIND detects gravitationally bound substructures, equivalent to galaxies in observations, and also
provides us with a classification of subhalos into centrals and satellites, where centrals are the
most massive substructure within a distinct halo. For the MW-mass bin?, M, = 10'%5-1IM,, we
have 5, 109 centrals and 2, 719 satellites, resulting in a total simulated galaxy catalog with 7, 828
galaxies (subhalos).

The X-ray photons are simulated within the LC-TNG300 in the 0.5 — 2.0 keV intrinsic band
with pyXsim (ZuHone & Hallman, 2016), which is based on pHox (Biffi et al., 2013; Biffi et al.,

2This chapter defines the stellar mass used from TNG300 as the mass within twice the stellar half-mass radius.
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2018a), by assuming an input emission model where the hot X-ray emitting gas is in colli-
sional ionization equilibrium. The spectral model computations of hot plasma use the Astro-
physical Plasma Emission Code, APEC’ code (Smith et al., 2001) with atomic data from aTompB
v3.0.9 (Foster et al., 2012). This model uses the plasma temperature of the gas cells (in keV), the
redshift z, and metallicity; Shreeram et al. (2025c) assume a constant metallicity of 0.3 Z for
the generation of X-ray events. The X-ray events use the solar abundance values from Anders &
Grevesse (1989). The events are generated by assuming a telescope with an energy-independent
collecting area of 1000 cm? and an exposure time of 1000 ks. The photon list is generated in the
observed frame of the X-ray emitting gas cells and is corrected to rest frame energies. Finally,
the photons generated by the gas cells are projected onto the sky.

We obtain X-ray radial surface brightness profiles in the 0.5 — 2.0 keV band for all galaxies.
Given that susrIND provides us with an accurate classification of galaxies into centrals and satel-
lites, we separate the hot gas component into X-ray emission around centrals and satellites. For
central galaxies, the profiles represent the hot gas emission around them; however, for satellite
galaxies, the profiles mostly probe the hot gas emission of the more massive host halo in the
vicinity.

We convolve the individual X-ray surface brightness profiles from LC-TNG300-based mock
galaxies catalogues with the eROSITA PSF (Merloni et al., 2024). The PSF convolved mean
X-ray surface brightness profile from hot gas, Sx_ not gas[7], is expressed as follows.

SX, hot gas(r) = fcen SX, cen T /Vsat X fsat SX, sats (33)

where Sx cen 1S the TNG-based prediction for the hot gas around central galaxies and Sx g
corresponds to the hot gas around satellites. After matching LC-TNG300 with Full,, in stellar
mass and redshift, the mock galaxy catalogues fix the fraction of centrals, f..,, and satellites, f;,.
N 18 the factor by which the mock prediction from S x_ g, 1S rescaled to match the observations,
thereby renormalizes the S'x s of the TNG300-based prediction; Ny is the only free parameter
in the hot gas emission component.

The motivation behind introducing the renormalization parameter, Ng,, for fitting the for-
ward model prediction for Sx, s, With observations is as follows. The TNG-based prediction for
Sx, sar from the mock catalogues (for a given fy,) is ~ 5 — 7x brighter than the Fully, stack.
Chapt. 2 and accompanying paper Shreeram et al. (2025c) find that the shape of the X-ray ra-
dial surface brightness profile from satellite galaxies (hosted by massive halos) is unaffected by
Jsat 1n the galaxy sample. This is because the halo masses making up the average profile from
satellite galaxies, whose M, € 10'%5-! M, are dominated by host (central) halos with mean
Moo ~ 10'* M. Therefore, by changing the normalization of the Sx_ ., we effectively damp
the normalization of the X-ray thermal gas contribution from the most massive clusters in the
simulation. This is justified given that the hot gas fraction from TNG is overpredicted at halo
masses above Msp = 103> Mg, as shown in Fig. 6 in Popesso et al. (2024b). This is also
reflected in the Ly — M5 relation shown in Zhang et al. (2024b) and Popesso et al. (2024c).

We emphasize that the X-ray surface brightness profile prediction from central galaxies,
Sx. cen» Which represents the CGM physics of interest in this work, is untouched. We predict

3 APEC link https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/nodel34.html
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Table 3.1: Summary of the best-fit parameters (see Eq. 3.1-3.3) and derived quantities (luminosity values)
obtained from fitting the three forward models from this work to the Full,po X-ray surface brightness
profile. For every model, we present the best-fit Ng,: renormalization of the Sx_ sa (of the TNG300-based
prediction), fiy: the fraction of satellites in the mock galaxy catalogue (see descriptions of the mock
catalogues in Sec. 3.4.3), Ns: the normalization of the point-source component (see Eq. 3.2), Ly, ps: the
X-ray luminosity obtained by integrating the point source component, Ly, cencgm: the X-ray luminosity
obtained by integrating the central galaxies hot CGM component, ,\(fe 4+ the reduced 2 statistic for the
model, obtained by using 21 — 2 degrees of freedom.

Best-fit Nsat Best-fit Nps LX’ PS LX, cenCGM 2
[10%* %] sat % [ergs/s] [ergs/s] Ated
Model I 2757082 031 7.622x10° 7.851005x 107 658702 x 107 0.4

Model 2 2.95%01% 033 1.1%02x 107 1.19570008 x 10%  2.76%0% x 10* 1.32

Model3 1517097 056 1.5%2x107 1576090 x 10° 1.69%028 x 10 1.89

multiple CGM profiles by changing the host halo mass distribution of the central galaxies and
propagating it through our pipeline to generate mock galaxy catalogues for each halo distribution
considered, as detailed in the following section. Note that the stellar mass and redshift distribu-
tions are the same for all three models.

We restrict our analysis to the MW-mass stellar bin due to both observational and modelling
constraints. While comparisons across a broader stellar mass range are desirable, for lower-mass
galaxies, there are currently no suitable X-ray stacking data available. For higher-mass galaxies,
the existing stacked X-ray measurements (e.g., from Z24) extend to redshifts beyond the cover-
age of our lightcone. Extending the analysis to these massive galaxies would require construct-
ing a new lightcone from a larger-volume simulation (e.g., FLAMINGO, MTNG), generating
matched mock X-ray observations, and repeating the full forward-modelling pipeline introduced
here, an effort that warrants a future study. In contrast, the MW-mass bin provides observational
data within the redshift range of LC-TNG300, making it the optimal case for robust model-data
comparison and the hot CGM signal retrieval.

3.4.3 Mock galaxy catalogues

We now use the LC-TNG300 galaxy catalogue to construct a mock galaxy sample for the LS
DR9 Fully,y galaxies. We match every one of the 415,627 galaxies in the Full,,, sample with
a galaxy from LC-TNG300 in redshift and stellar mass. By construction, the simulated LC-
TNG300 galaxies follow the same stellar mass and redshift distribution as the observational
sample. The mock sample predicts the mean X-ray surface brightness profile for gas emitted
around centrals and satellites.

In this work, we also test the impact of the underlying halo mass distribution on the CGM
physics. Therefore, we additionally generate two other mock galaxy catalogues using LC-
TNG300, matched in stellar mass and redshift, however, with different underlying halo mass
distributions (see left panel of Fig. 3.1). Consequently, we also emulate the corresponding X-ray
surface brightness profiles by varying the halo distributions (see right panel of Fig. 3.1). The
differences between the three forward models are as follows:
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e Model 1 leaves LC-TNG300 halo mass distribution unchanged (purple line in Fig. 3.2),
resulting in a mean halo mass of My, = 6.5 X 10'*M,.

e Model 2 changes the underlying central galaxy halo distribution by excluding the 10%
most massive (central) halos from the original LC-TNG300 halo mass distribution (pink
line in Fig. 3.1). This results in a mean halo mass of My, = 5.4 X 10"*M,.

e Model 3 changes the underlying halo distribution by excluding the 30% most massive (cen-
tral) halos from the original LC-TNG300 halo mass distribution (yellow line in Fig. 3.1).
This results in a mean halo mass of Mg, = 3.5 X 10"°M,.

By changing the underlying halo mass distributions for the fixed stellar mass bins, we are
effectively altering the mean halo mass of our mock galaxy catalogue. We note that for model 3,
the resulting mean halo mass lies within the range predicted by various observational and em-
pirical works that constrain the stellar-to-halo-mass relation (SHMR) at low redshift. For the
mean stellar mass of our three mock samples (M, = 5.5 x 10'° M), studies typically find
Mo ~ 5 % 10! My, (Taylor et al., 2020) to 1-3 x 10'> My, (Leauthaud et al., 2012; Coupon
et al., 2015; Girelli et al., 2020; Behroozi et al., 2019). Importantly, different simulations pre-
dict different SHMRs (see e.g., Wright et al. 2024), and this variation can introduce systematic
biases when comparing predicted CGM emission at fixed stellar mass. If the simulated halo
mass distribution does not accurately reflect that of the observational sample, the predicted X-
ray signal may be systematically over- or under-estimated. For instance, using a simulation that
associates higher halo masses at fixed stellar mass than the true sample would yield artificially
elevated CGM emission predictions, potentially leading to an erroneous conclusion about a sim-
ulation—observation mismatch. This underscores the motivation for our approach: rather than
adopting a single SMHR, we forward-model the halo mass distribution consistently with the
data, using observational constraints (further discussed in Sec. 3.5.1-3.5.3). Our framework thus
enables posterior constraints on the halo mass distribution associated with the Fully,,, dataset,
based on the TNG-informed models developed in this work. Given the large scatter in halo
mass at fixed stellar mass (e.g., Moster et al., 2020), and the strong dependence of CGM sur-
face brightness profiles on this distribution (see right panel of Fig. 3.1), a rigorous treatment of
halo demographics is essential for robust comparisons between simulations and stacked X-ray
observations.

3.5 Results and discussion

We fit the data from Z24 with our three forward models, which contain the hot gas component and
the point source component, as shown in Eq. 3.1-3.3. The three models emulate different X-ray
surface brightness profiles for different halo mass distributions (Sec. 3.4.3 and Fig. 3.1). We im-
plement Markov Chain Monte Carlo (Hastings, 1970, MCMC) to determine the posterior proba-
bility distributions of the two free parameters of our models: N, and N,,. The latter is obtained
using the Affine-Invariant Ensemble Sampler algorithm in emcee (Foreman-Mackey et al., 2013).
We assume a Gaussian likelihood function and uniform priors on Ny, € (0.005,1000) x 10%,
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Figure 3.2: Comparison of the mean point source (AGN and XRB) luminosities from our three forward
models (crosses, based on the different halo distributions shown in Fig. 3.1) with the empirically allowed
range of XRB and total point source luminosities, shown as the grey hatched region and the green shaded
region, respectively. We estimate the contribution due to XRB emission using the Aird et al. (2017) model.
For estimating the AGN luminosity budget, Ly agn, we use the Aird et al. (2013) model for the incidence
rate distribution as a function of the Li‘ X)GI;?V keV. To convert the 2 — 10 keV luminosity distribution to the
0.5 — 2 keV band, we use an empirical obscuration model from Comparat et al. (2019). For more details,
see the text of Sec. 3.5.1 and 3.5.2. This comparison favours model 3, shown by the yellow cross, where
the hot CGM component allows for a point source component with luminosity that agrees with empirical
estimates from the low redshift universe.

and N € (0.5, 550) x 10%erg s™! kpc™2. For the three forward models constructed in this work,
we show the most likely values of the free parameters in Tab. 3.1. We compute the luminosities
from the hot gas around centrals, satellites and point sources within Rsoo.. Fig. 3.2 shows the
mean point source luminosities we obtain for the three models implemented in this work (purple,
pink, and yellow crosses). We compare our results with independent predictions of the expected
luminosity from XRB and AGN around MW-mass galaxies using current empirical models in
the literature. Sec. 3.5.1 and Sec. 3.5.2 describe how we obtain these estimates shown in Fig. 3.2
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for the expected luminosity from XRB and AGN around MW-mass galaxies.

