X-ray Emission of Simulated Galaxies -
From Stars to Cosmic Filaments

Stephan Vladutescu-Zopp

Muinchen 2024






X-ray Emission of Simulated Galaxies -
From Stars to Cosmic Filaments

Stephan Vladutescu-Zopp

Dissertation
an der Fakultat fiir Physik
der Ludwig—Maximilians—Universitat
Miinchen

vorgelegt von
Stephan Vladutescu-Zopp
aus Rosenheim

Miinchen, den 14.11.2024



Erstgutachter: Prof. Dr. Klaus Dolag
Zweitgutachter: Prof. Dr. Rolf Kudritzki
Tag der miindlichen Priifung: 08.01.2025



Zusammenfassung

Viele der physikalischen Prozesse, die den Aufbau und die Entwicklung groBraumiger Struk-
turen im Universum steuern, setzen Strahlung im Rontgenbereich frei. Von diesen Strukturen
sind Galaxien besonders interessant, da in ihnen optimale Bedingungen fiir jene Prozesse herr-
schen. Zum Beispiel wird das interstellare Medium (ISM) von Supernova (SN) Explosionen,
den Winden massereicher Sterne, sowie der intensiven Strahlung des zentralen supermassiven
schwarzen Lochs (SMBH) aufgeheizt. Des Weiteren konnen Rontgendoppelsterne, die durch
Akkretionsprozesse an kompakten Objekten (CO) ihre Leuchtkraft erlangen, als Punktquellen in
den Sternenfeldern von Galaxien beobachtet werden. Gleichzeitig wird grordumig verteiltes
Gas im Gravitationspotential des zugrundeliegenden Halos dunkler Materie aufgeheizt. Dieses
Reservoir an heilem Gas reguliert, zum Beispiel, die Sternentstehungsrate im Inneren des Ha-
los. Alle hier genannten Phinomene konnen im Rontgenstrahlenbereich beobachtet werden und
bilden einen wichtigen Eckpfeiler fiir unser Verstandnis von Strukturbildung im Universum.

Zu den aufgezeigten Beobachtungen konnen moderne kosmologische hydrodynamische Si-
mulationen eine erginzende Funktion einnehmen, da sie morphologische und hydrodynamische
Eigenschaften von Galaxien und deren Umgebung im Kiloparsec-Bereich auflosen konnen. Der
Fortschritt in der numerischen Astrophysik ermoglicht es, realistische Umgebungsbedingungen
fiir Galaxienentwicklung zu schaffen, sodass detaillierte Analysen mit dem Informationsgehalt
des gesamten Phasenraums durchgefiihrt werden konnen. In dieser Arbeit stellen wir eine
Analyse der Rontgeneigenschaften von simulierten Galaxien aus der modernen kosmologischen
Simulationsreihe Magneticum Pathfinder vor. Dabei nutzen wir ein virtuelles Rontgenobservato-
rium genannt PHox, welches die intrinsischen Eigenschaften der Simulation nutzt, um realistische
Pseudobeobachtungen im Rontgenbereich zu produzieren. Das Novum in unserer Analyse basiert
auf der Entwicklung eines numerischen Modells, das die stellare Komponente kosmologischer
Simulationen nutzt, um realistische Abbilder von Rontgendoppelsternpopulationen zu generieren.

Teil I beginnt mit einer allgemeinen Einleitung iiber fundamentale Prinzipien der Gala-
xienentwicklung sowie physikalischer Prozesse, die die Kiihlung von astrophysikalischen Gasen
beschreiben. Im Nachhinein geben wir einen Uberblick iiber Beobachtungen der verschiedenen
GroBenskalen von Galaxien im Rontgenbereich, die vom ISM bis zum zirkumgalaktischen Me-
dium (CGM) reichen. Wir schlieen Teil I mit einer detaillierten Beschreibung der Entstehung
und Entwicklung von Rontgendoppelsternen sowie der relevanten Akkretionsprozesse.

In Teil II préasentieren wir zunédchst die numerische Implementierung physikalischer Model-
le in Magneticum anhand der Sternentstehung und Energieriickkopplung des SMBH und be-
schreiben die Konvertierung von Simulationsdaten zu Pseudobeobachtungen im Rontgenbereich.
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Darauffolgend beschreiben wir unser neues Modell zur Darstellung von Rontgendoppelsternen
mithilfe der Eigenschaften der kosmologischen Simulation. Wir fiihren verschiedene Priifun-
gen unseres Modells durch, um die korrekte Darstellung empirischer Relationen und raumlicher
Verteilung von Rontgendoppelsternen in simulierten Galaxien zu gewihrleisten. Des Weite-
ren zeigen wir, dass unser Modell korrekte Rontgenspektren von Galaxien erzeugt und dass
der Beitrag von Rontgendoppelsternen den Ergebnissen von Beobachtungen entspricht. Darauf
aufbauend untersuchen wir die Flichenverteilung der Leuchtkraft im Rontgenbereich von simu-
lierten Galaxien, wobei unser Modell wichtige Einblicke in mogliche Kontaminationsquellen im
CGM gibt. Wir zeigen, dass etwa 10% der Leuchtkraftverteilung nahe des Virialradius einer
Galaxie auf Rontgendoppelsterne zuriickgefiihrt werden kann. Zusétzlich ist die Normalisierung
der Leuchtkraftverteilung in Galaxien mit hohen Sternentstehungsraten grofer als in solchen mit
niedrigen Raten. Die maximale rdumliche Ausdehnung der Leuchtkraftverteilung ist auBerdem
abhingig vom Massenanteil und der mittleren Temperatur des heilen Gases der Galaxie sowie
von der Gesamtmasse an Sternen. Unter nidherer Betrachtung der Gaskomponente stellen wir
quantitativ steilere Leuchtkraftverteilungen in simulierten als in realen Galaxien fest, wobei die
Steigung mit der Gesamtleuchtkraft im Rontgenbereich und dem Massenanteil an heilem Gas
positiv korreliert. Interessanterweise weist die momentane Akkretionsrate des zentralen SMBH
Korrelationen mit denselben Parametern auf, was auf die regulierenden Eigenschaften des SMBH
im Zusammenhang mit Galaxienentwicklung hindeutet. Trotz der steileren Leuchtkraftverteilung
ist die Gesamtleuchtkraft der simulierten Galaxien als Funktion der Virialmasse im Einklang mit
beobachteten Relationen.

In Teil IIT fokussieren wir unsere Analyse auf filamentartige Netzwerke der Materie, welche
groBriumige Strukturen miteinander verbindet. Das diinne Plasma innerhalb dieser Filamente
zeigt lediglich schwache Abstrahlung im Rontgenbereich und wird von Galaxien und Gala-
xienhaufen tiberstrahlt. Daher prisentieren wir eine vorldufige Studie zu den Fihigkeiten von
zukiinftigen Rontgenteleskopen, die sich der Mikrokalorimetrie bedienen, um mit hoher spek-
traler Auflosung die schwache Emission der Filamente zu erschlieBen. AbschlieBend fassen wir
unsere Ergebnisse in Teil IV zusammen und zeigen Perspektiven fiir zukiinftige Studien mit unse-
rem Modell auf. Diese beinhalten unter anderem Synergien zwischen rdumlich hochauflosenden
Rontgen- und Infrarotteleskopen, welche die Beschreibung von Rontgendoppelsternen in simu-
lierten und realen Galaxien verbessern werden. Au3erdem kann der genaue Beitrag von Galaxien
und Rontgendoppelsternen zum kosmischen Rontgenhintergrund abgeschitzt werden.



Abstract

Many of the physical processes governing the assembly and evolution of structures in the universe
release radiation in the X-ray regime. Galaxies, in particular, exhibit the necessary conditions for
these processes. For instance, the interstellar medium (ISM) is heated and ionized by shockwaves
of Supernova (SN) remnants, by the intense winds of massive stars, and by the intense radiation
and energy deposition of an actively accreting Super Massive Black Hole (SMBH) in the galactic
center. Point-like X-ray Binary (XRB) sources observed in the stellar field of galaxies are
associated with binary stars containing a compact object (CO) where gravitational and orbital
interaction funnel material onto the CO via a viscously heated accretion disc. Lastly, the gas
surrounding each galaxy from the primordial assembly is heated by the gravitational potential
well of the galaxy’s dark matter halo and acts as a recycling agent for star formation processes
in the inner halo. Therefore, X-ray observations of galaxies are an important cornerstone for
our understanding of structure formation and processes governing the cooling and heating of
astrophysical plasmas.

Observations are complemented by cosmological hydrodynamical simulations which are able
to resolve morphological features and hydrodynamic properties of the gas within galaxies down
to kiloparsec scales and provide realistic environments for their evolution. The tremendous
progress in the field of computational astrophysics provides a controlled physical representation
of galaxy evolution which can be analyzed in depth using the full phase-space information of
such simulations. In this work, we present an analysis of X-ray properties of simulated galaxies
from the state-of-the-art hydrodynamical cosmological simulation suite Magneticum Pathfinder
and also connect them to the large-scale environment. We make use of the virtual X-ray photon
observatory PHox which converts the intrinsically tracked properties of the simulation to produce
a realistic X-ray mock observation. The novelty in our analysis lies in the development of a new
numerical model that produces realistic XRB sources for X-ray mock observations of the stellar
component in the simulation.

In Part I of the thesis, we begin with a general introduction to the main principles of galaxy
formation and the main physical processes governing the cooling of astrophysical gas. We follow
up with an overview of X-ray observations on various scales ranging from their ISM to the
circum-galactic medium (CGM) and describe the formation and evolution of XRB sources in
much greater detail also touching on the main aspects regarding accretion physics.

In the following Part II, we start by presenting implementation details of the physical models
included in Magneticum, i.e. star formation and SMBH feedback, and describe the process
of converting the simulation output into realistic X-ray mock observations. We continue with
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an in-depth description of our new model which produces realistic XRB populations from the
stellar component of the simulation. We perform various tests to confirm that the modeled XRB
populations follow empirically derived X-ray scaling relations and the appropriate stellar age
distribution within the simulated galaxy. Furthermore, we show that the inclusion of this new
approach for XRB sources produces galaxy X-ray spectra that are in perfect agreement with
observations. Our model predicts the correct relative contribution of XRB towards the X-ray
spectrum. As a follow-up, we then investigate the surface brightness (SB) of simulated galaxies in
Magneticum including our XRB model to gain insights into possible contaminants when targeting
the faint X-ray emission from the CGM. We find that XRB can contribute up to 10% of the signal
received close to the virial radius of a galaxy indicating the presence of a diffuse stellar component.
Furthermore, we find that the SB of Star-Forming Galaxies (SFG) has a higher normalization
than for Quiescent Galaxies (QG). The extent of the SB in SFG declines with stellar mass, hot
gas fraction, and hot gas temperature. Focusing on the gas component in simulated galaxies, we
found quantitatively steeper fitted S-profiles in simulated galaxies compared to observations. The
slope is correlated with the hot gas fraction and X-ray luminosity of the gas. Interestingly, the
current accretion rate of the central SMBH is also correlated with the aforementioned quantities
highlighting its regulatory role in galaxy evolution. Despite the steeper profile shapes the total
gas X-ray luminosity within the virial radius as a function of halo mass is in good agreement with
observed scaling relations.

In Part IIT we focus on the large-scale cosmic web in which galaxies are embedded. We show
a preliminary study on the faint emission and galaxy contamination of the thin plasma in the
filamentary bridges between galaxy clusters. Specifically, we test the capabilities of future X-ray
telescopes employing microcalorimeter technology to achieve much higher spectral resolution.
We conclude this thesis in Part IV by summarizing our findings and giving future perspectives on
additional studies. This includes possible synergies between high-resolution X-ray and infrared
observations to improve the description of XRB populations in simulated and real galaxies.
Another application would be the estimate of the contribution of galaxies in general and XRBs
in particular towards the cosmic X-ray background.
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Introduction






1 Galaxy evolution in a nutshell

1.1 Galaxies in cosmology

In the standard cosmological picture, galaxies represent the transition point of hierarchical struc-
ture formation from the birth of the first stars towards the assembly of galaxy clusters as the
largest gravitationally bound and virialized structures in the universe. Galaxies are themselves
gravitationally bound objects consisting of stars, gas and dust, and vast amounts of a so-called
dark matter component. They have been instrumental in unveiling key aspects of the evolution
and buildup of our universe as well as astrophysical processes governing this evolution. For
instance, distance measurements to nearby galaxies using Cepheid variable stars revealed that
they have recession velocities increasing with distance which is due to an inherent expansion
of the universe following Einstein’s theory of general relativity (Hubble, 1929; Lemaitre, 1931,
1933). The associated redshift of a galaxy, z, is a cosmological quantity which is the relative shift
of the observed wavelength Ayps of a photon compared to its restframe wavelength A..qc Which
arises from the apparent expansion of space in which photons are traveling

7= Aobs — Arest ' (1.1)
/lI‘CSt
In fact, distance measurements of galaxies at higher redshift using Supernovae (SNe) of type la
not only confirmed this view but revealed an accelerated expansion of space due to an unknown
energy component (dark energy) acting as a negative pressure counteracting gravity at large scales
(Riess et al., 1998; Perlmutter et al., 1999).

The distribution of galaxies in 3D space is fundamentally connected to cosmology. It is highly
sensitive to the energy content of the universe and is specifically targeted in recent observational
campaigns such as the Sloan Digital Sky Survey (SDSS) or EUCLID (see Fig. 1.1 Kollmeier
et al., 2019). The apparent shape of this Large Scale Structure (LSS) is often called the cosmic
web due to its characteristic appearance. It emerges from the initial density fluctuations in the
almost homogeneous and isotropic early universe by exciting acoustic waves in the primordial
plasma where baryons and photons were coupled together through Thomson scattering (see e.g.
Weinberg, 1972). These fluctuations can still be appreciated today as tiny deviations (67 ~ 107)
on top of a relic thermal radiation coming from the epoch of decoupling between matter and
radiation at z ~ 1100 (see Fig. 1.2 ). This radiation otherwise appears as a perfect black body
spectrum with its peak in the microwave band and a temperature of 7 = 2.73 K today, for which it
is thus called the Cosmic Microwave Background (CMB) (see Penzias & Wilson, 1965, for initial
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Figure 1.1: The position and distribution of galaxies as determined by SDSS out to a redshift of
z = 0.14. The dark wedges in the figure coincide with the galactic plane of the Milky Way where
no reliable measurements of galaxy positions can be made. Each point corresponds to a single
galaxy with the color indicating the galaxy number density at its location with red being higher
density.Credits: https://www.sdss4.org

discovery). The apparent homogeneity in the radiation field means that different regions of the
sky were in causal contact and could equilibrate temperature differences. A possible explanation
for the initial density fluctuations is given by a period of rapid expansion before decoupling such
that initial quantum fluctuations in the density field were frozen and expanded in size in the
so-called inflationary period.

The collapse of fluctuations into large-scale structures that can be observed today is fueled
by the presence of a non-baryonic matter component that only seems to interact gravitationally,
namely Dark Matter (DM) (Weinberg, 1972). The term was coined from observations of clusters
of galaxies which seemed to require vast amounts of an unseen matter component to explain the
observed velocity dispersion of galaxies moving within the cluster potential (Zwicky, 1933). The
necessity for a Cold Dark Matter (CDM) component became more obvious to explain various
observations for which baryonic matter alone is not sufficient, i.e in dynamical modeling of
galaxies and their rotation curves (Rubin et al., 1980), gravitational lensing experiments (see e.g.
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Figure 1.2: The intensity of the cosmic microwave background radiation as measured by the
PLANCK satellite after correction for peculiar motions of the observer with respect to the CMB
(Planck Collaboration et al., 2020). Colors indicate hotter (red) or colder (blue) regions in the
CMB compared to a perfect black body spectrum with an average temperature of 2.73 K. Credits:
ESA and the Planck Collaboration.

Massey et al., 2010) or for X-ray emitting gas atmospheres of galaxies and clusters of galaxies
(see e.g. Sarazin, 1988; Fabbiano, 1989). Cold in this context means that DM had non-relativistic
velocities at the moment of decoupling. Up to today, the true nature of dark matter is still debated
(Arbey & Mahmoudi, 2021).