3.5.1 Predicting the X-ray emission from XRB

The XRB component is divided into High-mass X-ray Binaries (HXRB) and Low-mass X-ray
Binaries (LXRB); see review by Fabbiano (2006). The average XRB emission from a normal
galaxy is characterized by scaling laws, where the former HXRB population scales with the
recent star formation rate (SFR) in the galaxy (Grimm et al., 2003; Shtykovskiy & Gilfanov,
2005; Mineo et al., 2012). In contrast, LXRB emission spans longer timescales, tracing the
stellar mass of the galaxy (Gilfanov, 2004; Boroson et al., 2011; Zhang et al., 2012; Lehmer
et al., 2019). The total XRB emission from extragalactic objects is distributed on the scale of
the stellar body; however, for an instrument with a 30 arcsec PSF like eROSITA, it is effectively
unresolved and appears as a point source. Aird et al. (2017) and Lehmer et al. (2016) provide
simple empirical recipes by parameterizing the total X-ray luminosity from XRB as a function
of both the SFR and stellar mass, M,, of the galaxy,

Ly xrB = Lx, 1.xrB + Lx uxrs = (1 +2)"M, + (1 + Z)ésFRg, (3.4)

where a, S, v, 0, and 0 are fitting constants. Aird et al. (2017) report the following best-fitting
values: loga = 28.81 = 0.08, ¥ = 3.90 + 0.36, logfs = 39.50 + 0.06, 6 = 0.67 + 0.31 and
6 =0.86+0.05.

We quantify the contribution of the total Ly xgrp in the LS DR9 Full,;,, galaxy catalogue using
the model from Aird et al. (2017). Since we will later use these estimates to inform our forward
models for the allowed range of point source luminosities, we adopt a TNG-independent method
to predict Ly xgp unbiasedly (other reasons for not using TNG also detailed in Sec. 3.4.1). We
use UCHUU, a suite of ultra-large cosmological N-body simulations (Ishiyama et al., 2021), with
the galaxy catalogue from UNIVERSEMACHINE (Behroozi et al., 2019) to construct a mock for the
Fullyho galaxy sample. The SFRs from UNIVERSEMACHINE are calibrated to reproduce observations.
We use the half-sky lightcone, constructed in the procedure as detailed in Comparat et al. (2020),
for building the mock galaxy catalogue. The mocks are generated similarly to Z24, ensuring the
galaxy stellar mass function of the LS DR9 Full,;,, galaxy catalogue is reproduced. Therefore,
they can be reliably used for the purpose of this study. We apply Eq. 3.4 on the mocks to
estimate the contribution of XRB in the galaxy stack, given the stellar masses and SFR of the
mock galaxies. With these ingredients, we predict that the contribution from XRB alone to be
Ly xrp = (8.2'12) X 10*° ergs s-1, represented by the grey hatched region in Fig. 3.2°.

“We note that the X-ray scaling relation from Lehmer et al. (2019) predicts Lx xrp = (5.lfé:g) x 10° erg/s for the
Fullypee galaxy catalogue. Nevertheless, the predictions from using the Aird et al. (2017) and Lehmer et al. (2019)
scaling relations are consistent with each other, and we have verified that adopting the Lehmer relation would not
change our conclusions.
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Figure 3.3: Decomposition of the X-ray stack of the galaxies in the photometric sample, Fullpyo, into
contributions from hot gas (centrals and satellites hosted by more massive host halos) and point sources
(AGN and XRB). The orange data points from Z24 are described with the model from this work (shown
by the black solid line). The orange dashed-dotted line at 292 kpc corresponds to the virial radius of
the observational sample. The model is composed of the following: the hot CGM from central galaxies
(yellow), the events around satellites probing the hot gas of their more massive host halos (green), and X-
ray events from unresolved and resolved point-like sources comprising AGN and XRB (grey). The bottom
panel shows the percentage deviation of the best-fit forward model from the data. The dashed-dotted lines
show the 15% level.
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Figure 3.4: Posterior probability distributions of the renormalization factor of the Sx sa profile: Ngar,
and the normalization of the point source component: N, which are obtained by fitting the forward-
model 3 from this work to the Fullypo data points from Z24 shown in Fig. 3.3. The vertical red lines in
the diagonal plots correspond to the most likely value; the respective values are shown in the titles (refer
to Tab. 3.1). The black dashed lines are the 68% confidence interval of the marginalized distribution of
the free parameters. The contour plot marks the most likely values with the red cross, and the contours
correspond to the 68%, 95% and 99.7% confidence intervals.
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Figure 3.5: The fractional contribution to the total X-ray surface brightness profile of the hot CGM from
central galaxies (yellow), the events around satellites arising mainly from the hot gas of their more massive
host halos (green), and X-ray events from unresolved and resolved point-like sources comprising AGN
and XRB (dashed grey line). The errors on the profiles are obtained from the posterior distributions of the
MCMC fitting analysis.

3.5.2 Predicting the expected Ly agn for MW-mass galaxies using an em-
pirical model for the low-redshift universe

X-ray emission from AGN originates around an accreting supermassive black hole (see Brandt
& Alexander 2015 for a review), appearing as a point-like X-ray source with eROSITA.

We to use the empirical model from Aird et al. (2013, hereafter A13) to estimate the Lx, agn
for a mean stellar mass M, = 10'%7 My. A13 provide a model for the probability of a galaxy
hosting an AGN for a given stellar mass, M,, and redshift, z as a function of the specific black
hole accretion rate, A [erg s~ Mgl]; also called the incidence rate distribution, (4 | My, 2).
The specific accretion rate, A, of an AGN is the ratio of Ly, /Mwm,, where Ly is the bolometric
luminosity. The model C from A13 successfully predicts the XLF and its evolution at 0.2 < z <
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1.0. The specific accretion rate, 4, is related to the X-ray luminosity,

LN = %/l x 1.26 x 10* x 0.002 M, [ergs s”'], (3.5)
where the 0.002 M, factor represents the mass of the black hole, M,, and assumes correlation
between M, and the mass of the bulge, My (Marconi & Hunt, 2003). Additionally, we also
assume M, ~ My,e (Al3). For the mean of our Fullyn,, M, = 10'%7 M, and at the median
redshift, (z) = 0.14, we obtain the incidence rate distribution, (1 | Lx, M,,z), as a function of
Ly 068Y using Eq. 3.5. To obtain the 0.5 — 2 keV mean observed X-ray luminosity, which is
required to compare with the estimate from this work, we further need to convert the incidence
rate distribution from LY to L3 g8,

An important factor that comes into play when performing a conversion from 2 — 10 keV
(Hard X-ray band; HXB) to the 0.5 — 2 keV (Soft X-ray Band; SXB) luminosity is the intrinsic
obscuration of the AGN. Our estimate of Ly sgn represents the contribution from the obscured
AGN and the observed unobscured Type 1 AGN, the dominating component in the energy range
under concern (see e.g. Hasinger 2008). We use the Comparat et al. (2019) empirical obscu-
ration model to obtain the observed HXB to SXB luminosity conversion; they self-consistently
build an obscuration model based on observational work (Ricci et al., 2017; Buchner & Bauer,
2017; Ueda et al., 2014; Aird et al., 2015; Buchner et al., 2015). The Comparat et al. (2019)
model is implemented on the ucHuu simulations (introduced in Sec. 3.5.1), and we obtain the

HXB to SXB conversion as a function of Li"X)Glﬁv. Finally, we obtain the desired A13-based

P(A| Lx, M,,z) distribution as a function of the L3>, &x". The expectation value is obtained as
follows: (L3> exY) = [P(A] Ly, Ma, )L XV dA.

An additional consideration is that the optical sample used for X-ray stacking in Z24 ex-
cludes objects classified as point sources in the optical. This effectively excludes optically bright
quasars, where point-like emission strongly dominates over the host galaxy contribution. An
open question is how such optical selection criteria for AGN modify the X-ray luminosity distri-
bution in X-rays, and addressing this is beyond the scope of this work. Nonetheless, we compute
a conservative X-ray luminosity threshold to account for this exclusion of optical quasars as fol-
lows. We convert the optical r-band luminosity distribution of the Fully,, galaxy sample to the
2—-10 keV luminosity distribution using a bolometric correction factor of 2.5 (Collin et al., 2002;
Duras et al., 2020; Buchner et al., 2024). We use 10x the mean of the HXB luminosity distribu-
tion as the threshold above which the object is classified as a bright point source in the optical LS
DR9 catalogue. This conservative limit excludes objects with L2105V > 8 x 10* ergs s™'. We

X, AGN
adopt this cut in the P(1 | Ly, M,, z) distribution as a function of the Lfg 10XV from A13. After ap-
plying the obscuration model from Comparat et al. (2019), we obtain (L3> 5&V) = 2.7:3¢ x 10%

ergs s™'. The sum of Ly agn computed here and Ly, xgp computed in the previous Sec. 3.5.1 is

represented with the green shaded region in Fig. 3.2.

The large error bars on our estimate of Ly, sgn using the methodology described here are due
to the uncertainties in the empirical obscuration model and the uncertainties in the incidence rate
distribution, which is poorly constrained for the low-redshift universe. The estimates here can be
further improved with future work that strengthens the connection between the low luminosity X-
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ray AGN population and the host galaxy properties, proper knowledge mapping AGN selection
functions from optical to X-ray luminosities, and better constrained obscuration models.

3.5.3 Using Model 3 for interpreting the Full,, data

In the light of the empirical estimates we obtain from Sec. 3.5.1 and 3.5.2, we compare the
prediction for point source luminosities from our three forward models (based on the differ-
ent halo distribution shown in Fig. 3.1) with the empirically constrained range of point source
luminosities as shown in Fig. 3.2. This comparison favours model three, which has a mean
Msoom = 3.5 x 102 My, for which the hot CGM component allows for a point source component
with a luminosity that agrees with empirical estimates from the low redshift universe. We focus
our results on model three for all the following discussions of the hot CGM.

The results of fitting model 3 to the X-ray surface brightness profile obtained by stacking on
the Full,o galaxies is shown in Fig. 3.3, with the posterior distribution of the best-fit parameters
shown in Fig. 3.4.

3.5.4 X-ray emission from the hot CGM

The contribution of the hot CGM component from central galaxies is shown with the yellow line
in Fig. 3.3 for forward-model 3. By integrating the area under the mean X-ray surface brightness
profile from the central galaxy hot CGM component within Rs., we obtain an X-ray luminosity,
Ly com = 1.69703% x 10* ergs s-1. We also show the residual plot of the per cent deviation of
the data from our model, where the discrepancies are within 15%.

We show the fractional contribution of the various emission components in our forward model
3 to the mean X-ray surface brightness profile upon stacking galaxies in Fig. 3.5. We note that
at mean redshifts of 0.14 and the underlying halo mass distribution for model 3, the hot CGM is
unresolved with an eROSITA-like PSF. At < 40 kpc, the hot CGM from central galaxies and the
X-ray point sources emission from XRB and AGN each account for up to 40 — 50% of the total
X-ray emission budget, respectively.

We compare our results with the other hot CGM measurements presented in Z24, based on a
different optical galaxy catalogue, namely from the SDSS spectroscopic survey. Given the spec-
troscopic optical information, the galaxy sample is classified into centrals and satellites (Tinker,
2021), which makes it possible to empirically model the hot CGM profile from other contami-
nating effects (point sources and satellites). They selected 30, 825 central galaxies with spectro-
scopic redshifts < 0.2 and MW-like stellar masses of 10.5 < log(M,/Mg) < 11. In Z24, this
SDSS-based spectroscopic sample is called the CEN sample. The resulting profile, as shown by
the data points in Fig. 3.6, is compared with the hot CGM component (model 3) we obtain here
(solid yellow line). Our TNG-based forward model of the hot CGM prediction is in excellent
agreement with the hot CGM measurement from Z24 at > 60 kpc. At the inner radii (< 60 kpc),
our TNG-based model 3 overpredicts the X-ray emission. We note that the halo mass distribu-
tions of the two samples have similar mean values, where the mean My, = 3.5X% 10'? M, for our

forward model 3 and the mean M5 ;N ~ 3x10'> M. However, the median M5~ ~ 1.3x10'* M,
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highlighting the spread in the halo mass distribution. This result further emphasizes the impor-
tance of the underlying halo mass distribution and the impact of the halo mass scatter introduced
in stellar-mass selections when comparing hot CGM profiles across different observations and
simulation-based models. For reference, we also show the forward models 1 and 2, which we
exclude because their hot CGM component does not allow for a sufficient contribution of point
source luminosity in the X-ray galaxy stack (see Sec. 3.5.3). In addition to this shortcoming,
we find that models 1 and 2 are discrepant with the CEN sample measurement of the hot CGM,
further favouring model 3.

3.5.5 X-ray emission from satellite’s host halos

At larger radii (> 40 kpc), the contribution from the emission around satellites dominates the
total X-ray signal, thereby explaining the flattening observed in the measurements, as also
found by Comparat et al. (2025). This emission originates from the massive host halos in
which the satellite galaxies reside; we find the mean host halo mass of these satellites to be
Mspom ~ 10 Mgy. We emphasize that this component is not intended to probe the intrinsic
CGM of the satellites themselves, but rather captures the background X-ray emission associ-
ated with their host halos. Since the Full,,, galaxy catalogue includes both central and satellite
galaxies without classification, any observational stacking analysis based on such samples un-
avoidably includes this contribution. We quantify the X-ray luminosity from satellite host halos
as Ly sar = 3%3 x 10*! erg/s, obtained by integrating the area under the predicted surface bright-
ness profile S'x . Interestingly, Zhang et al. (2018) also find an inflection point at ~ 50 kpc due
to the satellite’s host halos in the stacked Ha+N[u] radial emission profile (see Fig. 8 therein),
which traces the cool component of the CGM. The findings from Zhang et al. (2018) on the cool
CGM is complementary to our results presented here on forward-modelling the hot CGM probed
by X-ray stacking.

Upon fitting our forward model to the Fully,, stack, we introduce a renormalization pa-
rameter, Ny, which rescales the Sx s, contribution to match the observations. This scaling
is necessary due to the known overprediction of hot gas fractions in TNG300 for halos above
1035 Mg, (Popesso et al., 2024b), leading to an overly bright S x. 4, component (see Sec. 3.4.2).
Importantly, the shape of this satellite-related emission component is independent of the satellite
fraction, as demonstrated in Fig. 2.7, 2.8, and 2.9 in Chapt. 2. From our fitting analysis for model
3, we find that the TNG-based fiducial S x_ s, normalisation of the hot CGM must be rescaled by
0.15 to provide an observationally consistent contribution for the Full,,, galaxy catalogue based
X-ray stack. We highlight that this renormalisation does not affect the hot CGM contribution
from centrals, which remains unchanged. Therefore, N, effectively provides a quantitative cor-
rection factor, illustrating how the overabundance of hot gas in massive halos biases the observ-
able MW-mass stacked X-ray profiles. We conclude that the inclusion and forward-modelling of
the satellite’s host halo component is crucial to physically interpret the Full,,, data.
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Figure 3.6: Comparison of the hot gas CGM profile from our TNG-based model 3 (solid yellow line)
with the hot CGM measurement from Z24 based on X-ray stacking at the optical positions of galaxies
from the SDSS spectroscopic galaxy catalogue (CEN sample). The CEN sample has a mean redshift
(zspec) = 0.08, which is lower than that for the Fullphoe galaxy sample, (zphor) = 0.14, modelled here.
Therefore, our models (solid yellow, dashed pink, and solid purple) are convolved with the eROSITA PSF
representing z = 0.08 to enable comparison with the CEN sample profile from Z24. Our Fullyho-based
model 3 convolved with the (zpno) = 0.14 PSF in shown by the dotted-yellow line. For reference, we also
show the other two models, 1 and 2, with different underlying halo distributions (see text in Sec. 3.4.3),
which we excluded in this work (see Fig. 3.2) as the hot CGM component did not allow for a point source
component with a luminosity consistent with empirical estimates from the low redshift universe. Our
model 3 is in good agreement with the CEN sample hot CGM profile from Z24.



3.6 Conclusions 73

3.6 Conclusions

In this work, we forward model the measurements of the X-ray surface brightness profiles ob-
tained by stacking at the optical galaxy positions of the LS DR9Y photometric (Full,n,) galaxy
catalogue, reported by Z24. We retrieve the contribution of the hot CGM from central galax-
ies from that of point sources and satellite galaxies. Our hot CGM forward model is based on
TNG300 hydrodynamical simulations. The main results are summarized as follows:

1. We test the impact of the underlying halo mass distribution on the TNG-based prediction
for corresponding X-ray surface brightness profiles. We do so by generating multiple
mock galaxy catalogues using the LC-TNG300, matched in stellar mass and redshift to
the Full,, galaxy catalogue, however, with different underlying halo mass distributions
(Sec. 3.4.3; Fig. 3.1). Namely, the three models obtained by varying the halo mass
distribution are as follows: model 1 leaves LC-TNG300 halo mass distribution unchanged,
models 2 and 3 change the underlying halo distribution by excluding the 10% and 30%
most massive halos from the original LC-TNG300 halo mass distribution, respectively.
We show that the shape and normalization of the hot CGM X-ray surface brightness
profiles are impacted by varying the halo mass distributions, where discarding the most
massive halos from the underlying halo distribution results in steeper profiles with lower
normalization. More precisely, we find that a factor ~ 2x increase in the mean value of
the underlying halo mass distribution results in ~ 4X increase in the X-ray luminosity
from the hot CGM.

2. We fit for the stacked X-ray radial surface brightness profile observed by eROSITA around
MW-mass galaxies from Zhang et al. (2024a) with our forward models. Our model
contains two main emitting components (Eq. 3.1-3.3): hot gas (around central galaxies
and around satellite galaxies hosted by more massive halos) and X-ray point sources
(X-ray binaries and Active Galactic Nuclei). For three forward models, we compute the
X-ray luminosity from point sources, Ly, ps, and the CGM (see results in Tab. 3.1). Using
the empirical estimates for the expected luminosity from XRB (Sec. 3.5.1) and AGN
(Sec. 3.5.2) for MW-mass galaxies, we put constraints on the permissible values of Ly, ps
contribution to the X-ray stack (see Fig. 3.1). This analysis favours model three, which
has a mean My, = 3.5 X 10'?> Mg, implying that the hot CGM component allows for a
point source component with a mean AGN luminosity that agrees with empirical estimates
from the low redshift universe. We therefore focus on model three.

3. By integrating the area under the mean X-ray surface brightness profile from the
central galaxy hot CGM component within Rsy., we obtain an X-ray luminosity,
Ly com = 1.69703% X 10% ergs s-1. We also show the residual plot of the per cent deviation
of the data from our model, where the discrepancies within the 50 — 105 kpc range are
within 15% (Fig. 3.3). We find that at < 40 kpc, the hot CGM from central galaxies

and the X-ray point sources emission from XRB and AGN each account for 40 — 50%
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of the total X-ray emission budget, respectively (Fig. 3.5). At larger radii > 40 kpc,
the contribution from the emission around satellites dominates the total X-ray emission,
thereby explaining the overall flattening in the measurements.

4. We compare our results with the hot CGM measurements presented in Z24, based on
a different optical galaxy catalogue, namely from the SDSS spectroscopic survey (see
comparison in Fig. 3.6). Our TNG-based forward model of the hot CGM prediction
broadly agrees with the hot CGM measurement from Z24. The Ly cgm measured between
the two works are consistent. We note that the halo mass distributions of the two samples
are similar mean values, where the mean Mgy, = 3.5 X 10> M,, for our forward model
3 and the mean MSj ~ 3 X 10'> M. This result further emphasizes the importance of
the underlying halo mass distribution when comparing hot CGM profiles across different

observations and simulation-based models.

This work provides a novel technique to constrain the mean AGN X-ray luminosity of a
galaxy sample jointly with the radial hot CGM gas distribution within the halo using the
X-ray hot CGM (stacking) measurements as a new benchmark. Alongside the progress in
our understanding of how various stellar and AGN feedback prescriptions impact the hot
CGM’s properties (Lau et al., 2024; Medlock et al., 2025), here, we emphasize another vital
ingredient when comparing simulations with X-ray observations: the sensitivity of the X-ray
CGM properties to the underlying halo mass distribution, stellar mass, and redshift. One of
the outstanding challenges in the current paradigm of galaxy formation and evolution models
implemented in hydrodynamical simulations is to jointly constrain the microscopic scales
(e.g., subgrid model physics) and their impact on the diffuse gas within the halo (Crain &
van de Voort, 2023). Future work implementing the data-comparison strategy developed here
on other state-of-the-art simulations, like EAGLE (Crain et al., 2015; Schaye et al., 2015),
FLAMINGO (Schaye et al., 2023b), Magneticum (Dolag et al., 2005; Beck et al., 2016),
SIMBA (Davé et al., 2019), will provide observationally motivated ranges for the allowed X-ray
AGN luminosity for the MW-mass scales. Comparing the AGN X-ray luminosity predictions
retrieved from the methodology developed here (informed by hot CGM X-ray observations)
with those predicted by the simulation itself will provide a new ground for recalibrating and
improving the current landscape of sub-grid AGN modes (e.g., see Alexander & Hickox 2012
for a review). Additionally, future X-ray missions on the observation side, like Athena (Nandra
et al., 2013), AXIS (Mushotzky et al., 2019), HUBS (Cui et al., 2020) will push our current
detection limits to resolve the hot CGM at higher redshifts in X-rays. This would further our
understanding of how observations compare to the spatially resolved hot gas distribution at
MW-mass scales in simulations.



Chapter 4

Effect of the large-scale cosmic web
environment on the X-ray emitting
Circumgalactic medium

The results presented in this chapter are submitted to A&GA as “Effect of the large-scale cosmic
web environment on the X-ray emitting Circumgalactic medium ~ Shreeram, S., Galdrraga-
Espinosa, D., Comparat, J., Merloni, ...

4.1 Summary

In this chapter, we bring together the main findings of this thesis and place them in the broader
context of hot CGM studies. Building on the lightcone framework first developed in Chapt. 2,
which was subsequently applied to forward model eROSITA data in Chapt. 3, we now explore the
impact of the large-scale structure on the hot CGM in this chapter. These chapters put together
collectively advance our ability to interpret stacked X-ray observations of the CGM. The results
presented here demonstrate that accurate modelling of projection effects, contaminants, and en-
vironmental influences is essential to extract robust constraints on the hot CGM from current and
future X-ray surveys.

This chapter studies the hot CGM in the context of the large-scale cosmic web, investigating
how the galaxy’s large-scale environment shapes its X-ray surface brightness (XSB) profiles
and the implications for interpreting stacked observations. We use our novel IllustrisTNG-based
lightcone, spanning 0.03 < z < 0.3, first developed in Chapt. 2, to generate self-consistent mock
X-ray observations, using intrinsic gas cell information. We apply the filament finder DisPerSE
on the galaxy distributions to identify the cosmic filaments within the lightcone. We classify
central galaxies into five distinct large-scale environment (LSE) categories: clusters and massive
groups, cluster outskirts, filaments, filament-void transition regions, and voids/walls. We find that
the X-ray surface brightness profiles (XSB) of central galaxies of dark matter haloes in filaments
with Maoom > 102 M, are X-ray brighter than those in voids and walls, with 20 —45% deviations
in the radial range of (0.3 — 0.5) X Rypom,. We investigate the source of this enhancement and
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find that the filament galaxies show higher average gas densities, temperatures, and metallicities
compared to voids/walls galaxies. Our results demonstrate that the impact of the large-scale
cosmic environment is imprinted on the hot CGM’s X-ray emission. Future theoretical work on
studying the effect of assembly history, connectivity, and gas accretion on galaxies in filaments
and voids would help to further our understanding of the impact of the environment on X-ray
observations.