Through cross-correlation of the angular distribution of temperature fluctuations in the CMB,
it is possible to derive a power spectrum of fluctuations on different length scales. Peaks in the
power spectrum result from contraction and rarefaction of the acoustic waves in the primordial
plasma before decoupling and provide an independent measurement of the energy content of the
early universe due to the relative height and position of the peaks (see Fig. 1.3 Komatsu et al.,
2011; Planck Collaboration et al., 2020). From both, the spatial distribution of galaxies and
the CMB, we arrive at the current best description of the universe through flat ACDM, where
A stands for a cosmological constant associated with accelerated expansion and flat meaning a
geometrically flat Euclidean space. In this framework, smaller overdensities collapse first and
build larger structures through merging leading to a "bottom-up" hierarchical structure formation.

The standard equation describing the dynamic evolution with redshift of a flat ACDM uni-
verse can be derived from the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric in general
relativity assuming no intrinsic curvature and depends on the energy content of the universe

H(z) = Ho\/Qm,o(l +2)°+ Q,0(1+2)*+Q,p, (1.2)

where Qy = po/perito 18 the density of each component at z = O for the critical density pcrito =
2

;ﬂi(o; ~ 1.878 - 1072 12 gcm‘3, with ©,,0,2,0 and 2,40 being the matter, radiation and dark

energy densities, respectively, and

Ho=h-100kms™' Mpc™!
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Figure 1.3: The temperature-temperature (TT) angular power spectrum as measured by the
PLANCK satellite (Planck Collaboration et al., 2020). Red dots with errorbars are the data
measured by PLANCK, and the blue line is the best-fit model assuming a flat ACDM cosmology
with cosmological constant Q4 = 0.6889 +0.0056 matter density Q,, = 0.3111 +0.0056, baryon
density Q,h% = 0.02242 + 0.00014 and dark matter density Qqmh? = 0.11933 + 0.00091. The
lower panel shows the relative error between data and the best-fit model.

the Hubble parameter quantifying the current expansion rate of the universe with the numerical
value & =~ 0.672 (Planck Collaboration et al., 2020). Here, Q,, contains both DM (Q4,,) and
baryonic matter (£25). Their ratio is the cosmic baryon fraction f; = g—i

The comoving distance between two observers at rest in an expanding space is always the

same and is given by

Z dZ’

Dec=c _—,
“~"Jo HZ)

(1.3)

where c is the speed of light. The energy flux F of radiation coming from a source with intrinsic
luminosity L can be related through the luminosity distance

L

= —, 14
47rZ)I% (14

which for a flat ACDM universe yields

D = (1+Z)ﬂc. (1.5)
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For an extended source of physical size b, we measure an angular size 6 by defining the angular
diameter distance

b
0=—, 1.6
D, (1.6)
where Dy, is related to the other distance measurements through
Da=(1+2)""Dc=(1+2)7Dy, (1.7)

assuming a spatially flat spacetime. For the current model of ACDM, Dy peaks at a redshift
z =~ 1.5 and declines for higher redshifts. This means that objects appear to increase in angular
size at higher redshift.

1.2 Assembly of galaxies

— This section is based on the textbook by Cimatti et al. (2020) if not noted otherwise

Initially, small perturbations in the DM density field evolve linearly, where their growth is coupled
to the expansion rate. If the perturbation reaches a sufficient density contrast, it enters the non-
linear regime where DM particles will collapse into a virialized halo. Since DM is considered
collisionless, the collapse is governed by two relaxation processes: (i) violent relaxation where
orbital energy is redistributed in a time-varying gravitational potential (Lynden-Bell, 1967), (ii)
phase mixing where orbits tend to spread in phase space (Binney & Tremaine, 2008). At the time
of virialization, the halo will have achieved equipartition in kinetic and potential energy, such

that £y, = — g(“. Assuming a homogeneous sphere, one arrives at the virial mass M, enclosed

in a radius r 4 around the overdensity

4r
My = ?Acpcritri ) (1.8)

with reference overdensity' A, ~ 101 — 178 between z = 0 and z > 5 for a flat ACDM cosmology
and critical density p¢i. In reality, dark matter halos are not homogeneous spheres but have
density profiles broadly following a Navarro-Frenk-White (NFW) profile (Navarro et al., 1996)
with embedded additional subhalos? and can have ellipsoidal shapes.

Simultaneously, the ambient primordial gas undergoes gravitational collapse within the grow-
ing DM halos, provided that the internal pressure of the accreting gas does not prevent further
collapse. Because the infalling gas is collisional, it is expected to be shock heated to virial
temperature 7v;; during infall either at the halo center or through impact with gas already present

I'The exact redshift dependence of the virial reference density is A.(z) = 187%+82y —39y% where y = Q,,(z) — 1
(Kravtsov & Borgani, 2012). Typically, if the redshift-dependent virial parameters are being referenced, one writes
M.ir,Ryir. If A, is chosen constant, the exact number is used as subscript, i.e. Ragg, M2go-

2Smaller dark matter halos orbiting within larger halos.
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within the halo (Birnboim & Dekel, 2003). Under the assumption of hydrostatic equilibrium?
and isothermal conditions, 7 of a halo can be expressed as a function of the virial mass My,

2 2
My \*( h\
R 5 vir
Tyir ~6-10 (—1012M@) (—0.7) K. (1.9)

Therefore, the accreted gas has to cool efficiently, to allow for continued collapse and eventual
triggering of star formation. In particular, the cooling time #.o1 and the dynamical time #4y, have
been identified play an important role in galaxy evolution (Binney, 1977; Rees & Ostriker, 1977;
Silk, 1977; White & Rees, 1978). The radiative cooling time is dependent on the density and the
cooling rate A of the gas

3 (np +ne)kpT

- 1.10
2 nyn, AT, Z) ( )

fcool
where T is the temperature, kp is the Boltzmann constant, n,, n, are the proton and electron
number densities of the plasma, respectively, and Z is the metallicity with respect to solar
abundance. We will give a more detailed description of the cooling rate in Sec. 1.3. The
dynamical time is equivalent to the free-fall time of the gas

1

tdynE G_p (111)

Taking both timescales into account two accretion regimes can be differentiated: (i) cold accretion
occurs when f¢o01 < fgyn Where shocked gas cools rapidly decreasing thermal pressure and leading
to clumping or the formation of thin filaments; (ii) hot accretion when tcoo > t4yn, shocked gas
is maintained longer in the halo potential by thermal pressure and is accreted gradually (see also
review by Faucher-Giguere & Oh, 2023).

Realistically, the collapsing gas is already subjected to cooling processes before infall and the
gas within a halo is not isothermal. As a result, the ratio of #.oo1/%4yn 1S @ function of radius such
that the outer halo gas is virialized first since #co01/¢qyn > 1, while the inner halo gas may rapidly
00l (Zcool /tayn < 1) and reach virialization much later (Stern et al., 2020).

1.2.1 Star formation and Quenching

In the inner halo, the gas density is high and the temperature is low (T < 10* K) such that most
atoms are no longer ionized which forms the basis of the interstellar medium (ISM). From the
gravitational collapse of the halo, angular momentum is imparted onto the baryonic component
through tidal torques (Peebles, 1969; Mo et al., 2010). Through dissipative collapse, the gas
loses energy through radiative processes while conserving angular momentum which facilitates
the formation of a disc (Fall & Efstathiou, 1980). Within the atomic gas disc, gravitational
instabilities and the development of spiral structures lead to the fragmentation of the ISM into
cold clouds with much higher density compared to the ambient ISM.

3Force balance between the internal pressure gradient of the gas and gravity.
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Fueled by these high densities, molecules start forming in cold clouds. Those molecules
then enable further efficient cooling through collisional excitation and radiative de-excitation of
their rotational and vibrational modes. Eventually, temperatures fall below 7' < 30 K in the now
molecular cold clouds whose further collapse can be described by the Bonner-Ebert solution
(Ebert, 1955; Bonnor, 1956) and happen on the free-fall timescale o« 74y, (Eq. (1.11)). Magnetic
fields within the contracting cloud transfer angular momentum from the core to the outskirts
through magnetic braking, ultimately leading to the cloud’s total collapse to form a star. The
exact fragmentation of the molecular cloud typically leads to the formation of entire clusters of
stars where most stars have multiple companion stars (see e.g. Moe & Di Stefano, 2017; Offner
et al., 2023, for a census on multiplicity in stars).

The number distribution dN of newly formed stars in a given mass range dm can be described
by an Initial Mass Function (IMF) ¢(m) (Salpeter, 1955; Chabrier, 2003) with typical power-law
shapes

dN = ¢(m)dm = gom > >dm, (1.12)

as given e.g. for a Salpeter IMF, with m in units of solar masses M. Stars evolve along the
main sequence of the Hertzsprung-Russell-Diagram (HRD) given their effective temperature and
luminosity where their time on the main sequence is determined by the nuclear-burning timescale
of hydrogen fusion (see Eq. (3.1), and Sec. 3.2.1 ). Massive stars and stars near the end of
their life have favorable conditions in their cores to facilitate the production of chemical elements
heavier than helium (often referred to as "metals") and part of their mass is returned to the ISM
through stellar winds, SN explosions or at the planetary nebulae phase.

Due to the vast amount of energy released by SNe, galactic winds can be launched which
transport enriched gas back to the surrounding circum-galactic medium (CGM)* (Tumlinson
et al., 2017; Faucher-Giguere & Oh, 2023). Therefore, the effective change of gas mass within
the ISM is governed by the mass exchange between the CGM and ISM while accounting for the
Star-Formation Rate (SFR)

dMgaS . . .
T = Macc _Mout+Mret_SFRa (113)

where M, is the gas accretion from the CGM, Moy is the outflow from the ISM, M, is the mass
returned to the ISM through stellar evolution and SFR are of the order SFR ~ 0.1 — 10 M, yr~!
in normal Star-Forming Galaxies (SFG).

In this self-regulated system of star-formation, some fundamental properties of SFG arise
such as the star-forming main sequence of galaxies which relates the galaxy stellar mass to its
SFR’ (Elbaz et al., 2007; Pearson et al., 2018) or galaxy stellar mass metallicity relations which
show that more massive galaxies have higher total metallicities as a consequence of the metal
enrichment from stellar evolution (Zahid et al., 2017). From Eq. (1.13), it is evident that SFR
is sensitive to the availability of cold gas in the ISM while it is being depleted on rather short

“The virialized gas from which the ISM formed initially
a
3SFR « (lof‘fl—Mo) , with @ = 0.6 — 1 depending on sample selection and redshift.
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Figure 1.4: Illustration of a galaxy’s CGM. The galaxy at the center of the image is fed
by filamentary accretion from the intergalactic medium (blue) and galactic outflows emerge
perpendicular from the dis (pink, orange). Previously ejected gas is recycled and the diffuse gas
(purple) is likely a mixture of all components. Figure is directly taken from (Tumlinson et al.,
2017).

timescales

ta lz@qur (1.14)
7 SFR ~ ‘ -

Thus, present-day SFG must have had continued accretion from their surrounding CGM to sustain
star formation for a long time. The mass exchange between the ISM and CGM is a complex
interplay between accretion flows of cooling gas from the hot halo onto the central galaxy and
the hot outflows of the central galaxy induced by stellar feedback and feedback from an active
Super Massive Black Hole (SMBH) at the center of the galaxy. Observations have shown that
the CGM indeed can host a cold component at temperatures lower than 7,;; which makes the
CGM multiphase (Tumlinson et al., 2017). This cold gas can form either through precipitation
(Donahue & Voit, 2022) or buoyant cold clouds which were lifted from the ISM through galactic
winds (Faucher-Giguere & Oh, 2023). In Fig. 1.4 we show an impression of the gas structures
around a Milky Way (MW) analog star-forming disc galaxy. It is derived from observational as
well as theoretical results and reflects the current understanding of galaxy formation (Tumlinson
et al., 2017). Nevertheless, if star formation can not be sustained, the galaxy will fall below the
main sequence and be considered a Quiescent Galaxy (QG).

The sustainability of star-formation is also a function of halo mass because above a certain
critical mass M), > 10'> My, the virialized hot gas atmosphere becomes more efficient in assimi-
lating accretion streams with 7' < Ty from outside the halo through turbulent mixing and thermal
conduction processes. If a gas-rich satellite galaxy is being accreted its cold gas is disrupted
by the hot atmosphere of the larger halo through tidal and ram-pressure stripping before finally
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merging with the halo. Similarly, satellite galaxies can be quenched from their orbits within
the hot atmosphere of their central galaxy. Again through tidal interactions and ram-pressure
stripping, the CGM of the satellite is incorporated into the atmosphere of the central galaxy
effectively starving the satellite on longer timescales. (see chapter 10.6 in Cimatti et al., 2020)

For a halo to maintain the hot gas atmosphere, a mechanism to stop it from cooling is needed,
especially in the center where higher densities would amplify cooling. In large halos, an efficient
way to stop central cooling is feedback from an actively accreting SMBH (or Active Galactic
Nucleus (AGN)) at the center of a galaxy. Cooling gas flowing towards the center of the halo
triggers accretion onto the SMBH which in turn releases energy to its surroundings, reheating the
gas. In smaller halos with a QG at the center, Type Ia SNe from the old stellar populations may
already be sufficient to maintain the hot gas atmosphere (see e.g. Voit et al., 2015a). Additionally,
negative feedback from excessive star formation bursts or galaxy mergers affects the central gas
of a galaxy and may remove large fractions of the available cold gas. During the merger of two
gas-rich disk galaxies, compression and tidal interaction of the gas results in intense star formation
in the center and enhanced accretion onto the central SMBH. The sudden amplification of energy
feedback may completely disrupt the star-forming gas and eject it from the central galaxy through
strong galactic winds.

1.3 Cooling of astrophysical gas

An efficient mechanism by which an astrophysical gas can be cooled is through radiative processes.
Emitted photons carry away energy that reduces the internal energy of a thermal gas. In the context
of galaxy evolution, gas surrounding galaxies can be considered optically thin such that radiation
can escape from the system and is not reabsorbed by the same gas. A critical temperature for
radiative cooling is given by the ionization limit of hydrogen (T ~ 10*K). Above this critical
temperature, most radiative processes occur through the interaction of partly or fully ionized
atoms with free electrons in the gas:

(i) Thermal Bremsstrahlung (free-free)
Free electrons deflect off of charged ions. The velocity change caused by the deflection
produces radiation whose energy depends on the ion charge and the impact parameter of
the electron. In the statistical limit, the spectrum of many encounters becomes continuous,
and, assuming thermally distributed electrons, can be described as
N _41 5 [ Neli T E
eq(E,T,Z) ~5.44 - 107" gg Z; (cm_6) (104 K) exp {— (kB_T)}

ergs_lcm_3 st 'Hz !, (1.15)

NI—=

where n, and n; are electron and ion density, respectively, Z; is the ion charge, kg is
the Boltzmann constant, and g =~ 1 is the dimensionless Gaunt factor which has a weak
dependence on temperature 7 and photon energy E.
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(ii) Radiative recombination (free-bound)
In this process, a free electron is captured by a charged ion. The recombination of the
electron and the ion forms a less ionized or fully neutral atom which releases photons
with energy according to the quantum energy levels of the specific ion. The specific line
emission of this process can be thermally broadened due to the thermal motion of the atoms.
Additionally, line emission can broaden from a turbulent velocity dispersion in the gas.

(iii) Radiative de-excitation (bound-bound)
Electrons bound to a neutral atom or ion emit photons at specific energies when they
transition from a higher to a lower energy level.

The expression of these radiative cooling processes is set by the physical conditions affecting
the gas where two main regimes can be identified. In the collisional ionization regime, atoms
are ionized by collisions with free electrons while in the photoionization regime, atoms are
ionized from radiation of an external source such as the UV or X-ray background (Dopita &
Sutherland, 2003; Wiersma et al., 2009; Khabibullin & Churazov, 2019). In equilibrium, the
rate of ionization is perfectly balanced by recombination and several numerical codes try to
solve either Collisional Ionization Equilibrium (CIE), for instance Mewe-Gronenschild-Kaastra-
Liedahl (MEKAL) (Kaastra & Mewe, 1993) or Astrophysical Plasma Emission Code (APEC) (Smith
et al., 2001), or Photo-Ionization Equilibrium (PIE), e.g. CLOUDY (Ferland et al., 1998, 2013,
2017; Chatzikos et al., 2023).

By combining the various radiative processes and integrating over the whole frequency range,
one arrives at the radiative cooling function A(T, Z). In Fig. 1.5 we show A(T, Z) as a function
of temperature and total gas metallicity as determined by Sutherland & Dopita (1993) for a gas
in CIE. In the temperature range between 4.5 < log7 [K] < 7, the cooling function strongly
depends on metallicity due to line emission from the excitation of various metal species. Above
log T[K] > 7.5, bremsstrahlung radiation is the most dominant process and very few emission
lines contribute to the cooling function. In both cases, a large fraction of the energy is released in
the form of far UV or X-ray radiation. The exact composition of the cooling function assuming
solar metal abundance and CIE is shown in Fig. 1.6.

Below the critical temperature (I < 10* K) gas no longer cools efficiently through radiation
because electrons can no longer excite transition in hydrogen or helium. While high metallicities
can still contribute to radiative cooling due to low excitation energy in some ions (see e.g. Smith
et al., 2008), cooling mainly occurs through molecules. In systems where both hot and cold gas
are present, the UV and X-ray radiation of the hot component is absorbed by the cold component
again through radiative excitation (Morrison & McCammon, 1983; Wilms et al., 2000). The
same is true for cold material between the source and the observer such that for very high column
densities in the line of sight, only the most energetic photons can reach an observer. The extinction
caused by an absorbing agent in the line of sight to a source is of the form

I'(E) = I(E) exp(~o(E) Ny), (1.16)

where I(E) is the intensity of the source, o (E) is the absorption cross-section per hydrogen
atom, and N is the equivalent column density of neutral hydrogen which acts as a proxy for the
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Figure 1.5: The cooling function A as a function of temperature for a plasma in Collisional
Ionization Equilibrium (CIE). Additionally, the metallicity dependence as traced by the iron
abundance [Fe/H] is shown. For temperatures between 4.5 < log T /K < 7, the cooling function
strongly depends on metallicity, mainly due to emission lines from recombination. For tempera-
tures higher than log 7/K > 7.5 metallicity is not important and the shape of the cooling function
is mostly determined by thermal bremsstrahlung radiation. Adapted from Fig.8 in Sutherland &
Dopita (1993).

amount of cold material in the line of sight (see e.g. Wilms et al., 2000). Absorption is especially
problematic for observations in the far UV and soft X-ray wavelength regimes since the cold gas
effectively reduces the number of available photons even to the point of non-detection.
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Figure 1.6: Composition of the cooling function A(7,Z) as a function of temperature at solar
abundance Z = Zg. The top panel shows the most important processes responsible for cooling,
the lower panel shows the most important metal species contributing to the cooling function both
assuming Collisional Ionization Equilibrium (CIE). For the temperature regime shown here,
the most dominant cooling process occurs from resonant lines (free-bound or bound-bound).
Adapted from Fig. 18 in (Sutherland & Dopita, 1993).



2 X-ray observations of galaxies

Many of the physical processes in galaxy formation result in the emission of highly energetic
photons facilitating the cooling of astrophysical plasmas, as described by the cooling function
(see Sec.1.3). The hot gas in and around galaxies has temperatures and densities such that
thermal Bremsstrahlung and recombination are the most dominant factors describing the cooling
function. In figure 2.1 we show the X-ray spectral energy distribution (SED) of thermal plasma
in CIE at 0.3 solar abundance for two temperatures close to the virial temperature of a MW-like
galaxy (M, =~ 102 My), namely k,7 = 0.3keV and kgT = 0.9keV. The main features of the
spectrum are the exponential decline at high energies and emission lines at the transition levels of
different ion species. The shape of the continuum is characterized by the temperature, according
to Eq.(1.15), and the prominence of emission lines by the ionization balance which is temperature
dependent. Characteristic for these temperatures is the forest of lines at ~ 1 keV photon energies
produced by the Fe-L shell transitions and the Ovir and Ovi lines at 0.574 keV and 0.654 keV,
respectively (see e.g. Smith et al., 2001). The normalization of the spectrum is given by the
emission measure

E.M.:/neanV, 2.1

where n, and ng are the electron and hydrogen density, respectively, integrated over the occupied
volume dV. Since the emissivity of these hot plasmas is also dependent on their density, the
radial distribution of the emission can be used to construct density and temperature profiles (see
e.g. Sarazin, 1988). Those profiles can then give insight into the state of the plasma at different
distances from the galaxy center and reveal substructures either from shocks or mergers within
the galactic environments. Therefore, X-ray observations are a useful tool for giving insights into
various aspects of structure formation.

Although observational X-ray astronomy is relatively young compared to other fields, sig-
nificant progress has been made at the turn of the millennium. Starting with the first extrasolar
discovery of the brightest X-ray source in the sky, Scorpius X-1 (Sco X-1) (Giacconi et al., 1962),
subsequent observational campaigns have revealed more X-ray sources with dedicated surveys.
The first X-ray sky survey was conducted between 1970 and 1973 by the SAS-A Uhuru satellite
(Giacconi et al., 1971) which identified 338 sources in the sky (Forman et al., 1978) in the energy
range of 2-20 keV. By the end of the 1970s, another X-ray experiment installed on the HEAO-1
observatory (Rothschild et al., 1979), resulted in the identification of 842 X-ray sources in the en-
ergy range of 0.25-25 keV (Wood et al., 1984). Its successor, the Einstein (HEAO-2) observatory
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Figure 2.1: Spectra of two X-ray emitting plasmas in CIE at 0.3 solar metallicity for temperatures
kT = 0.3keV (blue) and kT = 0.9keV (orange). Spectrum normalization is set to one.

(Giacconi et al., 1979), surveyed a third of the sky between 1979 and 1981 and led to the discovery
of more than 4000 X-ray sources (Harris, 1990) and a diffuse X-ray background in the 0.5-3.5
keV energy range. A major step in advancing X-ray astronomy came with the ROSAT X-ray
observatory which operated between 1990 and 1999 (Truemper, 1982). The ROSAT mission
achieved much higher sensitivities compared to previous surveys and revealed more than 10°
sources within its first six months of operation. For the first time, a detailed scan of the X-ray
sky in the soft energy regime from 0.1-2.4 keV was available after the completion of the ROSAT
all-sky survey (RASS) which allowed population studies on X-ray properties of galaxies.

The launch of the Chandra X-ray observatory on 23rd of July 1999 from NASA changed
the X-ray landscape forever and the telescope is still operational to this date although at lower
efficiency (Weisskopf et al., 2000). Its unprecedented spatial resolution of ~ 0.45” and an energy
range of 0.1-10 keV compensate for its narrow field of view and allow for detailed studies of
extragalactic sources. Particularly with its deep field observations, Chandra provided a profound
understanding of the X-ray morphology and redshift evolution of X-ray properties in distant
galaxies (Aird et al., 2017). It also provided direct evidence for the presence of compact X-
ray sources in external galaxies (Grimm et al., 2003; Gilfanov, 2004; Remillard & McClintock,
2006) and solidified our understanding of the Cosmic X-ray Background (CXB) as being made
up of X-ray bright point sources at high redshift (Hickox & Markevitch, 2006; Gilli et al., 2007;
Georgakakis et al., 2008). Other X-ray telescopes that were pivotal in the study of compact
X-ray sources are, e.g2. XMM-Newton (Jansen et al., 2001) and NuSTAR (Harrison et al., 2013),
which together provided coverage across a vast energy range of 0.5 — 80keV deepening our
understanding of accretion physics.
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In the past 4 years, results from the extended ROentgen Survey with an Imgaging Telescope
Array (eROSITA) consortium revolutionized the field of X-ray astronomy and made it viable
as a cosmological probe by providing a large sample of X-ray-detected galaxy clusters (> 10).
eROSITA is a wide-field focusing X-ray telescope array with a large effective area and field of
view in the soft X-ray band (0.3-2.4 keV) and thus the nominal successor of ROSAT (Predehl
et al., 2021). It is part of the Spectrum-Roentgen-Gamma (SRG) orbital observatory (Sunyaev
et al., 2021) and has an angular resolution sufficient to reliably distinguish between AGN and
galaxy clusters. Its observing strategy focused on completing several scans of the entire sky
over 4 years, the eROSITA All-Sky Surveys (eRASSs) (see Merloni et al., 2024, for most recent
data release). eROSITA performed a benchmark at 1.5 times the depth of the full 4-year all-sky
program on a large area of the sky (140 deg?). The so-called eROSITA Final Equatorial Depth
Survey (eFEDS) field confirmed the capability of eROSITA to detect various classes of X-ray
sources (Brunner et al., 2022) which were subsequently identified using other multi-wavelength
surveys coinciding with the same field (see e.g. Liu et al., 2022a,b; Salvato et al., 2022; Vulic
et al., 2022; Comparat et al., 2022).

Following the completion of the first scan of the sky, the eROSITA collaboration released the
resulting image in galactic coordinates (, center of the MW in the center of the image, see Fig.
2.2). Next to the most prominent X-ray sources in the sky, it also revealed many new extra-galactic
sources and new insights for the MW. In particular, the North Polar spur shows enhanced X-ray
emission compared to the background with intricate structure and associated radio emission and
roughly situated perpendicular to the plane of the MW. It roughly coincides spatially with the
Fermi bubbles detected in gamma rays (Su et al., 2010). A symmetric structure can be seen south
of the galactic plane strengthening the hypothesis of a central engine. However, the structure’s
exact origin is still debated because of conflicting evidence concerning temperature and density
contrasts between the ambient medium and the exact energetics involved. The coincidence with
the Fermi bubbles suggests that past activity of the central SMBH, Sgr A*, is responsible for the
structures due to mechanical outflows from accretion events (Kataoka et al., 2021). However,
the data permits different lines of interpretations, as pointed out by Churazov et al. (2024) who
suggest outflows from star-forming regions near the center of the MW as a possible source. Such
features have yet to be observed in other galaxies.

In the following sections, we will give an overview of X-ray observables in galaxies and
focus specifically on properties connected to galaxy formation and evolution. In particular, we
will introduce the main X-ray-emitting components of galaxies, namely the hot gas in the ISM
and CGM, accreting SMBH, and the stellar component (e.g. young stars and active binaries),
accompanied by important observational results. In part II, we will introduce a new model for
X-ray post-processing cosmological hydrodynamical simulations including X-ray Binary (XRB)
sources. Therefore, we give a more in-depth introduction to accretion-fueled XRB systems
and their underlying physics in Chap. 3. Furthermore, we will highlight some connections to
background and foreground contamination when observing galaxies in X-ray and which other
processes need to be considered.
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Figure 2.2: False color image of the eROSITA first all-sky survey with labels indicating famous
X-ray sources in the sky. Color composition according to photon energies registered in each
pixel (red: 0.3-0.6 keV, green: 0.6-1 keV, blue: 1-2.3 keV). Figure taken from the press release
of the first eROSITA all-sky survey (https://www.mpe.mpg.de/7461950/erassl-presskit,
last access: 15.09.2024). Credit: Jeremy Sanders, Hermann Brunner, Andrea Merloni, and the
eSASS team (MPE); Eugene Churazov, Marat Gilfanov (on behalf of IKI)

2.1 Hot gas within and around Galaxies

Typically, the X-ray spectrum of galaxies is comprised of multiple components which can be
classified into two main contributions (see e.g. Persic & Rephaeli, 2003; Lehmer et al., 2016).
One is directly associated with hot gas in the halo and is typically modeled assuming a single
or two-temperature plasma model as described in Sec. 1.3 and 2.1. A power law with a photon
index of I ~ 2 typically describes the second component and mostly includes accretion-powered
compact stellar sources or unresolved stellar sources which will be described in Sec. 2.3 If the
spatial resolution of the instrument used for observations is high, point sources like accreting
binaries can be extracted separately and masked for the remaining analysis. It is also common
to exclude or mask the very central part of galaxies if they show spectral features of an AGN,
i.e. when the galaxy center is bright in multiple energy bands or exceeds certain threshold
luminosities in radio and X-ray.
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2.1.1 The hot interstellar medium

Unambiguous detection of hot gas within a few effective radii of a galaxy has been achieved
in multiple independent studies (see e.g. Fabbiano, 2019, for a review). The first detections
of a hot ISM in the form of outflows and galactic winds were performed using the Einstein
observatory (Fabbiano, 1989). Subsequent studies with Chandra allowed for a much more
detailed investigation of the hot ISM because contaminating point sources could be identified
easily and removed both spatially and spectrally from the hot ISM emission.

While one expects to find very little virialized hot gas in the center of a SFG, the presence of
a hot ISM is the result of shocks induced by stellar feedback. From the Rankine-Hugoniot jump
conditions, the temperature increase of a medium is dependent on the shock velocity v, such that

M Vsh 2
Tzl.4-105( )( ) K, 22
0.62) \100km s-! (2.2)

where u is the mean atomic weight at solar metallicity. Stellar winds from massive stars reach
velocities of ~ 10°kms™' (see e.g. Kudritzki & Puls, 2000) and supernova remnants (SNR)
plow through the ISM with several 100kms~" such that part of the ISM can be collisionally
ionized from those shocks. Thus, the X-ray luminosity of the ISM, Li;m, is correlated with
SFR in SFG (Ranalli et al., 2003; O’Sullivan et al., 2003; Strickland et al., 2004; Mineo et al.,
2012b, 2014b; Lehmer et al., 2022). Massive stars are short-lived (see Eq. (3.1)), thus, feedback
from those massive stars can only be active following a recent star-formation event. Tracers of
star-formation! probe SFR on timescales of < 100 Myr therefore probing directly the short-term
effects of massive stars on their environment. For higher SFR, more short-lived massive stars
are being formed and release energy into the ISM through SNe type II. The amount of energy
released from SN type II needed to maintain the central hot gas can be estimated from scaling
relations and is of the order of esnir ~ 5% (Strickland & Stevens, 2000; Strickland et al., 2004,
Mineo et al., 2012b). Though higher efficiencies esnyr > 30% have been observed in individual
star-burst galaxies such as M82 (Strickland & Heckman, 2009). Typical scaling relations between
SFR and hot gas luminosity are

- SFR
ism 39 1
= 075

My ergs 2.3)

which we show in the left panel of Fig. 2.3. However Mineo et al. (2012b) point out that the
exact scaling is uncertain within a factor of a few because of differences in data reduction and
model assumptions especially regarding intrinsic absorption from the cold ISM. Lehmer et al.
(2022) also found that the Li)?m — SFR relation is sensitive to the gas phase metallicity with
higher luminosities in metal-rich galaxies. This is somewhat expected because of the metallicity
dependence of the cooling function (see Fig. 1.5).

The hot ISM of QG was also discovered with the Einstein observatory, although it was
unclear if these atmospheres were caused by the poor spatial resolution of Low-Mass X-ray
Binaries (LMXBs) (see Ch. 3). Later investigations using ROSAT data found a linear increase of

"For example Ha or UV brightness
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Li)im with stellar mass? although the contribution from LMXBs was still only estimated empirically
(Diehl & Statler, 2007). Since QG are characterized by an old stellar population, most of the
mass input to the ISM is through late stellar evolution. In particular, this includes mass lost from
the red giant, asymptotic giant branch, and planetary nebula phases of low-mass stars (Pellegrini,
2012). Additional mass is provided from the evolution of binary star systems which explode as
type Ia SNe and provide a heating mechanism of the ambient ISM. Another important source
of energy in keeping the ISM from cooling comes from the activity of the central SMBH (Ciotti
& Ostriker, 2012). The exact timescales involved in balancing the precipitating cold gas in the
outer hot halo and heating of the central halo of a QG are set by type Ia SNe and the SMBH (Voit
et al., 2015b). It was therefore found using Chandra data of nearby QG that Li;m indeed scales
with the stellar mass of its host galaxy

2.6
Li;f?lu ~ 10% ( ) erg g1 2.4)

K
1011 Lg
although on a steeper relation than previously found and large intrinsic scatter (Boroson et al.,
2011). We show the corresponding scaling relation of the QG ISM in the right panel of Fig. 2.3
where typical scaling relations of LMXB (cyan) and other binaries (green) are also shown.

In this study, the contribution from point sources and nuclear emission could be properly
accounted for thanks to the spatial resolution of Chandra. It was found, that Li)im in massive QG
was correlated to the temperature of the hot ISM. This dependence is consistent with expectations

for a virialized halo® such that Li)im oc T;}'S, and depends on the dynamical state of the QG (Kim
& Fabbiano, 2013, 2015; Forbes et al., 2017; Babyk et al., 2018).