4.2 Motivation for this work

Observational and theoretical studies show that galaxy properties, such as stellar mass, star for-
mation rate, and gas content, vary across different LSE. The galaxies close to groups and clusters,
which form the nodes of the cosmic web, are more likely to be elliptical, red, and have suppressed
star formation, compared to their less crowded “field” counterparts that tend to be spiral, blue,
and actively forming stars (Dressler, 1980; Butcher & Oemler, 1984; Dressler et al., 1997; Lewis
et al., 2002; Blanton et al., 2005; Alpaslan et al., 2015; Pasquali & Nachname, 2015; Shimakawa
etal., 2021). Additionally, galaxies infalling into clusters via cosmic filaments are systematically
more quenched than their counterparts from other isotropic directions (see e.g. Martinez et al.
2016; Einasto et al. 2018; Salerno et al. 2019; Gouin et al. 2020). Simulations show that the gas
within galaxies as far as within 3X virial radius (Cen et al., 2014; Arthur et al., 2019; Mostoghiu
et al., 2021) to 5x the virial radius (Bahé et al., 2013) of the groups and clusters centre is gas-
depleted compared to their counterparts in the field, as also consistently found by observations
(e.g., Tanaka et al. 2004; Catinella et al. 2013; Cortese et al. 2011). Similar trends of higher
gas depletion, higher quiescent fraction, and stellar mass also hold in observations of galaxies
closer to the cosmic filament spines (Malavasi et al., 2017; Laigle et al., 2018; Sarron et al., 2019;
Bonjean et al., 2020; Winkel et al., 2021; Hoosain et al., 2024).

As discussed in Chapt. 1, the hot CGM, which is the diffuse gas that surrounds galaxies, plays
a crucial role in regulating the growth and evolution of the galaxy (see Tumlinson et al. 2017 and
Faucher-Giguere & Oh 2023 for a review). The hot gas (T 2 10° K) reservoir hosted by the CGM
is crucial for replenishing the cold gas consumed for star formation (Fox & Davé, 2017; Wang
et al., 2022). The ability of the halos to retain or deplete their cold gas in an intrafilamentary
environment has been shown to be correlated with the stellar mass in HI studies, see e.g., Kleiner
et al. 2017; Odekon et al. 2018; Hoosain et al. 2024. From these HI studies, the emerging picture
is that mass plays a crucial role in determining whether a galaxy can retain/further accrete gas
from the cosmic web, or is more vulnerable to stripping and supply truncation. More massive
galaxies (M, > 10'' M) retain and accrete the gas from the surrounding filament due to their
deeper gravitational potentials; however, the lower-mass (M, < 10'%> M,) galaxies are more
subject to gas-depleting processes like stripping and detachment. However, there is a lack of
understanding of how the hot gas content around galaxies, as probed by the CGM, is impacted
by their presence in filaments, voids, and nodes. At present, such an analysis is not feasible with
existing X-ray and optical large-area datasets, but the framework developed here with simula-
tions sets a precedent for future observational studies once suitable data become available. This
motivates the need to explore how the hot CGM, as traced through X-ray emission, is affected
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by the large-scale cosmic web environment.

In the ACDM Universe, the existence of the cosmic web follows from the initial fluctuations
in the primordial density field, whose evolution is dictated by gravity in an expanding Universe.
The anisotropic nature of gravitational collapse leads to the formation of high-density peaks that
are the nodes that host today’s galaxy clusters, and the expansive network of bridges between
these nodes forms a large-scale web dominated by filaments, which demarcate the underdense
voids (Peebles, 2020). The theoretical formulation of the existence and evolution of the cosmic
web (Bond et al., 1996) has been confirmed by all large N-body simulations of structure forma-
tion in a ACDM Universe (e.g. Klypin & Shandarin 1983; Springel et al. 2006; Popping et al.
2009; Angulo et al. 2012; Habib et al. 2012; Poole et al. 2015). Similarly, advances in spec-
troscopic surveys, with increasing resolution and depth, have enabled observational mapping of
the cosmic web, providing strong support for the presence of filaments, clusters, and voids. A
unified approach to jointly study cosmic web, as traced by galaxies, is possible with exquisite
detail up to redshift z ~ 0.9 with surveys such as the CfA Redshift Survey (De Lapparent et al.,
1986), SDSS (York et al., 2000), 2dFGRS (Colless et al., 2001), 6dFGS (Jones et al., 2009),
GAMA Driver et al. (2011), Vipers (Guzzo et al., 2014), 2MASS (Huchra et al., 2012) and COS-
MOS (Scoville et al., 2007). This is being further pushed to higher redshifts of about z ~ 2,
close to the peak epoch of star formation with ongoing and upcoming stage-4 surveys such as
Euclid (Laureijs et al., 2011), PFS (Takada et al., 2014), and 4MOST (De Jong et al., 2012).

Studies using simulations find that cosmic filaments dominate the mass budget of the Uni-
verse, occupying 50% of the total mass of the cosmic web, with mean overdensities 6 ~ 10 (Cau-
tun et al., 2014), while the underdense voids, 6 ~ —0.8, are the most voluminous component
of the cosmic web (Sheth & Van De Weygaert, 2004). Cui et al. (2018a) show that the gas
component is the dominant tracer of baryonic matter in cosmic filaments, hosting the warm-hot
intergalactic medium (WHIM) gas phase (Galarraga-Espinosa et al., 2021). The WHIM gas
can be accreted onto the halos resulting in the denser circumgalactic medium (CGM) gas phase
(ng 2 107 cm™; see categorisation in Martizzi et al. 2019), and inversely, CGM gas around
halos might be ejected due to feedback effects or undergo stripping due to ram-pressure inside
filaments (Benitez-Llambay et al., 2013; Winkel et al., 2021). Liao & Gao (2019) show that up
to 30% of the gas accreting onto galaxies residing in filaments is pre-processed, and they also
have higher baryon fractions compared to the field galaxies (e.g., see also Singh et al. 2020). The
CGM, as probed in X-rays, is thus an interesting avenue to test for these environment-driven gas
processes.

In this work, we use an IllustrisTNG-based lightcone from Chapt. 2 and the accompanying
paper Shreeram et al. (2025¢), LC-TNGX, to study the impact of the LSE on the hot gas prop-
erties of galaxies. Isolating the impact of the LSE is complicated by the fact that various mech-
anisms, both gravitational and hydrodynamic, act simultaneously on galaxies. Particularly, local
overdensity and galaxy hierarchy (central vs satellite) also impact galaxy properties (Pasquali &
Nachname, 2015; O’Kane et al., 2024; Rodriguez-Medrano et al., 2024). The latter effect can
be accounted for by separately studying central/satellite galaxy trends of galaxy properties (Yu
et al., 2025). The former effect of local overdensity (or crowdedness of the environment) is re-
lated to different cosmic web environments having degeneracies between their local and global
overdensities (Hahn et al., 2007; Cautun et al., 2014; O’Kane et al., 2024). As the local overden-
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sity correlates with the halo mass function, where massive halos reside in high-density regions
(Tinker et al., 2011; Wang et al., 2018; Wechsler & Tinker, 2018), in this chapter, we account for
the local density effects by studying the impact of the LSE in halo mass bins. In this way, we can
distinguish the effect of the stellar-to-halo-mass relation (SHMR) from that of the LSE (e.g, see
Wechsler & Tinker 2018).

The chapter is organised as follows. We describe the LC-TNGX and how we self-consistently
generate mock X-ray observations within the LC-TNGX, using the gas cell information in
Sec. 4.3.1. We apply DisPerSe on the galaxy distribution to identify the cosmic filaments within
LC-TNGX, as detailed in Sec. 4.3.2. We classify the central galaxies in different LSE: clus-
ters and groups, galaxies in clusters and group outskirts, galaxies in filaments, galaxies in the
filament-void transition region, and galaxies in voids and walls in Sec. 4.3.3. Sec. 4.4 presents
the main results of this work on how the XSB profiles are affected by the physical processes in
galaxies that depend on different LSE. We also present the thermodynamic properties that are the
primary drivers of the X-ray emission in Sec. 4.5. Finally, we discuss our findings in Sec. 4.6
and report our conclusions in Sec. 4.7.

4.3 Methods

This section details the data products used for studying the impact of the LSE on the hot
CGM. More precisely, Sec. 4.3.1 describes the TNG300 X-ray lightcone (LC-TNGX), Sec. 4.3.2
describes the filament catalogue obtained within the LC-TNGX using DisPerSE, and lastly,
Sec. 4.3.3 describes the classifications of the LC-TNGX halos into their LSE categories.

4.3.1 The TNG300 X-ray lightcone: LC-TNGX

In this work, we model the hot gas emission using the TNG300 hydrodynamical simulations
(Pillepich et al., 2018b; Marinacci et al., 2018; Naiman et al., 2018; Nelson et al., 2015; Springel
et al., 2018); we use TNG300! to construct a lightcone, using the LightGen code?, and generate
mock X-ray observations (LC-TNGX), which is presented in Shreeram et al. (2025¢) and applied
to eROSITA data in Shreeram et al. (2025a). Here, we summarise the most important features.
Using the IMustrisTNG cosmological hydrodynamical simulation, with the box of side length
302.6 Mpc (Nelson et al., 2019, TNG300), we determine the hot CGM properties of galaxies in
LC-TNGX around a wide range of halo masses embedded in the LSS. TNG300 contains 2500°
dark matter particles, with a baryonic mass resolution of 1.1 x 10’ Mg, a comoving value of
the adaptive gas gravitational softening length for gas cells of 370 comoving parsec, gravita-
tional softening of the collisionless component of 1.48 kpc, and dark matter mass resolution of
5.9 x 10’ Mg. The TNG simulations adopt the Planck Collaboration XIII 2016 cosmological
parameters. LC-TNGX is constructed with the box remap technique (Carlson & White, 2010),
and spans across redshifts 0.03 < z < 0.3; this range was motivated by initial MW-mass scale

'http://www.tng-project.org
’The code to generate ligthcones from TNG is publically available at https://github.com/
SoumyaShreeram/LightGen/
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Figure 4.1: The TNG300 lightcone (LC-TNGX) built in Shreeram et al. (2025¢) overplotted with the
filaments identified using the DisPerSe algorithm (Sec . 4.3.2). The top panel shows the central galaxies
in LC-TNGX that are classified into five distinct large-scale environments categories: (1) clusters in blue,
(2) cluster outskirts in orange, (3) filaments in green, (4) filament-void transition region in red, and (5)
voids/walls in purple, defined in Sec. 4.3.3. The bottom panel zooms into the lightcone, showing the
X-ray events generated with pyXsim in the 0.5 — 2.0 keV energy band with the filaments depicted by the
yellow-dashed lines. While the filaments are identified using the galaxy distribution, we show that the hot
gas emitting X-ray events trace the cosmic web. This alignment validates the full pipeline used here and
in Chapt. 2, from the lightcone construction and X-ray map generation to filament identification.

of the hot CGM observations (e.g. Comparat et al. 2022; Chadayammuri et al. 2022; Zhang
et al. 2024a). It goes out to 1231 comoving Mpc (cMpc) along the x-axis, subtending an area
of 47.28 deg? on the sky in the y-z plane. There are 22 snapshots within the observationally
motivated redshift range of 0.03 < z < 0.3.

The physical properties of the distinct halos and subhalos within the TNG300 lightcone are
obtained by the Friend-of-Friend (FoF) and suBrinD algorithm (Springel et al., 2001; Dolag et al.,
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2009). suBrIND detects gravitationally bound substructures, equivalent to galaxies in observations,
and also provides us with a classification of subhalos into centrals and satellites, where centrals
are the most massive substructure within a distinct FoF halo.

This chapter focuses on the average XSB profiles of central galaxies in halo mass bins. We
identify centrals using FoF groups, where the group centre is defined as the most bound particle
within the central subhalo as found by the suBrinD algorithm. We exclude satellite galaxies, since
their stacked XSB profiles are dominated by the hot gas emission of their more massive host
halos rather than by the intrinsic CGM of the satellites themselves. Segregating satellites by
environment would therefore not directly probe their own hot gas content, but instead that of
their nearby massive companions. As quantified in Shreeram et al. (2025c), including satellites
primarily adds a flat background component at large radii, driven by group- and cluster-mass
hosts. Since the aim of this work is to study the XSB of galaxies as a function of environment,
we focus exclusively on centrals, for which the measured signal can be directly attributed to their
own halo gas content.