2.1.2 The circum-galactic medium

From the assembly history of halos, all galaxies are expected to have an extended gaseous halo
with temperatures close to the virial temperature. This so-called CGM hosts a large fraction of
the baryon budget of each galaxy and it is thought that most of the baryonic matter resides in the
warm-hot phase (~ 10° K) (Péroux & Howk, 2020, see e.g. review of). A successful technique
to study the CGM has been through absorption spectroscopy, where the spectrum of background
quasars are absorbed by the CGM of a galaxy in the quasar sightline. Absorption signatures have
been found in the UV for gas at temperatures 10°~° K with constraints on total mass contained in
that phase being consistent with theoretical predictions (Werk et al., 2014; Faerman et al., 2017;
Tumlinson et al., 2017). X-ray absorption has been used to constrain properties of the MW CGM
(Mathur et al., 2021). However, there are few detections for X-ray line absorption in the CGM of
external galaxies (Nicastro et al., 2023) and some theoretical studies using simulations of galaxies
(Bogdan et al., 2023). The presence of the hot CGM (T > 10° K) has also been claimed using
signal stacking from the thermal Sunyaev-Zel’dovich effect* effect (Planck Collaboration et al.,

?Because the total stellar mass depends on assumptions such as metallicity and IMF, these scaling relations are
derived for total luminosity in the B or K optical band which trace the stellar mass.

3This only accounts for the X-ray emission and mass within five effective radii. For a gas in virial equilibrium,
M x Tvli'rs. Given an empirical relation of Ly o« M (< 5rw)3 results in Lx o« T;‘i}s'

4Scattering of CMB photons off free electrons in a plasma
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Figure 2.3: Typical X-ray scaling relations of the ISM in SFG (left) and QG (right). In SFG, the
X-ray luminosity of the ISM is linearly dependent on the SFR (black line). In QG, it is dependent
on the stellar mass, indicated here by the luminosity in the K-band, Lg. In the right panel,
data points are color-coded according to the temperature of the hot ISM. The colored dashed
lines indicate scaling relations for LMXB (cyan) as well as active binaries (AB) and cataclysmic
variables (CV) (green). The left figure is directly taken from Mineo et al. (2012b), the right figure
is directly taken from Boroson et al. (2011).

2013; Greco et al., 2015). Their measurements imply a self-similar relation down to galaxy-scale
halos which is in tension with X-ray emission limits and the soft X-ray background (Tumlinson
et al., 2017).

The difficulty in detecting the hot halo gas in X-ray is due to the decline in volume emissivity
of a plasma with its density squared (see Eq. (1.15)). Thus, the emissivity of halo gas in a
declining density profile drops significantly after a few effective radii, or r > 0.1 Ryj;. As aresult,
there are only a few direct X-ray measurements of the CGM limited to nearby massive galaxies.
In particular, the massive SFG, NGC 1961 (M, ~ 4 - 10'1), has been the target of Chandra
(Anderson & Bregman, 2011) and XMM-Newton observations (Bogdan et al., 2013). The first
study was able to detect the hot CGM within a radius of 50 kpc and the second study was able to
detect direct emission from the CGM of NGC 1961 at a radius of 0.15R»po(~ 140 kpc). However,
NGC 1961 is also a highly star-forming galaxy such that the conditions for detecting the CGM
are particularly favorable. A systematic investigation of X-ray Surface Brightness Profiles (SBPs)
in QG using deep Chandra observations showed that they follow S-profiles (Cavaliere & Fusco-
Femiano, 1978), however, the direct emission could only be constrained within five effective radii
(< 0.1 Ryir) (Babyk et al., 2018). Using Suzaku and XMM-Newton data, the hot CGM of the
galaxy NGC 3221 could be constrained out to a radius of 200 kpc (Das et al., 2019, 2020). A
recent investigation of inclined star-forming disc galaxies in the Virgo cluster yielded only weak
constraints on CGM outflows in direct emission (Hou et al., 2024). In the cluster environment,
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the CGM of SFG is likely to dissipate within the cluster atmosphere due to ram-pressure stripping
and tidal interaction, so its emission is much fainter.

A more promising approach to enhance the signal of low surface brightness components uses
the stacking technique. In this approach, individual images of observational targets are centered
either on their X-ray peak or optical center. The angular size of the image is then transformed into
physical coordinates given the redshift of the observation. The flux of each image is then combined
to construct an average image, where weights are dependent on instrument specifications and
geometrical considerations (see e.g. Comparat et al., 2022). This technique can then be used on
collections of objects grouped by their intrinsic properties, i.e. stacks within galaxy stellar or halo
mass bins. The advantage of this technique is the enhancement of signal-to-noise in low surface
brightness regimes. The disadvantage is that error estimation in average quantities is sensitive
toward extreme outliers in the sample. The latter can be mitigated by resampling the stacks using
a bootstrapping approach (Andrae et al., 2010; McIntosh, 2016).

A comprehensive study by Anderson et al. (2015) used 250000 galaxies extracted from RASS
and cross-matched with SDSS galaxies from Blanton et al. (2005) such that all galaxies in the
sample are the brightest in their dark matter halo. They extracted counts from the stacked images
for different mass bins out to radii of 3 Mpc for the most massive galaxies to determine the CGM
luminosity for a radial range of 0.15 — 1 R5p9. They found a relation with halo mass assuming a
self-similar evolution and find

Msoo ) 1.84 (2 )

LE™ ~ 14 10| ———2—
X 1.4-10% M,

(2.6)

which is steeper than expected from self-similarity M!'3® and holds only down to Msy ~
5.10'2 M, where the relation flattens. Below this mass threshold, their data is background-
dominated and completeness limited due to the shallow depth of the ROSAT survey. The slope
is in agreement with previous studies and consistent with scaling relations of groups and clusters
although the normalization is lower due to biases (Anderson et al., 2015). They performed the
same stacking analysis on stellar mass bins and found a similar dependence with Ly o« MY, where
a =~ 3. is sensitive to the chosen energy range and if satellite galaxies are included in the stellar
mass estimates. They benchmarked their scaling relations against cosmological simulations of
galaxy formation and found that their results are consistent with non-gravitational heating in the
form of AGN feedback.

Using eROSITA data from the eFEDS field and galaxy data from the GAMA survey (Liske
et al., 2015), Comparat et al. (2022) found significant emission above the background out to
radii of 300 kpc corresponding to the virial radius of the MW. The normalization of their SBPs
depends on stellar mass for both QG and SFG but the profile slopes remained consistent across
stellar mass bins. In general, they find surprisingly flat profiles at large radii and their stellar
mass scaling relations do not agree well with measurements from Anderson et al. (2015). It was
later found to be caused by contamination from satellite galaxies (Zhang et al., 2024b). The
same study was thus repeated using X-ray data from eRASS:4 and two optical galaxy catalogs
consisting of ~ 380000 spectroscopically confirmed SDSS galaxies and 2.4 million photometric
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galaxies from DESI. These detailed galaxy catalogs could significantly improve the handling of
the contaminating signal from satellite galaxies (Zhang et al., 2024b,c). They further cleaned the
sample by accounting for unresolved AGN and XRBs in the galaxy center being affected by the
telescope response. We show their results in Fig 2.4.

In the left panel of Fig. 2.4 three different average surface brightness profiles are shown for
galaxies in stellar mass bins corresponding to the MW (green), M31 (orange), and two times
M31 (purple). The dotted lines correspond to the point-spread function (PSF) of eROSITA. The
dash-dotted vertical lines indicate the virial radius of the respective stellar mass bin. In the right
panel, the total (green) and CGM (purple) x-ray luminosity is shown as a function of the halo
mass Msoo.. The red dashed line is the best-fit relation of the CGM luminosity from Zhang
et al. (2024¢) which is compared to previous works and predictions from various cosmological
simulations. Zhang et al. (2024b) found steeper profiles at large radii compared to Comparat
et al. (2022) and confirmed the stellar mass trend of the profile normalization. They recomputed
stellar mass and halo mass scaling relations of the CGM luminosity in Zhang et al. (2024c) and
found a slight break in the relation at M5y ~ 10'>8 M. For halos with higher mass, their derived
slope is steeper than expected for self-similarity and consistent with results from the group and
cluster regime (Lovisari et al., 2021) which implies the necessity for non-gravitational heating
(Fabian, 2012; Eckert et al., 2021; Oppenheimer et al., 2021). For halos with lower mass, the
relation is consistent but slightly shallower than self-similarity which allows for the implication
of non-gravitational processes being sub-dominant. In fact, the CGM of halos in the lower mass
regime and redshift z < 0.5 are expected to reach virialization (Faucher-Giguere & Oh, 2023;
Zhang et al., 2024c).

2.2 Active galactic nuclei

An AGN is an accretion-powered SMBH at the center of a galaxy and occurs in approximately
1-10% of observed galaxies indicating a complex co-evolution between the AGN and its host.
Their large bolometric luminosity (Lpo > 10* ergs™!) across all wavelengths is produced by
an optically thick accretion disc which emits thermally due to heating resulting from viscous
dissipation (Shakura & Sunyaev, 1973). We will describe accretion disc physics in more detail
in Ch. 3. As a consequence, AGN are also bright X-ray sources and it has been found that
the CXB is comprised of more or less obscured point sources at different redshifts (Gilli et al.,
2007; Ueda et al., 2014; Cappelluti et al., 2017). The classification of AGN saw the rise of
innumerable naming conventions depending on various features in their spectra which Padovani
et al. (2017) tried to summarize. Here we will focus on AGN as actively accreting SMBH
emitting X-ray radiation. The spectral components of the X-ray emission from an AGN are for
one direct emission from the hottest part of the accretion disc, producing a soft excess. Most of
the X-ray emission, however, is produced by Compton up-scattered optical and UV photons from
the accretion disc in the hot electron coronae about the SMBH. This process produces X-ray
photons following a power-law distribution with photon index I" = 1.8 — 2.0 and exponential
cutoff at E ~ 200keV (Remillard & McClintock, 2006; Done et al., 2007).

Other components observed in AGN X-ray spectra are a reflection spectrum from high energy
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Figure 2.4: Left: Mean surface brightness profiles of stacked central galaxies in the log %@ =

10.5 - 11.0 (MW, green), log 1{%@ = 11.0 - 11.25 (M31, orange), and log 11\‘,[4—9 =11.25-11.5
(2M31, purple) stellar mass range after applying corrections for unresolved point sources and
background subtraction. The dotted line shows the profile of a point source affected by the
instrumental response. The vertical dash-dotted lines indicate the virial radius of the respective
mass bin. Figure is directly taken from Zhang et al. (2024b). Right: The total (green) and
CGM (purple) X-ray luminosity of stacked central galaxies as a function of their halo mass M5,
directly taken from Zhang et al. (2024c). The total luminosity includes the emission from hot
gas, AGN and XRBs while the CGM luminosity only includes hot gas. The red dashed line is
their best-fit single power-law relation, although they discuss evidence of a slope transition at

M50()c ~ 1012'8 M@.

photons being reflected off of the accretion disc and resulting fluorescent lines’, and a scattered
soft component (Petrucci et al., 2001; Ricci et al., 2011; Merloni et al., 2014). The appearance
of the latter components depends on the assumed accretion geometry and obscuration fraction.
Obscuration in AGN generally refers to the density of absorbing material close to or in the
line of sight to the AGN and has been systematically studied (Merloni et al., 2014; Ueda et al.,
2014; Buchner et al., 2014). Interestingly, Buchner et al. (2017) found an additional absorption
component associated with the host galaxy of an AGN which scales with the stellar mass of the

host, N flal ~ 10717 (109[‘;1—1\/1@) * em~2, where N I%Ial is the absorbing hydrogen column density and

M. is the host galaxy stellar mass. This relation appears to be consistent with the highest column
densities of the MW, the Magellanic clouds, and local star-forming dwarf galaxies (see Buchner
et al., 2017; Lehmer et al., 2022) and therefore also crucial in understanding the hot ISM and

Smost prominently the Fe-Ka line at 6.4 keV
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X-ray emission coming from other galaxies. For a review on obscuration in AGN, we refer the
reader to Hickox & Alexander (2018). We show an idealized spectrum for an obscured AGN in
Fig. 2.5 where individual components discussed above are highlighted.

10!

F—

————— transmitted PL

---------- Compton Reflection
——- Scattered PL

—— Soft Excess

E?fx [keV? x phcm=2s~lkeV~1]

e o e e

1
1
1
1
1
1
1
1
I
1
1
1
1
I
i
1
1B
]

T

e

10_4 1 1 1 1
0.1 1.0 10.0 100.0
E[keV]

Figure 2.5: Idealized X-ray spectrum of an AGN. The dashed line is the transmitted power-
law (PL) component with photon index I" = 2 produced by Compotonized photons which are
obscured by a warm absorber with Ny = 10?2 cm™2. The dash-dotted line is a scattered PL
component with the same slope as the transmitted PL. The dotted line is the Compton reflected
component with the resulting fluorescent Fe-Ka line (Eg, = 6.4 keV) modeled after Magdziarz
& Zdziarski (1995, pexmon in XSPEC). The thin solid line corresponds to a black-body emitter
at kTp, = 15eV accounting for soft-excess emission (Done et al., 2012). The solid thick black

line is the sum of all individual components.

Because of their brightness, compiling the luminosity and redshift distribution of AGN from
large sky surveys is straightforward. The resulting X-ray luminosity functions (XLFs) of AGN
are well studied (Hopkins et al., 2007; Hasinger, 2008; Aird et al., 2010, 2015; Hirschmann
et al.,, 2014; Buchner et al., 2015) and are an essential tool not only for understanding the
background in X-ray observations (Georgakakis et al., 2008) but also for the growth and co-
evolution between SMBHs and its host galaxy (Kormendy & Ho, 2013; McConnell & Ma,
2013). In Fig. 2.6 we show the best model of AGN XLF from Aird et al. (2015) accounting for

unobscured (20 < log Nu_ < 22, blue), obscured (22 < log Cﬁ H. < 24, red) and Compton thick
(log CIIYI—’ZQ > 24) AGN at different redshifts. It is well known that the growth of the central SMBH

cm2 —
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plays an important role in galaxy evolution through feedback and displacement of enriched gas
(e.g. Fabian, 2012). Furthermore, the XLFs of AGN can be an important benchmark for numerical
simulations to adjust their feedback prescriptions (Di Matteo et al., 2008, 2012; Booth & Schaye,
2011; Hirschmann et al., 2014; Sijacki et al., 2015; Steinborn et al., 2015, 2016; Koulouridis
et al., 2018). Since AGN are associated with their host galaxies, their spatial distribution can be
used to construct one- or two-point correlation functions to study their clustering and potentially
reveal properties of the underlying cosmology. In Comparat et al. (2019) they constructed a mock
AGN catalog in preparation for eRASS by sampling from the XLFs and using lightcones from
numerical simulations to estimate this clustering.
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Figure 2.6: Best fit model for the XLLF of AGN at various redshifts. The blue dashed line shows
the XLF of unobscured sources, the red dashed line shows obscured sources, and the black solid
line includes both the red and blue lines additionally including Compton-thick AGN. Figure
directly taken from Aird et al. (2015).

While AGN can reach X-ray luminosities of up to L < 10*ergs™, the flux of low-
luminosity AGN can be comparable to the combined emission of XRBs and the hot ISM. For
this reason, there are numerous ways to observationally identify an X-ray AGN in a galaxy (see
Xue et al., 2011; Lehmer et al., 2016).

1. If the intrinsic X-ray luminosity of a galaxy exceeds L(})('S_7 keV > 3.10% ergs~!, the source
is likely to be an AGN.

2. If the X-ray to R-band optical flux ratio exceeds log (%) > —1, the source is classified as
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an AGN.

3. If the source shows optical spectroscopic features typical for AGN, i.e. broad-line regions
or high-excitation emission lines, it is considered an AGN.

4. Ifthe intrinsic X-ray luminosity of the source exceeds the scaling relation between monochro-
matic radio luminosity, L 4Gnz, and X-ray luminosity of normal star-forming galaxies by
at least a factor of > 3 (Alexander et al., 2005).

The last point is an empirical scaling which takes into account the X-ray emission from the
hot ISM and XRBs in star-forming galaxies and correlates it with the radio emission produced by
SN remnants and star-forming regions. Enhanced radio emission can also be associated with an
AGN as a result of relativistic jets launched by the accretion disc and embedded magnetic fields
in which accelerated electrons produce synchrotron radiation. These jets impart large amounts of
mechanical energy into the surrounding matter which can lead to galactic outflows and transport
of material into the CGM and Inter Galactic Medium (IGM). In galaxy cluster environments, jets
can carve cavities in the cluster atmospheres which can be seen as depressions in X-ray surface
brightness and can be associated with past activity of the central SMBH (e.g. Fabian et al., 2005).

2.3 Stellar X-ray sources

2.3.1 Young stellar objects

With the Chandra observatory, X-ray emission from star-forming regions in the MW could
directly be associated with very young stars (T Tauri stars) (Preibisch & Feigelson, 2005). In T
Tauri stars, the X-ray emission results from the interaction of strong magnetic fields close to the
stellar surface with the accretion flow from the protostellar disc (Preibisch et al., 2005; Giinther
etal., 2007). Individual T Tauri stars can reach X-ray luminosities up to L < 1-10%? ergs~!, such
that several active star-forming regions can contribute to the diffuse X-ray emission in galaxies.
The exact contribution of young stellar objects towards the total X-ray luminosity of a galaxy is
not exactly known because their emission can not be easily separated from the hot ISM (Mineo
etal., 2012b). They have, however, significantly harder spectra than the hot ISM and can therefore
be approximated by plasma emission with k3T ~ 3keV in spectral modeling (Winston et al.,
2007; Mineo et al., 2012b).

2.3.2 Massive stars

With increasing mass, the luminosity of a star significantly increases such that its energy input
to the surroundings becomes increasingly important. The most massive stars of spectral types O
and B are crucial for understanding properties of the ISM because they launch strong line-driven
winds with high mass loss rates of My ~ 107 — 107 Mg yr~' which heat and enrich their
environments (see e.g. Kudritzki & Puls, 2000). With the launch of the Einstein X-ray probe, O
and B stars have also been known to be strong X-ray emitters. With the capabilities of Chandra
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and XMM-Newton, it was possible to catalog several hundreds of massive stars that are also
X-ray bright (see e.g. Nebot Gobmez-Mordn & Oskinova, 2018). While a small fraction of X-ray
emission originates from the high surface temperatures of O/B stars, the majority of X-ray flux
is due to shock heating within the wind (see e.g. Martinez-Nufiez et al., 2017; Rauw, 2022).

The emission can be modeled by a collisional plasma (see Eq. (1.15)) with a temperature of
OB

kpT ~ 2keV and the ratio of X-ray to bolometric luminostiy for a single O/B star is % ~ 1076

such that L)?B < 103 erg g1 (Nebot Gémez-Moran & Oskinova, 2018). The dependence of the
X-ray luminosity on wind parameters such as the terminal wind velocity or the clumping factor is
not well understood and only weak relations have been found. However, a wind model with cold
clumps embedded in the larger wind geometry is favored to explain the observed X-ray and UV
line profiles in the stellar wind of O/B stars (Martinez-Nufiez et al., 2017).

From stellar evolution, O and B types will eventually end in a powerful supernova explosion
which injects energy (E ~ 10°! erg) and metals into the local ISM. The resulting supernova
remnant is X-ray bright in the initial phases of its evolution due to the shock propagating through
the local ISM. The remnants of these explosions are compact objects, either stellar mass Black
Holes (BHs) or neutron stars (Schneider et al., 2021, see e.g.). Since most massive stars have
a lower mass binary companion (Moe & Di Stefano, 2017; Offner et al., 2023), the further
interaction of the compact remnants with their companion following a SN can lead to mass
transfer resulting in X-ray Binaries (XRBs).

2.3.3 Active Binaries

Without a formal definition, active binary (AB) stars describe a collection of phenomena attributed
to the orbital interaction of evolved, low-mass stars in a binary system producing X-ray emission.
The main scenario involves a tidally locked evolved low-mass star and a low-mass main sequence
star (< 1 Mp) in a binary system with a low orbital period (P < 10d). Through accretion
processes and tidal interactions, X-ray emission is produced with Ly < 10**ergs™! (see e.g.
Szczygiet et al., 2008). A more distinctive class of binaries are the cataclysmic variables (CVs)
which are low-mass close binaries between a Roche-Lobe filling (see Ch. 3) post main-sequence
star and a magnetized white dwarf (see Warner, 1995). They are the host systems for classical
and dwarf novae. In classical nova outbursts, the optical brightness of a CV increases once by
> 10 orders of magnitude because of material buildup at the surface boundary of the white dwarf
leading to a thermonuclear runaway explosion disrupting the binary. In contrast, dwarf novae
are characterized by a regular brightening of the system by ~ 2 — 5 orders of magnitude which
is directly related to the accretion process (Longair, 2011). The latter is of particular importance
as it allows for spectroscopic investigation in the optical and UV energy range which would be
inaccessible in other types of binaries dominated by the emission of the companion star. As such,
it is possible to directly measure properties of the accretion disk, i.e. temperature and structure,
during outbursts using the UV HB and Hy emission lines (Marsh & Horne, 1990; Frank et al.,
2002).

Close to the white dwarf, magnetic fields funnel material from the accretion disc onto the
magnetic poles as accretion columns. At the boundary layer between the columns and the
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white dwarf’s surface (see Fig. 3.5), the accreted material is reprocessed at T =~ 10°> K which
releases extreme UV and soft X-ray radiation. Furthermore, hard X-ray emission is also observed
in CVs coming from the same accretion column where the high-velocity infall can produce
shocks and plasma of significantly higher temperature above the stellar surface (Frank et al.,
2002). Individual CVs can thus episodically reach X-ray luminosities of Ly < 10%°ergs™!.
Nevertheless, the abundance of these systems is a strong function of the host galaxy’s stellar mass
because they originate from long-lived main-sequence stars. Therefore, their cumulative X-ray
luminosity may contribute substantially to the diffuse X-ray emission of a QG galaxy. Boroson
et al. (2011) determined scaling relations between the combined X-ray luminosity of unresolved
active binaries and the total stellar mass for elliptical galaxies

L
LBV ~9.5.107 (—K) ergs™!, 2.7)
Lo
which is a factor of 10 lower than the contribution from LMXBs (see Ch. 3). However, since
strongly emitting point sources like LMXB could be identified and removed from the diffuse
component using Chandra, they concluded that the contribution of CVs and ABs needs to be

accounted for to explain the residual emission in QG (Revnivtsev et al., 2009; Boroson et al.,
2011).
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3 X-ray Binaries

X-ray Binaries (XRBs) are among the brightest hard X-ray sources in the sky (Lewin & van der
Klis, 2006) and there are hundreds of known sources in the MW alone. They are stellar binary
systems composed of a degenerate relativistic compact object, usually a neutron star or stellar
BH, and a donor star. Their X-ray emission is powered by accretion due to mass exchange from
the donor onto the compact object (Shakura & Sunyaev, 1973) and they reach luminosities close
to the Eddington limit of the compact accretor (Ly = 1038MﬂO ergs~!). They are an unavoidable
intermediate step in the formation of a close binary pair consisting of neutron stars or stellar mass
BHs (Tauris et al., 2017). The eventual merger of binary neutron stars or stellar BH mergers
can then be detected as kilonovae or gravitational wave sources (Abbott et al., 2017a,b). Early
X-ray observations already hinted at extra-galactic populations of XRBs due to X-ray scaling
relations between tracers of star formation and stellar mass (see e.g. Fabbiano, 2006; Gilfanov
et al., 2022) which also strengthened the picture of two distinct classes of XRB, one associated to
young stellar populations and one to older populations. The sub-arcsecond resolution of Chandra
(Weisskopf et al., 2000) enabled the study of these extra-galactic populations in much greater
detail and solidified our current understanding of their properties and evolution.

In this chapter, we will briefly discuss the main aspects of XRBs formation and evolution,
their classification, and give an overview of the most prominent accretion processes. We will
then describe their spectral features and X-ray scaling relations obtained from extra-galactic XRB
populations. The physics involved in the description of XRBs is vast and fueled by a detailed
understanding of multiple fields of study, whose description is beyond the scope of this thesis. We
will therefore limit our description to the basic concepts and mention some simplifications along
the way. For a much broader description of the topic, we refer the reader to the comprehensive
book by Tauris & van den Heuvel (2023).

3.1 Classification

Heuristically, XRBs can be categorized into two major classes depending on the mass of the
donor star in the system. High-Mass X-ray Binaries (HMXBs), for which donors have masses
of Myonor = 8 Mg, or Low-Mass X-ray Binaries (LMXBs) which have donor masses of mgonor <
1 Mg. The accretor in these systems is typically a compact object, either a neutron star or a
stellar mass BH, both remnants of the stellar evolution of a massive star. X-ray radiation in both
classes is produced by mass transfer between the donor and the compact object, where in HMXB
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the compact object (CO) accretes spherically from a Roche-Lobe filling stellar wind or from
atmospheric expansion of the donor’s radiative atmosphere. The Roche-Lobe is the equipotential
surface enclosing the binary pair through the inner Lagrange point, L;. We will more thoroughly
introduce this concept in Sec. 3.2.2 In LMXB, the mass transfer onto the CO occurs through
Roche-Lobe Overflow (RLO) of the low-mass donor either through orbital shrinkage of the
binary or by nuclear evolution of the donor. We show a schematic illustration of the two kinds
of accretion in Fig. 3.1 which also includes typical orbital periods P of the binary. There are
however clear observational criteria distinguishing the two classes from the perspective of the
MW.

(i) Optical luminosity. Since HMXBs harbor a luminous massive star of spectral type O or B,
the optical luminosity is dominated by the spectrum of the donor (Lop > Ly). Instead, in
LMXBs, the stellar companion is faint and its spectrum can not be observed.

(ii) Spatial distribution. A clear spatial distinction is observed between the two classes where
HMXB are more concentrated towards the galactic plane and spiral arms but not the central
bulge, similar to young stellar populations. Since the massive donor star of m > 8 Mg does
not live much longer than 30 Myr, must have a similar age. In contrast, LMXB are more
concentrated toward the central stellar bulge, roughly follow the stellar surface density, and
have an enhanced concentration in globular clusters. This distribution is in line with the
behavior of an old stellar population as expected of the long evolutionary time of the donor
in LMXB.

(iii) X-ray variability. In most HMXB, the accretor is an X-ray pulsar with spin periods
between 0.1 and 1000 seconds and strong magnetic fields, where cyclotron lines in the X-
ray spectrum confirm its presence (see e.g. Staubert et al., 2019). Regular X-ray pulsations
are rarely seen in LMXB. Instead, they show thermonuclear X-ray flares implying a weakly
magnetized neutron star as the accretor in these systems because strong magnetic fields
would suppress the thermonuclear reaction (Strohmayer & Bildsten, 2006). Furthermore,
LMXB show millisecond variation in their X-ray spectra in the form of quasi-periodic
oscillations. These effects are not observed when the accretor is a BH.

(iv) Average spectrum. The average spectra of HMXB is harder (kgT > 10 keV) compared to
LMXB (kgT < 10 keV). This is believed to also follow from stronger magnetic fields in
neutron stars of HMXB (Tauris & van den Heuvel, 2023).

(v) Orbital periods. Both classes have distinct orbital periods, where LMXB have a wide range
of 11 min to a hundred days, while HMXB have between 1.5 and a few hundred days. The
lower limit of orbital periods in HMXB is longer than for LMXB because hydrogen-rich
massive stars have much larger radii. The requirement to have an orbit outside the Roche
radius forbids shorter periods. From similar arguments, the lowest periods in LMXB must
be due to a hydrogen-poor star, either a white dwarf or helium star (Tauris & van den
Heuvel, 2023).
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While intermediate-mass X-ray binaries (IMXB), where the donor mass is 2 Mg < Mmgonor <
6 Mg, should in principle exist, they are rarely detected due to selection bias towards LMXB and
HMXB. For one, the intermediate-mass companion is not massive enough to launch substantial
winds to power an X-ray source persistently. Second, if the intermediate-mass donor eventually
initiates RLO, the ensuing super-Eddington mass transfer rates are unstable on sub-thermal
timescales (< 10Myr) and quickly deplete the donor atmosphere. Additionally, the accretor
is either completely enshrouded by an optically thick absorber or the binary enters common
envelope evolution, quenching any observable X-rays. The latter process is however required to
explain some systems such as Cen X-3 ! or as progenitors to binaries consisting of a white dwarf
and a pulsar (Tauris & van den Heuvel, 2006, 2023).

HMXB i
16 Mg
1.3 Mg
Pp=3.1 days
a=23 R,
P

a=2.0 R,

P . =5.6 hours
orb

Figure 3.1: Schematic illustration of typical HMXB and LMXB orbital configurations with the
corresponding accretion mechanism and typical orbital periods Py,. The HMXB case shows
spherical accretion from the stellar wind of its massive companion. The LMXB case shows the
RLO accretion from its evolved main sequence low-mass companion. The figure is directly taken
from Tauris & van den Heuvel (2006).

I'The Centaurus X-3 system shows periods of extended "off" states. They are preceded by an increase in X-ray
absorption resulting from an increasing accretion rate.
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3.2 Formation and Evolution

3.2.1 Evolution of single stars

As outlined in the previous section, the more massive binary component will eventually expand
because of stellar evolution. We will therefore interlude here with a brief description of the
governing timescales in stellar evolution needed for the exemplary evolutionary paths of XRB in
Sec. 3.2.3 and 3.2.4. Using basic assumptions about the structure and evolution of isolated stars,
we can gain insights into the possible formation pathways and timescales on which a massive
binary may evolve. In principle, a binary system is largely affected by the more rapid evolution of
the primary, which means the more massive star. Its life on the stellar main sequence is determined
by the nuclear fusion of hydrogen in its core and the stellar main sequence is often referred to as
Zero Age Main Sequence (ZAMS) implying the start of hydrogen fusion. Other fusion reactions
may occur in more massive stars with higher core temperatures, though they proceed on much
shorter timescales due to nuclear reactions scaling with 7", with n > 4. Therefore, the nuclear
timescale governs the overall lifetime of the star and is set by the energy released by hydrogen
fusion per unit mass, 17,, = 0.007¢2, a core mass of Mcqre, and the luminosity L. of a star which
gives

0.007 Moorec? m, \ 72
Toue = % ~10'0 (M_@) yr, 3.1

if one assumes conservative mass-luminosity relation of L, oc m2- for ZAMS stars of m, > 1 M.

If radiative losses and the energy production are not in equilibrium, i.e. when the hydrogen
fuel in the core is insufficient, a star will adjust the thermal equilibrium on timescales set by its
current thermal energy Ey, and luminosity

Ew Gm? 7 [ m. 22
= =——=~1.6-10 P 3.2
Tih L. 2R.L, o r (3.2)

additionally assuming a mass-radius relation of R oc m%-7. The assumed relations between mass,
radius, and luminosities are empirically motivated from measurements of stars in spectroscopic
binaries (Torres et al., 2010; Eker et al., 2015). There are however indications of mass-dependent
slope transitions in the mass-luminosity and mass-size relations (Baraffe et al., 1998; Eker et al.,
2015).