The X-ray photons are simulated within the LC-TNGX in the 0.5 — 2.0 keV intrinsic band
with pyXsim (ZuHone & Hallman, 2016), which is based on pHox (Biffi et al., 2013), by as-
suming an input emission model where the hot X-ray emitting gas is in collisional ionization
equilibrium. The X-ray emissivity, €, in turn depends on the gas mass density p, temperature 7'
and the metallicity of the gas Z, as follows (Lovisari et al., 2021),

€ = ety A(T, Zano). 4.1)

where n. and n, are the number densities of the electron and protons, which are related to the
gas mass density p = umy(n. + n,). Here, u and m, are the mean molecular weight and the
proton mass, respectively. A(T, Z.) is the cooling function of the hot gas, which depends on
the emission mechanism in the considered energy window?. The spectral model computations
of hot plasma use the Astrophysical Plasma Emission Code, apec* code (Smith et al., 2001) with
atomic data from atompB v3.0.9 (Foster et al., 2012) and solar abundance values from Anders &
Grevesse (1989). This model uses the plasma temperature of the gas cells (in keV), the redshift
z and metallicity. In this Chapter, we have improved the mock X-ray generation from Shreeram
et al. (2025¢c), where we assumed a constant metallicity of 0.3 Z, to include the intrinsic TNG
gas cell metallicity. This is a key improvement as it allows a more accurate and self-consistent
estimate of the X-ray emission at the gas cell level throughout the lightcone.

The events are generated by assuming a telescope with an energy-independent collecting area
of 1000 cm? and an exposure time of 1000 ks. The photon list is generated in the observed frame
of the X-ray emitting gas cells and is corrected to rest frame energies. Finally, the photons gen-
erated by the gas cells are projected onto the sky. We use the projected central galaxy positions
and obtain the XSB profiles in the 0.5 — 2.0 keV band. We select the X-ray events within Rypom’
of the parent halo for obtaining the XSB profiles and we define these profiles as the intrinsic hot

3these could be free-free, recombination, or line cooling; see Bohringer & Werner (2010) for a review.

4APEC link https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual /node134.html

3Rooom and Mogom is the radius and mass at which the density of the halo is 200x the mean matter density (cold
dark matter and baryons).
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gas emission profiles. In this work, we present the impact of the CGM environment on the XSB
profiles. For this purpose, we classify the cosmic web in the LC-TNGX into different LSEs,
shown in the top panel of Fig. 4.1, as further described in the following sections. We also show
the distribution of X-ray events in the bottom panel of Fig. 4.1.

4.3.2 Extracting cosmic filaments in LC-TNGX using DisPerSE

The theoretical background of DisPerSE is provided in Sousbie (2011); Sousbie et al. (2011)%;
here we summarise the most important details. DisPerSE deals with discrete datasets and pro-
vides the user with a geometric three-dimensional ridge, allowing for the classification of the
LSS based on its topology. It is built on Morse and persistence theories, and it functions by first
estimating the underlying density field, given an input galaxy distribution, using the Delaunay
tessellation field estimator (DTFE; Schaap & Van De Weygaert 2000; Cautun & van de Weygaert
2011). The Delaunay tessellation is a triangulated space representing a geometric assembly of
cells, faces, edges and vertices mapping the entire volume of the galaxy distribution. The gradi-
ents of the DTFE density field, pprrg, provide the critical points: maxima, minima and saddles,
which are connected by field lines tangent to the gradient of pprgg. The filaments comprise con-
necting segments between the maxima of the density field, also called CPmax or peaks, to the
saddle points.

The significance of a filament, or the persistence threshold, is estimated by the density con-
trast of the critical pair chosen to pass a certain signal-to-noise threshold. For a filament, this
critical pair is between a CPmax and the saddle point. The noise level is defined relative to the
root mean square of the significance values obtained from random sets of points. This threshold-
ing eliminates less significant filaments, simplifying the Morse complex and retaining its most
topologically robust features. The skeletons generated in this work use the 30 persistence thresh-
olds, following the careful calibration method presented in Galdrraga-Espinosa et al. (2024).
The galaxies above M, > 10° M, (83,297 galaxies) were used to build the skeleton, shown in
Fig. 4.1. This mass choice is motivated to match typical galaxy mass limits in current observation
surveys, and the resolution of the simulation used to build the lightcone. We highlight that while
the filament skeleton is constructed from DisPerSE, using the galaxy distribution, as shown by
the top panel of Fig. 4.1, we find that the hot gas, as probed by the X-rays, also traces the cosmic
web as shown in the bottom panel of Fig. 4.1. This alignment provides a compelling validation
of the full pipeline used in this work, from the construction of the lightcone and the generation
of X-ray maps to the identification of the filamentary network.

4.3.3 Classification of halos in LC-TNGX into different cosmic web envi-
ronments
Given the skeleton from DisPerSE, the central galaxies in the LC-TNGX are divided into five

mutually exclusive categories in a similar fashion as in Galdrraga-Espinosa et al. (2023), also de-
picted in Fig. 4.1. We summarise the fraction of galaxies in each of these distinct LSE categories

Shttp://www2.iap.fr/users/sousbie/web/html/indexd41d.html


http://www2.iap.fr/users/sousbie/web/html/indexd41d.html

82 4. Effect of the large-scale environment on the hot CGM

fil — voids transitgy

® voids/wallgy,
@ [

Figure 4.2: Illustration of the classification of galaxies into different LSE categories within the LC-
TNGX. The filament spines (yellow dashed lines) are extracted using the DisPerSe algorithm. The clus-
ters, representing the nodes of the cosmic web, are defined as halos with masses Magom > 10135 M.
The dots represent central galaxies in different LSE, such as cluster outskirts (orange), filaments (green),
filament-void transition region (red), and voids/walls (purple).

Table 4.1: Fraction of galaxies in each halo mass bin for each large-scale environment classification. For
every halo mass bin, we present the percentage of objects in cluster outskirts (orange), filaments (green),
filament-void transition region (red), and voids/walls (purple) within LC-TNGX (detailed in Sec. 4.3.3).
The Magom > 10'3 M, halos, of which there are 551, are defined as massive groups and clusters.

Color LSS classifications Magom € 10]]5—]2]\/[O Magom € 1012—12.5MO Maoom € 1012.5—131\/[GJ Magom € 1013—]3.5M® All Magom € 1011.5—13.5MO

28,492 halos 11,094 halos 3,677 halos 1,113 halos 44,376 halos
[ ] Cluster outskirts 3% (975) 3% (304) 3% (113) 2% (25) 3% (1417)
[ ] Filaments 12% (3,470) 10% (1,139) 13% (465) 20% (221) 12% (5, 295)
] Filament-void transition 23% (6,627) 22% (2,391) 22% (801) 22% (242) 23% (10,061)
] Voids/Walls 61% (17,420) 65% (7,260) 63% (2,298) 56% (625) 62% (27,603)

in Tab. 4.1, and we also illustrate the LSE classification of galaxies in Fig. 4.2, which are defined
as follows.

1. Clusters and massive groups: The galaxy clusters and massive groups are defined as halos
with My > 1013 M, with a radius Rooop, centred on the positions of the FoF halos. As
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Figure 4.3: The X-ray surface brightness profiles (XSB) of halos located in different cosmic web envi-
ronments in increasing halo mass bins from left to right. The fraction of central galaxies in each mass bin
(and each LSE category) is shown in Tab. 4.1. The bottom panel shows the significance (see Eq. 4.2) of
the difference in the XSB in a given cosmic environment with respect to the others (see text for details).
The shaded regions around each curve correspond to the uncertainty in the mean profile obtained by boot-
strapping.

the X-ray emission around these objects probes the hot gas in the well-studied intracluster
medium (ICM; see e.g, Fabbiano 1996) and introgroup medium (IGrM; e.g., Lovisari &
Ettori 2021), these objects are excluded from further analysis.

Galaxies in cluster and group outskirts (clu-out,,): This category comprises galaxies
located (1 — 3) X Rypom from a cluster center. This radial range is motivated by Aung
et al. (2023), who demonstrated that the gas accretion shock is located at approximately
(1.5 — 3) X Rypom- This accretion shock leads to the onset of the galaxy quenched fraction,
influenced by ram pressure and tidal stripping due to clusters, approaching the average
value (e.g., Cen et al. 2014).

. Galaxies in filaments (filgy): The cosmic filaments that are extracted by DisPerSe are

defined as cylinders, with a radius of 1 cMpc (Wang et al., 2024), aligned along the spine
of the filament skeleton identified by DisPerSe (Sec. 4.3.2). The central galaxies that are
within the 1 cMpc cylinder of the filament spine are defined as galaxies in filaments.

Galaxies in the filament-voids/walls transition region (fil-voids transitg,): The cen-
tral galaxies that are 1 — 3 cMpc away from the filament spine are categorised as galaxies
in the environments lying between filaments and voids. This category is primarily con-
structed to define a smooth transition between the galaxies located in filament outskirts to
those in voids. For brevity, we also call this group of galaxies the transition galaxies.

. Galaxies in voids and walls (voids/wallyy): This category encompasses all the galaxies
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that do not fall in any of the above categories. These galaxies are also called “field” galax-
ies. The galaxies in voids and walls are combined due to the lack of information about the
void or wall size, which is required to associate galaxies in these distinct categories.

We present the fraction of central galaxies in each of these distinct categories in Tab. 4.1; within
LC-TNGX, of the 44,376 halos with My, € 10''°"135Mg, 3%, 12%, 23%, and 62% of the
halos are located in cluster outskirts, filaments, filament-void transition region and voids/walls,
respectively.

We compare our findings on the fraction of filament galaxies with other literature works.
Ganeshaiah Veena et al. (2019) find that 63% of central galaxies are hosted by filaments in the
EAGLE simulation based on the Bisous filament finder. Using the THETHREEHUNDRED project,
Kuchner et al. (2022) find that 45% of the galaxies in filaments are feeding clusters (independent
of the distance to the cluster). Navdha et al. (2025), using the Millennium simulation, to show
that 26% of the galaxies reside in the cosmic web at a halo mass of 10''M, going up to 50%
at 10'>7M,. However, these fractions include both central and satellite galaxies, and they define
the cosmic web differently. We draw extreme caution when directly comparing these values with
the 12% of filament galaxies found in our work. As also highlighted by these works (Ganesha-
iah Veena et al., 2019; Kuchner et al., 2022; Navdha et al., 2025), the fraction of filament galaxies
is affected by the following: (1) the box size and the volume of the simulation, in turn affecting
the number of massive clusters in the LSS, which are different across the simulations discussed
here; (2) different filament finding techniques (see e.g., Cautun et al. 2013; Leclercq et al. 2016;
Libeskind et al. 2018; Rost et al. 2020, for comparisons between different cosmic web identifi-
cation methods); and (3) different cosmic web definitions, affecting in turn the resulting fraction
of galaxies considered to be in filaments. More so, we are for the first time performing such a
categorisation of galaxies in a lightcone configuration (ranging across 0.03 < z < 0.3), which
could show further deviations from a galaxy categorisation in a cubic snapshot at a fixed redshift.