If the hydrostatic equilibrium of a star is disturbed, e.g. by sudden mass-loss, a new equilibrium
state will be reached on dynamical timescales which are set by a soundwave crossing the stellar

radius with sound speed ¢y = 4/ %D

R = . 0.55
fn = 2 =50,/ min ~ 50( 22 in, (33)
Cy o Mo

with po = 1.4 gecm™ being the mean solar density.
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The further evolution of a star after hydrogen is exhausted in its core largely depends on the
mass of the star (Maeder & Meynet, 1989; Ekstrom et al., 2012). Generally, as the nuclear fusion
of hydrogen cedes, the lack of radiation pressure leads to the contraction of the now helium-
enriched core until helium fusion into carbon and oxygen ensues. In most cases, the envelope of
the star will expand due to the steepening of temperature gradients and the decrease of the mean
molecular weight towards the limb of the star (see e.g. Iben, 2013a,b; Tauris & van den Heuvel,
2023). While the most massive stars m, > 12 Mg, cycle through various fusion processes up to the
production of iron and end in a SN type II (Woosley et al., 2002), the onset of other burning cycles
in less massive stars is subject to electron degeneracy in the core. Further complications arise
from the dependence on stellar rotation, metallicity, and mass-loss (Brott et al., 2011; Ekstrém
et al., 2012; Eggenberger et al., 2021) such that in the most extreme cases, massive stars will
have shed their entire hydrogen-rich envelope due to strong line-driven winds (Kudritzki & Puls,
2000) before the ignition of helium. The resulting fast-spinning naked helium stars (Wolf-Rayet
stars) are indeed observed and constitute a small fraction of donor stars in HMXB and require
separate evolutionary calculations (Kruckow et al., 2018). Crucially, it was shown that the cores
of helium stars undergo further fusion processes as if they retained a hydrogen-rich envelope,
which results in another period of expansion and a hydrogen deficient SN (type Ib/c) at the final
collapse (see e.g. Woosley, 2019).

3.2.2 Roche-Lobe Equipotentials and Stability of mass-transfer in binaries

A crucial difference between the evolution of single stars and stars in a binary system is the
amount of mass transferred between the two components. The complex interplay between mass
transfer and stellar evolution is still an active topic of research today where numerical calculations
rely on assumptions on the mass transfer rate (see e.g. review Marchant & Bodensteiner, 2024).
The major driver of binary evolution is the effective gravitational potential shared by the orbiting
binary pair and can be described as

2.2

Gmy Gmp, wTry

®=——- - :
ri ry 2

3.4)

where G is Newton’s constant, ry, r; are the distances of the stars from the barycenter with masses
mp, mo, respectively, w is the orbital angular velocity, and r3 is the distance to the rotational axis.
Assuming that the stars are sufficiently small with respect to their orbital separation and tidal
forces have circularized the orbit, the orbital angular velocity is

Gmyor

w =

o (3.5)
where a is the orbital separation of the binary and m = m; + m;. The resulting equipotential
surfaces in a co-moving frame of reference are shown in Fig. 3.2.

Force balance between gravity and centrifugal force is reached at the Lagrange points L,
where the equipotential surfaces crossing L; define the Roche-Lobe. If the Roche-Lobe is filled
by the more rapidly evolving initially more massive star (donor), the pressure imbalance at L
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Figure 3.2: Cross section through the equatorial plane of a binary showing the equipotential
surfaces of the effective potential @ (see Eq. (3.5)). The x and y coordinates are given in solar
radii Ry. Binary parameters are given in the figure legend in solar units and Py, is the orbital
period about the center of mass marked with an x. The thick curve enclosing the binaries through
L represents the Roche-Lobe at a distance of 57.8 Ry from the primary star M.

will initiate mass transfer (Roche-Lobe Overflow (RLO)) onto the companion (accretor). In a
spherical approximation, the Roche-Lobe radius, R, of the donor is approximately given by

2
Ry 0.49¢g3
T e (3.6)
a  0.6g3 +In(1+g53)
where g = [donor is the mass ratio of the donor and accretor (Eggleton, 1983). The onset of RLO
m

can be caused either by the expansion of the donor star or by orbital shrinkage due to angular
momentum losses from the binary system and further evolution of the binary depends on the
evolutionary stage of the donor at the time of RLO (Kippenhahn & Weigert, 1967). The mass
transfer will continue on a thermal timescale until the mass ratio g is reversed or most of the
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donor’s hydrogen-rich envelope is lost when it will no longer fill its Roche-Lobe. Loss of angular
momentum influences the orbital separation of the binary system and the orbital momentum
balance equations can describe the rate of change in the orbital separation of the system

g _ 2J0rb _ Zmdonor _ Zmacc " Zmdonor + macc ’ (3.7)
a Jorb Mdonor Macc Mot
where
MdonorM
Jorp = ———=wa*V1 - €2, (3.8)
Mot

is the orbital angular momentum. For most real applications in XRB systems, a good
approximation for the loss of angular momentum is given by the isotropic re-emission model with
conservative mass transfer, such that

J. ob q 2 mdonor
J. orb I+ q Mdonor
Mdonor = _(1 _ﬁ)macc > (3~10)

where 8 is the fraction of mass lost from the system near the accretor (see Tauris & van
den Heuvel, 2006, 2023, and references therein.). Other effects influencing the orbital angular
momentum to a lesser degree are due to magnetic braking, gravitational wave emission, or
spin-orbit coupling.

The stability of the mass transfer through L; depends on the rate of change between R}, and a
during mass loss. In the case considered here, the Roche-Lobe as well as the orbit will generally
expand for a comparatively light donor (¢ < 1) leading to stable mass transfer which is the case
for most LMXB. Conversely, the Roche-Lobe and orbit will shrink for systems where g > 1
which can lead to an unstable mass transfer depending on the state of the donor star (see also
Postnov & Yungelson, 2014). Namely, in addition to the orbital changes and the change of R, the
adjustment of the donor’s radius when subjected to mass loss also needs to be considered. The
two distinguishing cases are stars with a convective or radiative envelope. Stars with a radiative
envelope will generally shrink on a dynamical timescale due to mass loss. In LMXB, this will
always lead to a period of stable mass transfer if the mass ratio ¢ is small. For large mass ratios,
the stability of mass transfer depends on the exact orbital parameters and the state of the donor
star. Stability can only be reached in these cases if the Roche-Lobe radius adjusts faster to mass
loss than the donor.

In contrast, stars with a convective envelope will expand quickly because of a super-adiabatic
temperature gradient. Together with a fast decline in orbital separation for high mass ratios
(g > 1.5), this will lead to an unstable situation. L will lie within the donor’s envelope such that
the accretor will quickly disperse the envelope.

; (3.9)

3.2.3 Schematic evolution of HMXB

In Fig. 3.3 we show the schematic formation pathway of HMXB based on the arguments presented
in the previous sections and we will largely follow the description of Tauris & van den Heuvel
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(2023) (see also Tauris & van den Heuvel, 2006; Postnov & Yungelson, 2014; Tauris et al., 2017).
From an initial binary pair with ZAMS masses of 14.4 Mg and 8.0 Mg, respectively, the more
massive star will expand first and fill its Roche-Lobe upon reaching the end of hydrogen burning
after tyyc. The first mass transfer onto the lighter is considered to be stable (semi-conservative)
and proceeds on thermal timescales of the donor (1, = 5 - 10* yr) until the naked helium core of
the donor is exposed. As discussed previously, the helium core will continue its evolution and
eventually explode as a type Ib/c SN leaving behind a neutron star?>. The explosion will impart a
velocity kick onto the neutron star and force it into a wide eccentric orbit. After mass transfer,
the now more massive secondary continues its evolution on a nuclear timescale accompanied by
a strong stellar wind. The stellar wind ejected by the secondary will fill the Roche-Lobe before
the expanding stellar surface. The wind arrives isotropically through the Roche-Lobe at the
neutron star where it is accreted, forming a wind-fed HMXB. During the second mass exchange,
the binary will shrink rapidly eventually ending in a common envelope, dissipating most of the
hydrogen envelope which leaves behind the helium core of the secondary. The secondary’s
helium core will expand due to shell burning initiating another RLO before ending in a second
SN which produces an eccentric neutron star binary.

The formation scenario depicted here will give rise to a B-emission type HMXB (Be-HMXB)
where the system shows emission features from the wind decretion disc of a fast-rotating Be-type
companion star. They are the most common and long-lived type of HMXB. The resulting X-ray
source will be transient in this case because the eccentric orbit only allows for sufficient accretion
onto the neutron star in the periastron. If the companion of the compact object is a super-giant
O-type star (sgHMXB), the X-ray source is powered by the isotropic wind of the O-star and
modulated by the build-up of stellar wind material close to the neutron star which can temporarily
lead to high absorption column densities occluding the X-ray source. In these systems, the
donor star is believed to be close to filling its Roche-Lobe where direct RLO of the envelope
is possible, producing much brighter X-ray sources due to super-Eddington mass transfer of the
entire envelope. The X-ray properties of sgHMXB can be used to study properties such as the
clumping factor and self-absorption of the stellar wind of O-type stars and the irradiation of the
wind through the X-ray emission of the accretor may alter its properties further (see Martinez-
Nufiez et al., 2017, for a review on sgHMXB). From observational facts, the supergiant donor
star needs to be close to filling its Roche-Lobe (> 0.9R;) in most HMXB such that the lifetime
of these systems is the time needed to fill the Roche-Lobe which is ~ 1 — 2.5 - 10° yr. In some
HMXB the donor star may initiate atmospheric RLO which leads to the formation of an accretion
disc similar to LMXB resulting in much more luminous HMXB though only about 7% of the
galactic HMXB population are RLO systems (Tauris et al., 2017).

The low abundance of RLO HMXB is a result of mass-transfer proceeding on thermal
timescales of the donor’s envelope (ty, ~ 10% yr) which would result in super-Eddington transfer
rates of ~ 1073 Mg yr and correspondingly ~ 10*’ erg s~! in luminosity (Rappaport et al., 2005).
However, the high mass-transfer rates would eventually completely drown the X-ray source and

2In fact, the remnant of a helium core will be a neutron star in most cases even if the original star would have
been massive enough to form a BH which is dependent on the evolutionary stage of the core at the time of envelope
dissipation.
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lead to the formation of a common envelope. Therefore, these systems are in a phase of beginning
atmospheric RLO where the mass-transfer rates are still below the Eddington limit (Tauris et al.,
2017; Tauris & van den Heuvel, 2023).
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Figure 3.3: Schematic mechanism to form a Be-HMXB from two massive ZAMS stars. These
systems undergo two SN explosions resulting in a close pair of two neutron stars. See Sec. 3.2.3
for a description. Directly taken from Tauris & van den Heuvel (2006).

3.2.4 Schematic evolution of LMXB

Similar to Sec. 3.2.3, we follow Tauris & van den Heuvel (2023) for the description of a possible
formation pathway of LMXB as depicted in Fig. 3.4. Starting from a binary pair with a large mass
ratio and orbital separation the more massive star evolves first on a nuclear timescale. During
the evolution of the primary, mass and angular momentum loss from stellar winds will cause
the binary orbit to widen. The more massive star will quickly expand filling its Roche-Lobe
and quickly overshooting it, reaching the low-mass secondary in the process. This results in a
common envelope leading to a spiral-in of the secondary due to angular momentum transfer to
the primary’s envelope which completely evaporates as a consequence. The remaining naked
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helium core and the unscathed low-mass secondary will stay in a close orbit with a short orbital
period where the helium star continues its evolution to eventually end in a SN type Ib/c and a
neutron star remnant. Because the binary’s binding energy is lower compared to the HMXB case,
it may be completely disrupted by the kick velocity imparted on the newly formed neutron star.
Therefore, to retain the binary, the SN kick must have a favorable direction and magnitude with
respect to the orbital motion of the neutron star. A LMXB then develops either from the low-mass
secondary filling its Roche-Lobe upon reaching the end of hydrogen burning (7 2 1 Gyr) or if
the binary orbit shrinks further for even less massive secondaries. Mass transfer onto the neutron
star will proceed on a thermal timescale of the donor (7, > 100 Myr) forming an accretion disc.
The final step in the evolution of this particular binary will be a neutron star pulsar, spun up by
the accretion stream, and a white dwarf remnant from the donor. With the ignition of the pulsar,
the companion star will be evaporated by intense winds caused by irradiation of the accretion
disc from pulsar radiation.

Another significant formation channel for LMXB is through tidal capture and multibody
exchange in dense stellar environments such as globular clusters and the centers of galaxies.
Indeed, several studies showed a direct association of bright X-ray sources with the position of
globular clusters (Kim et al., 2009; Voss et al., 2009; Lehmer et al., 2014, 2020; Mineo et al.,
2014a; Dage et al., 2019) and an increased abundance of LMXB in galaxies with high specific
frequency of globular clusters (Gilfanov, 2004; Irwin, 2005; Boroson et al., 2011; Zhang et al.,
2011; Lehmer et al., 2020). The direct association with globular clusters also yielded metallicity
dependence as LMXB sources were found to be more abundant in metal-rich, red globular clusters
than in metal-poor, blue globular clusters (Sivakoff et al., 2007; Kim et al., 2013; Cheng et al.,
2018). Further studies confirmed that LMXBs follow the stellar surface density of a galaxy
(Zhang et al., 2013) and that the dissolution of globular clusters may seed LMXB in the galactic
field (Grindlay et al., 1984; Kremer et al., 2018).

3.3 X-ray Spectral Energy Distribution

This section will briefly review the classical accretion processes responsible for the X-ray emission
in XRBs. We will highlight the connection of the different accretion geometries to observed
spectral features and briefly touch on processes responsible for variability in XRBs. In this
section, we will mostly follow the descriptions by Lewin et al. (1995); Frank et al. (2002); Tauris
& van den Heuvel (2006); Done et al. (2007); Tauris et al. (2017) as well as Tauris & van den
Heuvel (2023).

3.3.1 Spherical accretion

A compact object moving relative to an isotropic ambient medium will accrete spherically from
its environment by gravitationally focusing the medium in its wake. This is the case for isotropic
accretion of the ISM by a SMBH or for BHs or neutron stars embedded in the wind of its
supergiant companion, such that the gravitational capture radius is given by the Bondi-Hoyle-
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Figure 3.4: Schematic mechanism to form a typical LMXB from a binary with large initial mass

ratio. The evolution of the binary culminates in a neutron star and white dwarf binary. See Sec.
3.2.4 for a description. Directly taken from Tauris & van den Heuvel (2006).

Lyttleton prescription (Hoyle & Lyttleton, 1939; Bondi & Hoyle, 1944; Bondi, 1952)

2G
Ry = e (3.11)
vy +Cs
with the resulting accretion rate being
47 (Gmyee)?
Tlace = M , (3.12)
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where G is Newton’s gravitational constant, m,.. 1S the mass of the compact accretor, p
is the ambient density which may be dependent on time and distance from the accretor, ¢y =
1147 /(10* K) kms™! the local speed of sound, and v is the relative velocity of the accretor
with respect to the ambient medium. Focusing on the stellar wind fueling the X-ray emission of
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HMXB, we consider a compact object moving through the stellar wind of its companion such
that
VI =V vk, (3.13)
with vk = wa =~ 50kms~! being the Keplerian velocity at orbital separation a. Stellar
wind velocities are supersonic and exceed the local sound speed and orbital Keplerian speed
with vying 2 1000 km s~ (Kudritzki & Puls, 2000) and typical mass-loss rates [Mying| ~ 1076 -
107> Mg yr~!. We note that the exact mass-loss rates depend on various factors such as clumping,
metallicity, and absorption of the local medium (see e.g. Martinez-Nufez et al., 2017). Assuming
mass conservation in an isotropic stellar wind, the wind density at orbital separation is given by
the continuity equation

M.
pla) = ] ;del : (3.14)
4ma=vyind
and the accretion rate onto the compact object becomes
GMigee)* My .
acc = ( azcci wind o 10 4]Mwind- (3.15)
a=v?.
wind

Thus, only a fraction of the stellar wind is being accreted by the compact object. Assuming
direct conversion of the kinetic energy gained during infall into radiation, the resulting X-ray
luminosity would be

GmyecMiaee

LY = ~10% erg s, (3.16)

Facc
where 7, is the radius of the accretor and typical accretion rates are of the order rige. =~
10" My yr~!. As a consequence, the gravitational infall is eventually balanced by radiation
pressure such that an upper limit on accretion rate and thus luminosity is reached. The so-called
Eddington limit can be expressed as

Leqd = ARG Macec ) Mega = HMaceC ) (3.17)
K Kn

where c is the speed of light, « is a measure for the opacity, e.g. Thomson scattering, and

n is an efficiency parameter. There are however further complications to the simple picture of

spherical accretion. For instance, the wind velocities in the decretion discs of Be-stars are lower

by an order of magnitude, much denser, and not isotropic compared to O-type stars, making the

accretion rate onto a compact object highly dependent on orbital parameters. Furthermore, if the

accretor is a fast-spinning, magnetized neutron star, which is the case in a majority of HMXB

systems, the interaction between the magnetic field and the incoming material may inhibit the

accretion flow, i.e. through magnetic or centrifugal gating (Bozzo et al., 2008; Martinez-Nufez

et al.,, 2017). We also note that the material close to the accretor may still form temporary
accretion discs.
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Figure 3.5: Schematic view of the accretion column of a neutron star producing X-rays. Figure
taken from (Becker & Wolft, 2007).

The X-ray spectrum of wind-fed HMXB largely depends on the type of accretor. While BH
accretors exhibit spectral state transitions due to the presence of a persistent accretion disc (see
Sec. 3.3.2), neutron stars typically have strong magnetic fields that influence the production of X-
ray emission. In the latter case, if not inhibited completely, the accreted material is funneled along
the magnetic field lines onto the poles of the neutron star (see Fig. 3.5). At the magnetic poles,
the accretion columns will produce X-ray emission in the form of a power-law with photon index
I' ~ 0—2 with exponential cutoff at ~ 10keV (see e.g. Fornasini et al., 2023). Seed photons from
the blackbody emission of neutron star’s polar caps, or bremsstrahlung and cyclotron emission
from the accretion columns/shocks will be Compton scattered to higher energies due to thermal
electrons in the accretion flow (see Sec. 3.3.2 for a description on Compton scattering). However,
no self-consistent physical model has been developed yet that can explain the variety of spectra
observed in wind-fed HMXB across a broad range of accretion rates (Mushtukov & Tsygankov,
2022; Fornasini et al., 2023).

3.3.2 Accretion discs

If material is transported toward the compact object and retains a large fraction of its initial
specific angular momentum, J, a ring will form roughly at the circularization radius
J2

Reire = —. 3.18
CIrc Gmacc ( )



44 3. X-ray Binaries

The stream of material will collide with itself forming a hotspot and through viscous dissipation,
the ring will spread into a disc. Accretion onto the compact object can only be accomplished by
the gradual loss of angular momentum with each circular orbit closer to the accretor. Without
a sink for angular momentum, such as a magnetic field, it needs to be transported outwards
increasing the disc’s size. The main agent for energy dissipation and angular momentum transfer
is viscosity, however, the physical nature of viscosity in discs is not completely settled. A strong
candidate is magneto-rotational instability where a disc permeating magnetic field is wound up
by orbital shear (Balbus & Hawley, 1991). Nevertheless, some properties are independent of the
viscosity in steady accretion discs.

Assuming that cooling is efficient in keeping the local sound speed of the disc super-sonic
at all radii, one arrives at the thin disc approximation, where the disc is geometrically thin and
optically thick, lying in the orbital plane with a small vertical extent

H=~ R <R, (3.19)
VK

and can be completely described by its surface density 2. From mass and angular momentum
conservation, the surface density obeys a nonlinear diffusion equation

3
0.5 = Sor (VRox [v=VR|) . (3.20)
where v is the viscosity. For a steady state accretion disc, 9,2 = 0, which implies

M Rin
T=— 1By =2
% [ B R

, 3.21
i (3.21)

where M is the mass transport through the disc, and 8 depends on the boundary conditions at the
inner disc edge Rj,. For a non-rotating star, 8 = 1, and R;j, = Ry is at the surface of the accretor
which we will assume for the following. From viscous dissipation, one arrives at an expression
for the disc surface temperature

1

T(R) = , (3.22)

R

3GmaecM - &
87R30sp

where osp is the Stefan-Boltzmann constant. Assuming black-body radiation and accounting for
the two-sided geometry of the disc, the total radiated luminosity is

I = l GmgeeM

= , (3.23)
2 Racc

which is exactly half the potential energy per unit time of an infalling mass element. The
remaining energy is available at the accretor’s boundary layer causing outflows which is therefore
equally important to understand the total emission of the disc.
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A useful parametrization for viscosity in the accretion disc is given by the a-viscosity pre-
scription (Shakura & Sunyaev, 1973)

v=acsH, (3.24)

assuming that random motions can not exceed the disc height and that supersonic motions are
dissipated in shocks. This would require @ < 1 which is supported by observations of dwarf
novae in cataclysmic variables.

While the thin disc picture appears to be a reasonable approximation for most systems, a more
complete picture of the accretion geometry is required for XRB (Done et al., 2007; Zdziarski
et al., 2021). In fact, the standard picture of accretion discs in XRB systems is a truncated
advection disc model, which includes a thin cold disc transitioning into a hot inner accretion flow
at the truncation radius (see Fig. 3.6 ). The thin disc will flare at large radii due to the injection of
turbulence from the Roche-Lobe accretion stream interacting with the disc. The energy released
by the accretion disc produces regions of hot coronal plasma with thermal electrons on both sides
of the disc at a plasma temperature of kg7 ~ 100keV. Soft seed photons emitted by the accretion
disc with energies E < 4kpT will be Compton scattered to higher energies leading to cooling
of the coronal plasma. Each scattering event provides an increase in energy equivalent to the
Compton amplification factor, A,

4kpT — E
A=_8"2 (3.25)

mec?

where kpT is the temperature of the plasma, E is the photon energy, and m.c?> = 511keV is
the rest mass of the electron. The average number of scattering events N is determined by the
Thomson optical depth 7 of the plasma, such that N' « 7 for an optically thin medium, and N o 72
for r > 1. A photon undergoing N scattering events will gain a total amount of energy equal to

4kgT
y=AXN = 5 max (T, 72) , (3.26)
meC

where y is the Compton optical depth or Compton y-parameter. Ultimately, the Compton
scattering of soft seed photons leads to a power-law distribution in photon energies. The power-
law slope, I, is connected to the optical thickness, 7, through the following relation

2
r= 12+ 3mec 1 (3.27)

4 2 2’
T |(+3) _g]

which is a solution to the Kompaneets equation (see Longair, 2011, for a derivation). We note
that the relations discussed for the truncated disc model only apply to BH accretors. In cases
where the accretor is a neutron star, magnetic interactions and the solid surface of the neutron
star need to be considered since they alter the accretion geometry considerably.
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Figure 3.6: Schematic illustration of the accretion geometry of a truncated disc with truncation
radius Rj,. The disc is covered by a Comptonizing coronal plasma, Cg, from Rj, to Ry Inside of
Rin, ahot accretion flow with large scale height, Cy,, covers the central object. Both comptonization
regions, Cg and Cy, give rise to softer or harder power-law components, respectively. Emission
from Cy, is reflected from a flared disc beyond Ry, denoted here as Ry. Part of the emission
from C; is reflected from the disc beneath, denoted here as R;. Figure taken and description
adapted from Zdziarski et al. (2021) who studied the accretion geometry around BH LMXB Maxi
J1820+070.

3.3.3 Variability

The majority of XRB systems experience some form of variable behavior. For instance, most BH
XRB appear to cycle through different spectral states where the hardness of the spectrum, the
ratio of hard to soft X-ray photons, depends non-trivially on the total luminosity of the system.
This hysteresis is attributed to the non-stationary behavior of the accretion flow (Done et al.,
2007). Nonetheless, the truncated disk model is an elegant explanation for the different spectral
states in those systems as various aspects of the accretion geometry are only expressed for certain
accretion rates. We show this transitional behavior in Fig. 3.7 (see Done et al., 2007). At
low luminosities, Compton cooling of electrons is inefficient which leads to a hard power-law
spectrum from the presence of the hot inner accretion flow often accompanied by radio emission
from a jet. At high luminosities, Compton cooling is efficient leading to the breakdown of the hot
coronal plasma. The accretion flow collapses into a thin disc which produces a soft black-body
spectrum. Intermediate states are also observed where the spectra show signs of both a hot
coronal plasma and a disc component.

Other modulations of the X-ray luminosities of XRB and their spectra on short timescales are
also observed which we will briefly highlight here. So-called X-ray bursts can be observed in
XRB hosting a neutron star. These bursts are thermonuclear explosions of material deposited on
the neutron star’s surface and last up to several minutes. The accretion disc in LMXB may show
signs of precession and warps which have periods different from the orbital period of the binary.
Eccentric orbits in Be-HMXB lead to transient behavior because the compact object may only
accrete sufficiently in the orbital periastron. Some HMXB show signs of pulsations due to wind
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instabilities of fast-rotating Wolf-Rayet stars. Quasi-periodic oscillations are also seen in BH
XRB which are either caused by the frame-dragging Lense-Thirring effect of a rotating compact
object or oscillatory instabilities in the accretion disc.
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Figure 3.7: Transitions of the accretion flow in BH LMXB causing different spectral states. The
left panel shows the X-ray spectrum of the associated state in the right panel. The ultra-soft
state (USS) arises from a stable thin accretion disc. The thermally dominant state (TDS) shows
a black body spectrum from the disc in addition to a weaker power-law tail caused by pockets
of hot coronal plasma from the increasing temperature in the disc. The very high state (VHS) is
the transition point where the inner disc starts to break down because of evaporation and a large
inner Comptonization region emerges. In this phase, a radio jet is forming. In the low/hard state,
the hot Comptonizing plasma replaces the thin accretion disc such that the hard X-ray power law
emerges together with a radio jet. Figure directly taken and description adapted from (Done et al.,
2007)

3.4 Scaling relations

With the advent of the Chandra X-ray telescope and its high spatial resolution, the detailed study
of extragalactic XRB systems became possible. In this section, we will highlight some of the
key findings regarding the populations of XRB and their properties while mostly following the
summary of Gilfanov et al. (2022).

From the evolutionary considerations for XRB and binary systems we discussed above,
HMXB should dominate young stellar environments because of the short timescales involved in
stellar evolution and binary interaction. In contrast, the evolution of LMXB requires significantly
more time, such that LMXB lose their connection with the star-formation event that created
them. Therefore, a commonly used proxy discriminating the two XRB populations is the specific
star-formation rate (sSFR) which is the ratio of SFR and stellar mass (M.) over a region of a
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galaxy

FR
sSFR = 5 . (3.28)
M

*

Typically, a galaxy is dominated by the emission from HMXB if sSFR > 107!? yr~! while LMXB
are dominant in galaxies with sSSFR < 10712 yr~! (Lehmer et al., 2010).

The study of LMXB in QG led to the conclusion that the number of LMXB, Ny mxs, and their
collective X-ray luminosity in the 0.5 — 8 keV band, LI;(MXB is proportional to the stellar mass
(Gilfanov, 2004; Zhang et al., 2011, 2012), such that

M,
100M,,

*

-1
m ergs -, (329)

Nimxs(lx > 10%7 erg S_l) ~ 14 x L])“(MXB ~8-10°% x
where [y is the X-ray luminosity of an individual XRB. The distribution of LMXB mainly
follows the stellar density profiles (Zhang et al., 2013). Still, there is evidence for contribution
from globular cluster seeding both from LMXB density being higher than expected at a few
effective radii of the galaxy and a higher formation efficiency in globular clusters (Boroson et al.,
2011; Zhang et al., 2011; Lehmer et al., 2020). The number of LMXB systems is expected to
increase over time because of the long X-ray bright phase of these systems, more low-mass stars
evolving with . > 1Gyr, and an increase in tidal interactions in globular clusters. Indeed,
there is observational evidence for old QG hosting more LMXB compared to young QG (Zhang
et al., 2012; Lehmer et al., 2019).

For HMXB it was convincingly shown that their number and total X-ray luminosity scales
linearly with SFR (Grimm et al., 2003; Lehmer et al., 2010; Mineo et al., 2012a; Sazonov &
Khabibullin, 2017a) such that the X-ray emission of SFG can be used as an independent tracer
for star-formation compared to traditional estimators such as H,, UV or far-infrared emission.

The resulting scaling relations are of the order

SFR SFR
LIMXB 2. 10% x ergs™. (3.30)

N ~ 10 % ,
HMXB M,y M, yr!

A time dependence of the number of HMXB sources in a galaxy is also observed from spatially
resolved studies of the star-formation history of individual galaxies (Shtykovskiy & Gilfanov,
2007; Antoniou et al., 2019). From binary evolution, it is expected that HMXBs start appearing
with a delay compared to a star-formation event also given a decline in supernova rate with
time (Shtykovskiy & Gilfanov, 2005b; Antoniou et al., 2019). We show the scaling relations
between XRB X-ray luminosity and SFR or stellar mass of the host galaxies for HMXB and
LMXB, respectively, in Fig. 3.8, based on Eq. (3.30) and (3.29). Since both types of XRB are
present to varying degrees in galaxies, their disentanglement can be particularly challenging for
distant galaxies even with high spatial resolution. A useful alternative formulation for the scaling
relations was employed by Lehmer et al. (2010) which allowed for simultaneous determination
of the contribution from the two classes
Lx

SER =B +asSFR7!, (3.31)
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Figure 3.8: Left: Dependence of the total X-ray luminosity of HMXB on star-formation rate
for resolved star-forming galaxies (red). The solid black line indicates the best-fit linear relation
with numbers given in the figure legend. Additional data points are given for star-burst galaxies
(ULIRGsS, grey) and unresolved Chandra deep field galaxies (teal) for which total luminosities
including gas and potentially AGN emission are included. Figure is directly taken from Mineo
et al. (2012a). Right: Dependence of the total X-ray luminosity of LMXB on stellar mass for
elliptical (red) and spiral galaxies (blue). The luminosity of some galaxies is additionally taken
within smaller annuli (thus smaller mass) denoted as open symbols. The solid black line indicates
the linear regression of the data. Figure is directly taken from Gilfanov et al. (2022).

where log Slergs™! (Mg yr 1)71] = 39.71t%"10‘$ and log a[ergs™! Mg)l] = 29.25J:%"%é track the
contribution from HMXB and LMXB, respectively (see also Lehmer et al., 2019; Inoue et al.,
2021). The simultaneous occurrence of both XRB types leads to a combined X-ray luminosity
function (XLF) where the respective contribution of LMXB and HMXB depends on the age of
the underlying stellar population (Lehmer et al., 2017; Gilbertson et al., 2022). Therefore, the
clear dependence of the X-ray luminosity of galaxies on stellar mass and SFR prompted studies
on the redshift evolution of the galaxy main sequence (Lehmer et al., 2016; Aird et al., 2017).
The luminosity distribution of individual XRB can be summarized in an X-ray luminosity

function (XLF). The shape of the XLF for HMXB follows a simple power-law relation
dN

-1.6
a1, S SFRXS, (3.32)

where the power-law slope appears to be universal and only the normalization scales linearly with
SFR (Grimm et al., 2003; Mineo et al., 2012a; Sazonov & Khabibullin, 2017a; Lehmer et al.,
2019). Similarly, the normalization of the XLF for LMXB scales with the total stellar mass M.,
however, it has a more complex shape with up to two breaks. One of the breaks coincides with the
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Eddington luminosity of an accreting neutron star, [y ~ 3 - 10%” ergs™!, suggesting a luminosity
limit for neutron star systems with an accretion disc (Revnivtsev et al., 2011). The nature of the
second break at higher luminosities, /, ~ 5 - 1038 erg s~!, is still unclear (Gilfanov et al., 2022).

Studies on the effect of metallicity showed an anti-correlation between the integrated X-ray
luminosity of HMXBs in galaxies and their metallicity (Mapelli et al., 2009; Brorby et al., 2016;
Fornasini et al., 2020; Lehmer et al., 2021). In Lehmer et al. (2021), they also showed that the
luminosity function of HMXB is sensitive to metallicity such that low metallicity environments
harbor more luminous HMXB. This behavior may be attributed to weaker stellar winds in massive
stars with low metallicity allowing for tighter orbits of the compact object. This leads to a higher
probability of systems undergoing atmospheric RLO due to the evolution of the massive donor
and thus a higher number of luminous X-ray sources (Linden et al., 2010; Wiktorowicz et al.,
2017). Consequently, RLO HMXBs are a strong candidate for ultra-luminous XRB sources with
luminosities Ly > 5 - 103 ergs~! which share many of the properties discussed here (Linden
et al., 2010; Sazonov & Khabibullin, 2017b; Wiktorowicz et al., 2017; Gilfanov et al., 2022).
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Figure 3.9: Example X-ray luminosity functions for HMXB (red) and LMXB (blue) for a galaxy
with stellar mass M, = 10'° Mg, and star-formation rate SFR = 10 My, yr~!. The figure is directly
taken from (Gilfanov et al., 2022).
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4 Magneticum Pathfinder Simulations

While observations of astrophysical objects can in general only provide a snapshot of their current
physical state, their full evolution across cosmic time happens on timescales much longer than
the rise and fall of human civilization. In that respect, assembling the full history of e.g. galaxy
evolution in the universe can only be done in a statistical manner by connecting observations of
similar objects across different epochs of the universe. With the advent of increasingly powerful
computational resources by the end of the 20th century however, it became possible to simulate
accurate numerical representations of astrophysical processes in much higher resolution and
precision.