4.4 Effect of the environment on the simulated X-ray surface
brightness profiles of halos

The hot CGM emits in X-rays due to infalling gas within halos, which is shock-heated up to the
virial temperatures, Ty 2 5 x 10° K (White & Rees, 1978). We present the projected X-ray
surface brightness profiles of halos for varying halo masses and cosmic web environments in
Fig. 4.3. The increasing halo mass bins (left to right) result in brighter XSB profiles, given that
the gas is heated to higher virial temperatures (e.g., Comparat et al. 2022; Zhang et al. 2024a).
We separate galaxies into the following different bins of halo mass: My, € 1017712 My,
Mogom € 1077125 My, Maoom € 1029713 My and Mago, € 1037133 M,. These are hereafter
referred to as the lowest, low, medium, and highest mass bins, respectively. For the lowest halo
mass bin (leftmost panel), the peak temperature of the gas within the halo is 0.03 — 0.09 keV
(also shown later in Fig. 4.5), which is well below the 0.5 — 2 keV soft X-ray band considered
here for measuring the XSB profiles. Therefore, the results of the XSB profiles corresponding to
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Figure 4.4: The percentage deviations of the XSB profiles of halos located in filaments (green), compared
to those in the filament-void transition region (left panel; red lines) and in voids/walls (right; purple
lines). We also consider galaxies in different halo mass bins, where the dotted lines represent the Mopom €
10127125 M, halos, whereas the dashed and solid lines represent the Mg, € 10125-13 Mg and Mygom €
1013135 My, bins, respectively. The shaded regions around each curve correspond to the uncertainty in
the mean profile obtained by bootstrapping. We find that the XSB profiles of filg, are X-ray brighter

in the range ~ (0.3 — 0.5) X Ryoom by 20 — 45% with respect to the the fil-voids transitg, and
voids/wallg, populations.

this lowest mass bin are only probing the high-temperature end of the lowest halo mass bin halos
in the XSB profiles presented here, thereby explaining their weak signal.

The different LSE considered here are as follows, as also shown in Fig. 4.3 are cluster out-
skirts (orange), filaments (green), filament-void transition region (red) and voids/walls (purple).
The bottom panel of Fig. 4.3 shows the significance of the deviation of a given XSB profile, S yx;,
in a defined LSE category with respect to all the other categories, S y;. Here, the subscript i sig-
nifies one among the five LSE categories defined in Sec. 4.3.3 (also shown by the colored lines
in Fig. 4.3), while S x,with a tilde, is the XSB profile obtained by averaging over all the galaxies
in the other LSE categories. The significance, o, is defined as

o= M 4.2)

\J0% + &7

where 6; and & are the uncertainties in the mean XSB profiles obtained from bootstrapping.
A positive significance implies that a given S, is brighter at a given scale compared to its
counterparts in other LSE, while the negative significance represents steeper or X-ray fainter
profiles.

The following sections detail the trends observed in the XSB profiles in the different LSE
categories, where we present the effect of the LSE on the XSB profiles of halos in cluster outskirts
in Sec. 4.4.1 and in filaments and voids/walls in Sec. 4.4.2.
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Figure 4.5: The volume weighted gas mass density (top panel), temperature (middle panel) and metallicity
(bottom panels) profiles together with their percentage deviations (corresponding bottom rows) of halos
located in different LSE in increasing halo mass bins from left to right. The different cosmic environments
considered here are filaments (green), filament-void transition region (red), and voids/walls (purple). The
shaded regions show the 16" — 84" percentile distribution.
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4.4.1 Galaxies in cluster outskirts

The clu-out,, galaxy population probes the XSB profile of the halos located physically close to
a cluster, shown by the orange lines in Fig. 4.3. Across all halo mass bins (left to right), although
notably more prominent at the lowest and low halo mass bins, the XSB profiles from clu-out,y
are significantly brighter than the mean XSB profile (without categorising halos by their LSE).
We attribute this striking feature of XSB profiles from clu-out,, to its close proximity to a
cluster, where the emission from the ICM in the cluster outskirts begins to dominate the profile
at these radii. We further quantify this effect in the significance plots in the bottom panel of
Fig. 4.3. We show that the halos in the least-massive bin are 30 brighter at 0.2 Ry, and So
brighter at 0.7 Rypom. The significance reduces to 30~ at 0.7 Ry, for the low halo mass bin. For
the medium and highest halo mass bins considered here, the significance of the XSB profiles from
clu-out,, being brighter than their counterparts in other LSE is < 3¢ significant at all radii. We
interpret the lower significance of the highest halo mass bins by the fact that more massive halos
have comparable intrinsic X-ray brightness to their neighbouring cluster. Therefore, the cluster
emission only dominates at large radii. Our results show that the X-ray contamination from the
cluster is an important effect to consider when studying the galaxies in the cluster outskirts in
X-ray stacking experiments.

Cluster and group outskirts are special regions, where, due to gas stripping processes, the
gas in the galaxies in cluster outskirts is depleted, as shown by simulations (e.g., Bahé et al.
2013; Cen et al. 2014) and observations (e.g., Tanaka et al. 2004; Catinella et al. 2013; Cortese
etal. 2011). However, in order to measure the impact of such stripping processes on the average
XSB profiles obtained in stacking experiments, one must accurately model out the cluster XSB
contribution. We leave such a modelling analysis to recover the XSB of galaxies in cluster
outskirts from the contamination of the nearby cluster emission for future work. The following
sections focus on the other LSE categories that are unaffected by cluster emission, as they are
located far (> 3Rypom) from the cluster and group centres.

4.4.2 Galaxies in filaments and voids

We now focus on the galaxies far away from clusters and massive groups, which are located
in filaments, voids/walls and the transition region in between them. The fily,, fil-voids
transitg,, and voids/wally, population are shown by the green, red, and purple lines in
Fig. 4.3, respectively, with the bottom panel showing the significance of deviation compared to
other LSE. We further study these three categories in Fig. 4.4, showing the absolute deviation in
the XSB profiles in the low, medium and highest halo mass bins. We exclude the lowest halo
mass bin, My, € 10'712 M, in this comparison as there is no observable trend due to the
high scatter in the measured XSB profiles. We quantify the deviation of the filament galaxies
with respect to transition galaxies (left panel), and the voids/walls galaxies (right panel).

We find that for all the halo mass bins considered, the XSB profiles of fil,, are X-ray
brighter than the mean population between ~ (0.3 — 0.5) X Rypom by 20 — 45%. More precisely,
Fig. 4.4 shows that the filament galaxies in the low, medium and highest halo mass bins are
brighter than the mean XSB profile at different fractions of R,y,. For the low halo mass bin,
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Figure 4.6: The normalised probability distribution functions of gas mass density, p (top row), tempera-
ture, T (middle row), metallicity Z; (bottom row) as a function of the halo mass. The population of galax-
ies in filaments (1, 825), filament-void transition region (3, 434), and voids/walls (10, 183) is shown in the
first three columns, respectively. The last two columns show the ratios of the fil-voids transitg, and
the voids/wallg, to the £ilg, population. The colour bars in the ratio panels indicate the relative sup-
pression (blue) or enhancement (red) of the thermodynamic quantity of the filament galaxies with respect
to transition or voids/walls galaxies. We find that the overdense intrafilamentary environments hosting the
filg, population show up to a factor of 10X higher gas densities, 12x higher temperatures, and 8x higher
metallicities compared to both the transitional and voids/walls populations.

the maximum mean deviation is 20% at ~ 0.45 X Rpom, Whereas for medium and highest halo
mass bins, the maximum mean deviation of 40% and 25% is at ~ 0.3Rypom and ~ 0.5R0om,
respectively.
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Interestingly, we also find that the voids/walls and the transition galaxies are X-ray fainter
than the mean XSB profiles. In the fil-voids transit,, case, for all halo mass bins, the
maximum mean deviation is between —(10 — 20)% at ~ (0.2 — 0.3) X Rspom. This trend becomes
weaker for the voids/wallg, populations, where all the XSB profiles are fainter than the mean
profiles by less than 10% across all halo mass bins.

We delve deeper into understanding the non-negligible XSB excess in the filamentary galax-
ies with respect to those in voids/walls and the transition galaxies by exploring the primary
quantities affecting the X-ray emission, which are the underlying thermodynamic quantities, as
further detailed in the following section.

4.5 Thermodynamic properties of the simulated CGM

We investigate the thermodynamic properties of the hot gas (T > 5 x 10° K)’ around galaxies,
given the dependence of X-ray emission on the gas density, p, temperature, 7', and metallicity,
Zmet> as shown in Eq. 4.1.

In Fig. 4.5, we present the radial profiles of p (top panel), T (middle panel), and Z,,.; (bottom
panel) for galaxies in filaments, voids/walls, and the transitional region, for increasing halo mass
bins (left to right columns). These profiles are computed in 3D using volume-weighted averages
of gas cell properties, which account for the moving-mesh refinement criterion of the AREpo code.
Since ARePO employs a fixed mass threshold for gas cells (Weinberger et al., 2020), resulting in a
wide range of cell volumes, volume-weighting ensures that our results are not biased by irregular
Voronoi cell sizes, unlike mass-weighted profiles.

For the highest halo mass bin, the mean radial T and Z,, profiles are approximately 10%
higher in filament galaxies than in voids/walls or the transition population, while mean density
profiles show a modest enhancement at r > 0.2 R,y,. However, significant scatter exists around
the mean profiles across environments (see also Fig. 5 in Truong et al. 2023). To capture the full
distribution of thermodynamic properties beyond averages, we compute probability distribution
functions (PDFs).

Using the radial profiles in Fig. 4.5, we calculate the average p, T, and Z,,; within Ry, for
each galaxy. Figure 4.6 shows the resulting normalised PDFs as a function of halo mass. The
top, middle, and bottom rows display p—M>0om, T—M200m» and Zye.—Mooom, respectively. The first
three columns correspond to galaxies in filaments (left), the filament—void transition region (mid-
dle), and voids/walls (right). The last two columns show fractional differences with respect to
filaments: transition vs. filaments (column four) and voids/walls vs. filaments (column five). The
colour bars in the ratio panels indicate the relative suppression (blue) or enhancement (red) with
respect to the filament galaxies. Across all three thermodynamic quantities, filament galaxies
exhibit systematic enhancements compared to other large-scale environments. More specifically,
galaxies in filaments are up to a factor of 10x more likely to have higher gas densities, 12X more

"To ensure that we only include gas cells that physically emit in X-rays, we exclude star-forming gas cells and
gas cells with densities above 1072 g/cm?® (see Shreeram et al. 2025c¢, Sec. 3.1 and Truong et al. 2020, Appendix
B-C).
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likely to have higher temperatures, and 8x more likely to have higher metallicities than galaxies
in transition regions or voids/walls.

4.6 Discussion on filament galaxies being X-ray brighter than
the galaxies in voids/walls

We now interpret these results in the context of their physical origin and implications for X-
ray emission. From Fig. 4.6, we find systematic enhancements of thermodynamic properties in
filament galaxies compared to galaxies in transition regions or voids/walls.

The environmental contrasts in the thermodynamic quantities are strongest for halos in the
intermediate-to-high mass range (10'>° My < My < 1033 M), where the PDF ratios of
filament galaxies relative to voids/walls or transition regions exceed them by 50-70% across
all three thermodynamic quantities. Because density, temperature, and metallicity directly de-
termine X-ray emissivity (Eq. 4.1), these results provide a possible physical explanation for the
enhanced X-ray emission in filament galaxies observed in Fig. 4.4. Specifically, galaxies in fil-
aments statistically inhabit halos with hotter, denser, and more metal-enriched circumgalactic
media, making them more X-ray luminous than comparable galaxies in transition regions or
voids/walls.

It is important to emphasise that the trends reported here are specific to the IllustrisTNG
framework developed in this chapter and in Chapt. 2. While the TNG simulations provide state-
of-the-art models for galaxy formation and the CGM, the quantitative results may depend on the
underlying subgrid physics and feedback prescriptions implemented in this particular simulation.
A natural extension of this work will be to test the robustness of our conclusions against other
hydrodynamical suites (e.g., see Sec. 1.4.1), in order to establish whether the environmental
dependencies identified here represent generic physical behaviour or are model-specific features.

In the following, we briefly discuss other quantities that may impact X-ray emission. Another
possibility for the £il,, population being X-ray brighter could be higher hot gas fractions. The
importance of higher hot gas fractions on the X-ray brightness (and their detectability) of galaxy
groups (> 10'* M) in Magneticum is discussed in Marini et al. (2025), where they show that
X-ray bright groups are driven by higher hot gas fractions, alongside a steady accretion history
and are located in overdense environments. Future work could jointly explore the impact of the
assembly history on the hot gas fractions of the galaxies in different environments.

Finally, another possibility for enhanced X-ray emission from the filg, population, given
their denser environment than void galaxies, could be from gas clumping (Nagai & Lau, 2011)®
or from penetrating gas streams (van de Voort & Schaye, 2012; Zinger et al., 2016). Particularly,
the energy that is carried by infalling hot gas is dissipated and eventually radiated in X-rays at
r 2 70 kpc (e.g., see Fig. 14 in Nuza et al. 2014); thereby affecting the XSB in the low-redshift
universe. Another way to probe the past and present gas accretion activity of a galaxy can be
tested using galaxy connectivity as a proxy (Kraljic et al., 2020). Precisely, Galarraga-Espinosa

8While Nagai & Lau (2011) demonstrate gas clumping to be important in cluster outskirts, this could also play a
role for intrafilamentary environments.
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et al. (2023) demonstrate that galaxy connectivity is impacted by the large-scale environment,
galaxy mass, and the local density, which they show to impact the star-formation rate of the
galaxy. A future work that studies the contributions to the X-ray emission from infalling streams,
as probed by galaxy connectivity, gas accretion rate, and gas clumping for the filament vs void
galaxies, could illuminate whether these play an additional role in enhancing the X-ray emission
in filament galaxies.

4.7 Conclusions and summary

In this chapter, we use an IllustrisTNG-based lightcone, LC-TNGX, to study the impact of the
LSE on the hot gas properties of galaxies. We self-consistently generate mock X-ray observa-
tions within the LC-TNGX (Shreeram et al. 2025¢ and Chapt. 2). We apply DisPerSe on the
galaxy distribution to identify the cosmic filaments within LC-TNGX and thereby classify the
central galaxies into different LSE. These are as follows: galaxies in cluster and group out-
skirts (clu-out,,), galaxies in filaments (fily, ), galaxies in the filament-void transition region
(fil-voids transit,,), and galaxies in voids and walls (voids/wally,). We also study the
effect of LSE in different halo mass bins. The main findings of this work are summarised below.

1. We show that the galaxies in cluster-outskirts are > 30" brighter than the other populations
at > 0.7Ry0om at lower halo masses (Mg, < 10'>° My). Although this trend is < 30
significant for higher halo masses (Msy, > 10'>°M,), we find that the trend of cluster
outskirts being brighter than their counterparts at large radii persists (Fig. 4.3). This strik-
ing feature of XSB profiles from galaxies in cluster outskirts being brighter is attributed to
their close proximity to a cluster, where the emission from the ICM in the cluster outskirts
begins to dominate the profile at these radii. We highlight the importance of this effect
when studying the population of halos near clusters in X-ray stacking experiments.

2. We find that the filament galaxies are X-ray brighter than the galaxies in voids/walls and
in the transitional region between them. More precisely, independent of the halo mass
bins considered here, the XSB profiles of filament galaxies are X-ray brighter between
~ (0.3 = 0.5) X Rypom by 20 — 45% (Fig. 4.4). We investigate the source of this brightness
by exploring the thermodynamic properties (p, 7, and Z) of the hot gas in these galaxies
in these different environments. We find that the filament galaxies show significantly en-
hanced thermodynamic properties compared to those in transition regions or voids/walls,
providing a possible physical explanation for the enhanced X-ray emission in filament
galaxies. They are up to 10x more likely to exhibit higher gas densities, 12X more likely
to have higher temperatures, and 8x more likely to show elevated metallicities. These
differences peak in the 10'>° My, < My, < 1035 M, range, where ratios of the proba-
bility density functions across all quantities are consistently 50—70% higher for filament
galaxies.

Our findings highlight the importance of environmental effects in interpreting the hot CGM
in X-rays. The framework developed here opens several promising avenues for future work. On
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the observational side, with improved spectral resolution from ongoing/upcoming missions like
XRISM (Tashiro et al., 2020) and NewAthena (Barret et al., 2020; Cruise et al., 2025), and the
already available depth of eROSITA data (Merloni et al., 2024), it is feasible to search for an X-
ray excess in filament galaxies using stacking techniques (e.g., Zhang et al. 2024a) by including
LSE classification with ongoing/upcoming stage-4 surveys (e.g. Euclid, 4MOST, DESI, PES).
Additionally, future work should explore the energy dependence of the XSB profiles in the soft X-
ray regime (0.2—1 keV), particularly for halos with Mg, < 10> My, to better probe the impact
of the LSE on lower mass halos in X-rays. On the theoretical side, future studies exploring the
effects of gas clumping (Nagai & Lau, 2011; Zhuravleva et al., 2013; Avestruz et al., 2016),
infalling hot streams (Zinger et al., 2016), mass assembly history (Marini et al., 2025), galaxy
connectivity (Galdrraga-Espinosa et al., 2023), and impact of filament morphology (Galarraga-
Espinosa et al., 2024; Yu et al., 2025) on filament galaxies could further elucidate the mechanisms
driving enhanced X-ray emission in filaments. The work developed here lays the groundwork for
jointly constraining CGM properties with the impacts of the cosmic web, key for understanding
galaxy formation in a cosmological context.



Chapter 5

Conclusions and Outlook

The hot circumgalactic medium, as probed by X-ray observations, is the most massive and
volume-filling phase in halos above 10" Mg. The eROSITA X-ray telescope provides the high-
est signal-to-noise view of the hot CGM to date, where large-area overlapping optical surveys
combined with X-ray stacking experiments allow us to detect the hot CGM emission out to the
virial radius around Milky Way— and M31-like galaxies (Zhang et al., 2024a,b). Although X-
ray stacking represents one of the most sensitive methods for probing the hot CGM currently,
these measurements are affected by observational and projection effects that need to be better
understood. This motivates the need for forward modelling the hot CGM with large statistics to
disentangle intrinsic CGM signals from observational biases, which is one of the primary goals
achieved in this thesis.

In this thesis, we have developed and implemented a forward-modelling framework to inter-
pret the extended X-ray emission from the hot CGM around galaxies. We model the hot CGM
gas emission using the IllustrisTNG hydrodynamical simulations (Pillepich et al., 2018b; Mari-
nacci et al., 2018; Naiman et al., 2018; Nelson et al., 2015; Springel et al., 2018), with a box of
side length 302.6 Mpc; this provides us a large enough box size to encompass the effects of the
cosmological large-scale structure (LSS) and also accounts for the complexities introduced by
feedback and cooling, inherent to the hot CGM on small scales. Using TNG300, we construct
a lightcone, for which we developed the publicly available LightGen code, and generate mock
X-ray observations, so-called LC-TNGX, as presented in Chapt. 2 and applied to eROSITA data
in Chapt. 3. LC-TNGX is constructed with the box remap technique (Carlson & White, 2010),
and spans across redshifts 0.03 < z < 0.3, motivated by hot CGM observations in the local Uni-
verse (e.g. Comparat et al. 2022; Chadayammuri et al. 2022; Zhang et al. 2024a). It goes out
to 1231 comoving Mpc (cMpc) along the x-axis, subtending an area of 47.28 deg? on the sky in
the y-z plane. The LC-TNGX is a novel tool that forms the basis for the various aspects of the
hot CGM studied in this thesis. Using LC-TNGX, we map the hot CGM around a wide range of
halo masses embedded in the LSS.

The Chapt. 2, 3, and 4 presented in this thesis, alongside accompanying works Shreeram et al.
(2025c¢,a,b), analyse the average X-ray surface brightness (XSB) profiles of central and satellite
galaxies across different stellar and halo mass bins using LC-TNGX. The X-ray information
is self-consistently generated within the LC-TNGX lightcone in the 0.5-2.0 keV band using
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pyXsim, assuming a hot gas emission model in collisional ionization equilibrium. This enables
a self-consistent estimate of X-ray emission at the gas cell level, which is done for the first time
in a lightcone configuration. The photons are projected onto the sky, and intrinsic XSB profiles
are measured within R,y of each halo, centred on the projected galaxy positions; this way, we
mimic the observationally implemented stacking strategy to get average XSB profiles within a
given stellar/halo mass and redshift range.

In Chapt. 2, we address the following question. How do projection effects impact the hot
CGM as measured in X-rays? The motivations for answering this question are as follows. To
test theoretical predictions of the hot CGM against X-ray observations requires accounting for
several projection effects that contaminate stacking analyses. Key effects include X-ray emis-
sion from the locally correlated large-scale structure (L.SS), misclassification of satellite galaxies
as centrals due to redshift uncertainties, offsets between the X-ray centre and the halo potential
minimum, and line-of-sight contamination from uncorrelated foreground and background struc-
tures. Chapter 2 investigates these effects in detail using the LC-TNGX simulation to enable a
robust interpretation of hot CGM X-ray measurements. The main conclusions from this chapter
are summarised as follows.

1. We present an analytical model (Eq. 2.7) that well-describes the intrinsic S x-profile in
LC-TNG300 across the stellar mass bins 10'%-1"M,, 10''-1-2M_, and 10'!*~'M,, and
halo mass bins of 10'25-13M, 10'3-135M,, and 10'*>*M,. We provide the best-fitting
parameters for the analytical model in Tab. 3.1 and Tab. 2.4 for the stellar and halo mass
bins explored in this work.

2. We carry forward the current state-of-the-art modelling analysis presented in Oppenheimer
et al. (2020) by also showing the impact of the locally correlated environment on the mea-
sured X-ray surface brightness profiles.

3. We present, for the first time, the effect of misclassified centrals in stacking experiments
for three stellar mass bins: 10'%3-1"M,, 10''-112M_, and 10'>-11>M,. We find that the
contaminating effect of the misclassified centrals on the stacked profiles increases when
the stellar mass decreases.

4. For the MW-like galaxies, we conclude that the contribution of satellites (or misclassified
centrals) can not be neglected in stacking analysis (see Fig. 2.10). In cases where 30%,
10%, or 1% of the satellites contribute to the total emission of MW-like galaxies, we
have shown that they dominate the measured total Sy profile at radii > 0.11 X Rsgo., >
0.24 X Rsoc, and > 1.04 X Rs., respectively.

5. We report the mean offset between the centre of the halo defined using the X-ray peak, and
that obtained from the minimum of the halo potential is 70 kpc.

In Chapt. 3, we address the following question. Can we recover hot CGM physics from
eROSITA X-ray stacks? With our understanding of projection effects from Chapt.2, we develop
in Chapt.3 a forward model for the stacked X-ray radial surface brightness profiles around MW-
mass galaxies in eROSITA data. Our model includes two emitting components: hot gas (from
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both central galaxies and satellites in more massive halos) and X-ray point sources (X-ray bina-
ries and AGN). We show that, for a fixed mean stellar mass, doubling the mean halo mass leads
to a ~ 4X increase in the stacked X-ray luminosity of the hot CGM, highlighting the tight cor-
relation between the gas physics shaping the observed hot CGM and the underlying halo mass
distribution in stellar-mass-selected stacking experiments. This work provides a novel technique
to jointly constrain the mean AGN X-ray luminosity and the radial hot CGM gas distribution
within halos, using X-ray stacking measurements as a new benchmark. Alongside advances in
understanding how different stellar and AGN feedback prescriptions impact hot CGM proper-
ties (Lau et al., 2024; Medlock et al., 2025), we emphasise the crucial role of the halo mass
distributions in shaping the hot CGM probed in X-ray observations. The detailed conclusions
from Chapt. 3 are are summarized as follows:

1. We test the impact of the underlying halo mass distribution on the TNG-based prediction
for corresponding X-ray surface brightness profiles. We do so by generating multiple
mock galaxy catalogues using LC-TNG300, matched in stellar mass and redshift to the
Fully,o galaxy catalogue, however, with different underlying halo mass distributions
(Sec. 3.4.3; Fig. 3.1). Namely, the three models obtained by varying the halo mass
distribution are as follows: model 1 leaves the LC-TNG300 halo mass distribution
unchanged, model 2 and 3 change the underlying halo distribution by excluding the
10% and 30% most massive halos from the original LC-TNG300 halo mass distribution,
respectively. We show that the shape and normalization of the hot CGM X-ray surface
brightness profiles are impacted by varying the halo mass distributions, where discarding
the most massive halos from the underlying halo distribution results in steeper profiles
with lower normalization. More precisely, we find that a factor ~ 2X increase in the
mean value of the underlying halo mass distribution results in ~ 4X increase in the X-ray
luminosity from the hot CGM.

2. We fit for the stacked X-ray radial surface brightness profile by eROSITA around MW-
mass galaxies from Zhang et al. (2024a) with our forward models. Our model contains
two emitting components (Eq. 3.1-3.3): hot gas (around central galaxies and around
satellite galaxies hosted by more massive halos) and X-ray point sources (X-ray binaries
and Active Galactic Nuclei). For three forward models, we compute the X-ray luminosity
from point sources, Ly ps, and CGM (see results in Tab. 3.1). Using the empirical
estimates for the expected luminosity from XRB (Sec. 3.5.1) and AGN (Sec. 3.5.2) for
MW-mass galaxies, we put constraints on the permissible values of Ly ps contribution
to the X-ray stack (see Fig. 3.1). This analysis favours model three, which has a mean
Msoom = 3.5 x 10'2 My, implying that the hot CGM component allows for a point source
component with a mean AGN luminosity that agrees with empirical estimates from the

low redshift universe. We focus our results on model three for all the following discussions
of the hot CGM.

3. By integrating the area under the mean X-ray surface brightness profile from the
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central galaxy hot CGM component within Rsy., we obtain an X-ray luminosity,
Ly com = 1.69703% x 10* ergs/s. We also show the residual plot of the per cent deviation
of the data from our model, where the discrepancies within the 50 — 105 kpc range are
within 15% (Fig. 3.3). We find that at < 40 kpc, the hot CGM from central galaxies
and the X-ray point sources emission from XRB and AGN each account for 40 — 50%
of the total X-ray emission budget, respectively (Fig. 3.5). At larger radii > 40 kpc,
the contribution from the emission around satellites dominates the total X-ray emission,

thereby explaining the overall flattening in the measurements.

. We compare our results with the other hot CGM measurements presented in Zhang

et al. (2024a), based on a different optical galaxy catalogue, namely from the SDSS
spectroscopic survey (see comparison in Fig. 3.6). Our TNG-based forward model of
the hot CGM prediction broadly agrees with the hot CGM measurement from Zhang
et al. (2024a). The Ly, cgm measured between the two works is consistent. We note that
the halo mass distributions of the two samples are similar mean values, where the mean
Mogom = 3.5 X 10'* M, for our forward model 3 and the mean M5~ ~ 3 x 10'> M. This
result further emphasises the importance of the underlying halo mass distribution when

comparing hot CGM profiles across different observations and simulation-based models.

Finally, in the final Chapt. 4, we address the following question. How does the large-scale

cosmic web impact the X-ray emitting CGM? While key physical processes shaping the hot
CGM have been widely studied, the influence of a galaxy’s large-scale cosmic environment on
the hot gas content remains less explored. In Chapt.4, we investigate how the large-scale cosmic
web affects the X-ray surface brightness (XSB) profiles of galaxies using the IllustrisTNG-based
lightcone, LC-TNGX, first developed in Chapt.2. We apply the filament finder DisPerSE to the
galaxy distribution within LC-TNGX to identify cosmic filaments and classify central galaxies
into five large-scale environment (LSE) categories: clusters and massive groups, cluster outskirts,
filaments, filament-void transition regions, and voids/walls. The main findings from this work
are as follows:

1. We show that the galaxies in cluster-outskirts are > 30" brighter than the other populations

at > 0.7Rpm at lower halo masses (M, < 10'>° My). Although this trend is < 30
significant for higher halo masses (Myoom > 10'>°M,), we find that the trend of cluster
outskirts being brighter than their counterparts at large radii persists (Fig. 4.3). This strik-
ing feature of XSB profiles from galaxies in cluster outskirts being brighter is attributed to
their close proximity to a cluster, where the cluster outskirt begins to dominate the profile
at these radii. We highlight the importance of this effect when studying the population of
halos near clusters in X-ray stacking experiments.

. We find that the filament galaxies are X-ray brighter than the galaxies in voids/walls and

in the transitional region between them. More precisely, independent of the halo mass
bins considered here, the XSB profiles of filament galaxies are X-ray brighter between
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~ (0.3 = 0.5) X Rypom by 20 — 45% (Fig. 4.4). We investigate the source of this brightness
by exploring the thermodynamic properties (o, T, and Z) of the hot gas in these galaxies
in these different environments. We find that the filament galaxies show significantly en-
hanced thermodynamic properties compared to those in transition regions or voids/walls.
They are up to 10x more likely to exhibit higher gas densities, 12X more likely to have
higher temperatures, and 8x more likely to show elevated metallicities. These differences
peak in the 10'2° My < Mygom < 10" M, range, where ratios of the probability density
functions across all quantities are consistently 50—70% higher for filament galaxies.

Taken together, the investigations presented in Chapt. 2, Chapt. 3, and Chapt. 4 provide a
comprehensive framework for interpreting the X-ray emission from the hot CGM in the era of
wide-area surveys like eROSITA. In Chapt. 2, we quantify crucial projection effects—such as
contamination from correlated LSS, misclassified centrals, which must be accounted for when
connecting simulations to stacked X-ray observations. Building on this understanding, Chapt. 3
demonstrates that the X-ray luminosity of the hot CGM is highly sensitive to the underlying halo
mass distribution in stellar-mass-selected samples, and develops a forward modelling framework
that jointly constrains both hot gas properties and AGN contributions. Finally, Chapt. 4 extends
the analysis to the cosmic web, revealing that the large-scale environment imprints measurable
signatures on the X-ray profiles of galaxies, with galaxies in filament environments producing
significantly enhanced X-ray emission and thermodynamic properties. Altogether, these works
highlight the intricate interplay between baryonic physics, halo demographics, and the cosmic
environment, offering new pathways to leverage X-ray stacking analyses as precise probes of the
diffuse hot CGM in galaxy halos.

5.1 Outlook

Modelling observed CGM profiles and comparing them with simulations is an active field that has
been attracting increasing interest in recent years (Oppenheimer et al., 2020; Truong et al., 2023;
Vladutescu-Zopp et al., 2024; Marini et al., 2024; Shreeram et al., 2025c,a,b; Grayson et al.,
2025). This is due to its crucial role in constraining galaxy formation models and improving our
understanding of how feedback and physics prescriptions affect the hot CGM and the baryon cy-
cle (Péroux & Howk, 2020). Current state-of-the-art cosmological hydrodynamical simulations,
calibrated to reproduce the galaxy stellar mass functions, successfully produce realistic galaxy
populations. Yet differences persist in the prediction of the gas properties at MW-mass to galaxy
group-mass scales, see e.g, Davies et al. (2020b); Truong et al. (2023); Khrykin et al. (2024);
Wright et al. (2024); Popesso et al. (2024c); Lau et al. (2024); Medlock et al. (2024) as observed
in the CGM at Milky Way masses, due to variations in feedback and baryonic physics imple-
mentations across different simulations. The hot CGM, probed by X-ray observations, provides
a powerful benchmark to inform simulations (Zhang et al., 2024a,b). Alongside the progress in
our understanding of how various stellar and AGN feedback prescriptions impact the hot CGM’s
properties, our work (Shreeram et al., 2025a) highlights another vital ingredient when comparing
simulations with X-ray observations: the sensitivity of the X-ray CGM properties to the under-
lying halo mass distribution, stellar mass and redshift. The model and methodology developed
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in this thesis provide the machinery for systematic comparisons of hot CGM profiles with data
and across simulations. Future work applying the data-comparison framework established here
to other state-of-the-art cosmological hydrodynamical simulations (e.g., EAGLE (Crain et al.,
2015; Schaye et al., 2015), FLAMINGO (Schaye et al., 2023b), Magneticum (Dolag et al., 2005;
Beck et al., 2016), SIMBA (Davé et al., 2019)) is required to self-consistently test the impact of
different baryonic physics implementations across simulations.

On the observational side, going beyond current X-ray stacking measurements from e.g.,
Zhang et al. (2024a); Popesso et al. (2024c¢), upcoming X-ray missions like NewAthena (Nandra
et al., 2013; Barret et al., 2020; Cruise et al., 2025), and HUBS (Cui et al., 2020) will extend
detection limits, delivering higher spatial and spectral resolution, better point-source contamina-
tion control, and the sensitivity to detect fainter surface brightness levels. These capabilities will
improve measurements of the hot CGM at higher redshifts and enable more precise comparisons
with simulated spatially resolved hot gas distributions around MW-mass galaxies. The knowl-
edge of projection effects (i.e., misclassified centrals, the local environment, emission from X-ray
point sources; Chapt. 2 and Shreeram et al. 2025¢) quantified in this thesis is a step toward fully
exploiting these current and upcoming datasets, aiming to better interpret the hot X-ray CGM
measurements in stacking experiments.

One of the outstanding challenges in the current paradigm of galaxy formation and evolu-
tion models implemented in hydrodynamical simulations is to jointly constrain the microscopic
scales (e.g., subgrid model physics) and their impact on the diffuse gas within the halo (Crain
& van de Voort, 2023). Our work in Chapt. 3 and accompanying paper Shreeram et al. (2025a)
provides a new and novel technique to constrain the mean AGN X-ray luminosity of a galaxy
sample jointly with the radial hot CGM gas distribution within the halo using the X-ray hot CGM
(stacking) measurements as a new benchmark. Our forward model comparison with data opens a
new perspective to constrain AGN feedback mechanisms using observationally motivated limits
on allowed X-ray AGN luminosities at MW-mass scales. Future work on testing AGN feed-
back models in simulations with observationally permitted AGN X-ray luminosities offers a new
avenue for refining sub-grid AGN physics (see e.g. Alexander & Hickox, 2012).

Our findings on the importance of environmental effects studied in Chapt. 4 for interpreting
the hot CGM in X-rays open several promising directions. With the improved spectral resolution
from missions like XRISM (Tashiro et al., 2020), NewAthena (Barret et al., 2020; Cruise et al.,
2025), and the depth of eROSITA data (Merloni et al., 2024), it becomes feasible to search for
X-ray excesses in filament galaxies using stacking techniques (e.g. Zhang et al., 2024a) com-
bined with LSE classification from stage-4 surveys such as Euclid, 4MOST, DESI, and PFS.
Future work should also explore the energy dependence of X-ray surface brightness profiles
in the soft band (0.2-1keV), particularly for halos below 10'2 Mg, to better probe the influ-
ence of large-scale structure on low-mass systems. On the theoretical side, further studies of
gas clumping (Nagai & Lau, 2011; Zhuravleva et al., 2013; Avestruz et al., 2016), infalling hot
streams (Zinger et al., 2016), mass assembly history (Marini et al., 2025), galaxy connectiv-
ity (Galarraga-Espinosa et al., 2023), and filament morphology (Galarraga-Espinosa et al., 2024;
Yu et al., 2025) can help elucidate mechanisms driving enhanced X-ray emission in filaments.
The tools and insights developed in this thesis lay the groundwork for jointly constraining CGM
properties alongside the influence of the cosmic web, which is fundamental for understanding
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galaxy formation within its cosmological context.

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 effects, and robust and cautious comparisons across multiple hy-
drodynamical simulations. The methods and models developed here provide a critical framework
for interpreting current and future X-ray surveys, enabling us to disentangle the complex inter-
play of baryonic physics, AGN feedback, halo demographics, and the cosmic web in shaping
the hot gas around galaxies. As new data arrive from next-generation missions, alongside in-
creasingly 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, quantifying environmental impacts, and constraining the
diverse mechanisms governing baryon cycles offer an exciting frontier where theory and obser-
vation converge to refine our models of galaxy formation and evolution.
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