4.1 A brief history on cosmological simulations

In the context of cosmic structure formation for instance, pioneering simulations of non-linear
gravitational collapse of overdensities established the current picture of the CDM scenario (Davis
et al., 1985; Frenk et al., 1985; White et al., 1987; Frenk et al., 1988), also due to remarkable
resemblance to the observed clustering of matter in the real universe. For such simulations of col-
lisionless matter, it is sufficient to solve the equation of motions by solely relying on gravitational
interaction between N particles which is achieved by employing dedicated numerical techniques.
Their goal is to try to minimize the computational cost while still retaining sufficient accuracy
and can be based on particle-particle (PP) or particle-mesh methods (PM), tree structures, or
hybrid methods such as the Tree-PM solver implemented in GADGET 2 (Springel, 2005).

While these early simulations only included dark matter, including baryonic matter in such
large-scale simulations could also be useful in predicting observables directly from the simu-
lations. Unavoidably, the treatment of baryons requires solving hydrodynamical equations of
motion due to significant interaction between fluid elements in addition to gravity. There are
two main methods to numerically approach hydrodynamic interactions: the grid-based, Eule-
rian codes or the Smoothed-Particle Hydrodynamics (SPH), Lagrangian codes. The grid-based
approach spatially discretizes a fluid into grid cells and solves the fluid equations for each grid
cell (Kravtsov et al., 1997). The SPH approach discretizes the fluid density into particles and
hydrodynamical properties at their location are computed by smoothing over their respective
neighboring particles (see e.g. Price, 2012).

Within a simulated sub-volume, the formation of structure can now be followed self-consistently
and observables in principle arise directly from the baryonic component tracked by simulations.
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However, because of the scales involved in a cosmological setting as well as computational restric-
tions, it is not feasible to implement arbitrarily detailed prescriptions of physical processes, i.e. for
star formation, mechanical or radiative feedback, in such simulations. Instead, such phenomena
are typically treated either in an effective manner and depend on the scientific goal. Nevertheless,
they produce sufficiently robust results for a large range of astrophysical applications.

For instance, star-formation models within a multi-phase medium calibrated to density and
temperature criteria (Katz, 1992; Katz et al., 1996; Springel & Hernquist, 2003) or to empirical
relations of the surface density of molecular hydrogen in galaxies (Murante et al., 2015) or the
inclusion of SN feedback (Navarro & White, 1993; Scannapieco et al., 2006) are employed in a
cosmological framework. Of particular importance for X-ray emission of galaxies are descriptions
for chemical enrichment and gas cooling (Yoshida et al., 2003; Tornatore et al., 2004, 2007; Maio
et al., 2007, 2010), as well as the treatment of AGN feedback (Di Matteo et al., 2005; Sijacki
& Springel, 2006; Sijacki et al., 2007; Fabjan et al., 2010; Teyssier et al., 2011) and thermal
conduction (Dolag et al., 2005; Beck et al., 2016).

With ever-improving computational resources at large computational facilities in recent years,
increasingly larger volumes could be simulated at higher resolution. Up to now, several large
simulation campaigns, such as Magneticum (Dolag et al., 2016), Illustris (Vogelsberger et al.,
2014), EAGLE (Schaye et al., 2015), Horizon-AGN (Kaviraj et al., 2017), [llustrisTNG (Pillepich
et al., 2018) or SIMBA (Davé et al., 2019), made use of a large variety of different physics
modules and hydrodynamic solvers in order to specifically target galaxy evolution experiments.
The goal of these large cosmological box simulations is to have a statistical representation of
a sub-volume of the universe. Within those sub-volumes the population of emerging galaxies
can be studied in different environments. Their resulting properties can then be benchmarked
and compared to the properties of galaxies in the real universe in order to better understand the
physics involved in their formation.

Aim of the thesis

This thesis will aim to analyze predictions of hydrodynamical cosmological simulations regarding
galaxy evolution. In particular, the main focus will be on the X-ray properties of galaxies by
analyzing their simulated ISM, CGM, and their connection to the large-scale filamentary structure.
For this purpose, we will first describe the particular cosmological simulation used for the
analysis in this work, namely Magneticum Pathfinder Simulations (or just Magneticum). Rather
than including directly the X-ray emission of astrophysical objects and its influence on structure
formation in the simulation, we perform a post-processing step in which intrinsic properties of the
simulation are used to infer their X-ray emission (see Chap. 5 ). A novelty in the post-processing
step of the simulation is the inclusion of XRB populations which are based on scaling relations
and evolutionary pathways presented in previous chapters. The exact description of this model,
its verification, and its predictions are presented in Chap. 6. We then use this model to further
analyze the predictions of X-ray emission in the large-scale environment of simulated galaxies
and how XRB contribute as a source of contamination (Chap. 7). Lastly, we will give preliminary
results on X-ray emission from filaments in the cosmic web in which galaxies are embedded.

In the following, we will introduce Magneticum in more detail as a series of state-of-the-
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art hydrodynamical cosmological simulations on which the results of this work are based. We
will further highlight important physical modules employed in the simulation that are needed to
interpret the results presented in this thesis.

4.2 Magneticum

— This section has partially been published in Vladutescu-Zopp et al. (2023).

Magneticum! is a series of state-of-the-art hydrodynamical cosmological simulations that explore

varying ranges in particle number, volume, and resolution. They are based on an improved version
of the N-body code GapcGeT 3, which is an updated version of the code GADGET 2 (Springel, 2005),
which uses the SPH approach for the hydrodynamics. The code introduces several improvements
regarding the SPH implementation by including a treatment of viscosity and artificial conduction
(Dolag et al., 2005; Beck et al., 2016). The inclusion of thermal conduction is based on Jubelgas
et al. (2004) with improvements by Arth et al. (2014).

Additional physical processes describing the evolution of the baryonic component have been
implemented. They encompass radiative gas cooling as described in Wiersma et al. (2009), heat-
ing from a uniform time-dependent UV background (Haardt & Madau, 2001) and a sub-resolution
model for star-formation with mass-loading rate proportional to SFR and resulting wind-velocities
of v, = 350kms~! (Springel & Hernquist, 2003). A treatment for chemical enrichment of the
gaseous component through stellar evolution has been implemented following the prescription of
Tornatore et al. (2004, 2007). Furthermore, a prescription of SMBH growth through mergers and
gas accretion, powering energy feedback for AGN, was implemented following Springel et al.
(2005) and Di Matteo et al. (2005) with modifications following Fabjan et al. (2010). It was
further improved and tested in the works by Hirschmann et al. (2014); Steinborn et al. (2015).

Further details on the description of the simulations can be found in Dolag et al. (2016). Table
4.1 summarizes all available simulated volumes of the simulation together with their resolution.
For the results presented in chapter 6 and 7 we made use of the Box4/uhr volume which is
highlighted in table 4.1.

The advantage of Box4/uhr is its ultra-high resolution together with the large simulated
volume. The former allows for a physically reliable picture of galaxies with total stellar mass
M, > 10'°M,, at or below the stellar mass of the MW? and for which included physical processes
are resolved. In the case of Box4/uhr, stellar particles have a mass of 0.25 mg,s (see Sec. 4.2.1
which would correspond to a few thousand stellar particles per galaxy. The total volume of
(48 cMpc h~1)? allows probing smaller wavenumbers in the initial power spectrum of density
fluctuations and can thus represent larger overdensities. In this case, this leads to the formation
of a few galaxy groups and small galaxy clusters below My, < 104 Mg which offers a diverse
environment for galaxies. Initial conditions for the simulations are generated using standard
ACDM cosmology using results from the Wilkinson Microwave Anisotropy Probe (WMAP)
(Komatsu et al., 2011), with Hubble parameter 7 = 0.704, matter density £, = 0.272, dark

IProject web page: www.magneticum.org. PI: Klaus Dolag
2The MW stellar mass is estimated to be MMV ~ 5. 10!'M,,.
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Size Resolution Npart mpm Mgas €DM/gas Estar
[CMpC h‘l] [MQ h‘l] [MQ h‘]] [ckpc h‘l] [ckpc h‘l]

Box0 2688 mr 2x 4536 1.3x10"° 2.6x10° 10 5
Box1 896 mr 2x 1526 1.3x10"% 2.6x10° 10 5
Box2b 640 hr 2x2880° 69x10% 1.4x108 3.75 2
Box2 352 mr 2x594% 1.3x10"9 2.6x10° 10 5
hr 2x 15843 69x10% 1.4x108 3.75 2
Box3 128 mr 2x216° 1.3x10"9 2.6x10° 10 5
hr 2x5763  6.9x10% 1.4x10% 3.75 2

uhr 2x 1536 3.6x107 7.3x10° 1.4 0.7
Box4 48 mr 2x 817 1.3x10 2.6x10° 10 5

hr 2x216°  6.9x10% 1.4x108 3.75

uhr 2x576° 3.6x107 7.3x10° 14 0.7
Box5 18 hr 2x81°  69x10% 1.4x108 3.75 2

uhr 2x216°  3.6x107 7.3x10° 1.4 0.7

xhr 2x5763  1.9x10° 3.9x10° 0.75 0.25

Table 4.1: Available volumes for Magneticum with their respective resolution. Sizes are the side
length of the box in comoving units. Np, is the total initial particle number including dark matter
and gas. mpwm and mg,, are the particle masses of dark matter and gas, respectively. € is the
gravitational softening for dark matter, gas and stars assuming a Plummer potential.

energy density 2, = 0.728, baryon density £, = 0.0451 and normalization of the fluctuation
amplitude at 8 Mpc og = 0.8009.

4.2.1 Sub-grid star-formation

One of the main goals of this thesis is the introduction of a post-processing step to sample
XRB from simulation data. It is therefore necessary to briefly introduce the core aspects of the
star-formation model in Magneticum. The star-formation model in Magneticum is based on the
model of Springel & Hernquist (2003). Baryons are distinguished into an ISM, with a hot and
cold phase, and stars. The phases are allowed to interact through various processes. For instance,
radiative cooling enables hot gas to move into the cold phase. Feedback from SNe leads to the
heating of the cold ISM and the evaporation of cold clouds, the ejection of galactic winds, and
the enrichment of the ambient gas with metals. The equilibrium temperature of the hot phase is
regulated by SNe under the assumption that the timescale to reach thermal equilibrium, 7.4 (see
Eq. (1.10), is shorter than dynamical timescale 74y, (see Eq.(1.11)). The model requires a free
parameter for the star-formation timescale 7, ~ 2.1 Gyr which is calibrated to the observationally
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constrained Schmidt-Kennicut relation between surface gas density and SFR density (Kennicutt,
1998; Springel & Hernquist, 2003).

The ISM is then described by spatially averaged properties and global dynamics of the
underlying ambient gas distribution. Each SPH fluid element represents a portion of the ISM
assuming that supposed cold clouds are in pressure equilibrium with the hot ambient gas above
a given threshold density p;;. In fact, cold clouds remain unresolved in this scheme where
their statistical properties are inferred from energy transfer rates calculated in the background.
Further heating of the hot ambient gas by energy injection from SNe ultimately sets the cloud
evaporation efficiency. The threshold density is then computed self-consistently by requiring
that the hot-phase temperature at the threshold is equal to the thermal instability temperature and
the specific effective energy changes continuously (Springel & Hernquist, 2003; Tornatore et al.,
2004, 2007).

If the density threshold is exceeded (p > p;;), the gas particle will be transformed into a
stellar particle on a characteristic timescale

D=

to=1) (/%) . (4.1)

The resulting star-formation rate 2, can then be expressed following the stochastic approach of
Katz et al. (1996)

iy = (1-p) (4.2)

xX-m
te
where 8 = 0.1 is the fraction of stars exploding as SNe type II, m the total mass of the gas

particle and x the cold gas fraction in the particle which is computed in the background. The
expected mass of stars formed in a time interval 4t follows from Eq.(4.2) as

4.3)

(1 =pB)xdat
m,=m {1 — exp (_t—)} .

In the simulation, a star particle will then be created from a gas particle if a uniform random
number p € [0, 1] falls below the probability

" {1 — exp (—w)} : 4.4)

p < * t*

The newly formed star particle will copy the dynamical state and position of its former parent
gas particle whose mass will be reduced by m.. This setup allows gas particles to be the site of
multiple such star-formation events, if the resulting mass of the star particle only has a fraction of
the mass of its parent, m, = m/N,. Up to N, = 4 generations of stars can be created from a single
gas particle in Magneticum, where the gas particle vanishes if the gas particle forms its N,.-th
generation of stars. From the point of their creation, star particles will decouple from the SPH
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treatment and act collisionless, only interacting through gravity. While the global SFR is well
approximated within the simulated volume, the stochastic approach presented in Eq. (4.4) can
lead to localized bursts of star formation. Each newly formed star particle represents a Simple
Stellar Population (SSP) in which a collection of stars follow a common IMF and share metallicity
at a common time of birth.

In Magneticum, stars within SSPs are distributed according to a Chabrier-like IMF (Chabrier,
2003). The mass fraction of stars above 40 Mg in a SSP is immediately returned to the ISM
through SN feedback after the formation of the SSP because the lifetime of those stars is shorter
than the temporal resolution of the simulation (see Eq.(6.6)). In addition, the mass of stellar
particles decreases continuously during the simulation because of stellar evolution which returns
metal-enriched gas to the hot phase (Tornatore et al., 2007).

4.2.2 AGN feedback

Another physical process crucial to understanding galaxy evolution is feedback from actively
accreting SMBHs because it can directly regulate star formation (see Sec. 1.2.1 and 2.2). In
Magneticum, SMBHs are treated as collisionless sink particles® following the implementation
of Springel et al. (2005) with improvements regarding their dynamics and feedback model.
SMBHs are seeded during the runtime of the simulation by identifying gravitationally bound
stellar structures (i.e. galaxies) using a friends-of-friends algorithm. If the mass of the bound
stellar structure exceeds a mass threshold M., u,, the star particle at the bottom of the potential
is converted to a SMBH particle. The seed mass of SMBH particles is thereby firmly below
observed relations between total stellar mass and SMBH mass (see e.g. McConnell & Ma, 2013)
to prevent abrupt heating of the surrounding gas.

Their mass growth through mergers is only allowed if the relative velocity of two close SMBH
particles is less than half the sound speed of the surrounding gas if their relative distance is small
compared to the softening length, and if they are gravitationally bound. Mass growth through gas
accretion follows Eq. (3.12) with an additional boost factor @ = 100 to account for the limited
resolution of the simulation (Springel et al., 2005). Since the actual accretion flow onto the
SMBH particles is unresolved, gas particles in the vicinity of the SMBH particle lose a fraction
of their mass which is added to the SMBH

AMy = (1 —n)M At , (4.5)
with 1 being the fraction of mass remaining in the ISM. In this way, gas particles can contribute
to accretion more often which allows for a more continuous description of accretion (Springel

et al., 2005).
The total radiated energy for SMBH particle can be estimated from the accretion rate as

Le bol = erMc2 , (4.6)

3Sink particles are a numerical workaround in collapse calculations to avoid issues with time integration. They
effectively mask high-density regions beyond a certain threshold.
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with radiative efficiency €, ~ 0.1 according to accretion disc theory for a Schwarzschild BH
(Shakura & Sunyaev, 1973; Springel et al., 2005), and c the speed of light. This follows from
equation (3.23) using three Schwarzschild radii as the innermost stable orbit for a non-rotating
BH R;, = 3Rs = 6GM /c?. Missing factors and uncertainties in the actual accretion geometry
are then accounted for by €,. The fraction of the radiated energy that is then coupled back to the
surrounding gas in the simulation can be expressed as

Ef=ere,Mc?, 4.7)

with €, = 0.15 as a free efficiency parameter for feedback (Steinborn et al., 2015) tuned to
reproduce observed scaling relations between total stellar mass and SMBH mass (McConnell &
Ma, 2013). Following the prescription in Fabjan et al. (2010), the radiated power is distributed
thermally to the surrounding gas by increasing its internal energy with a radiative efficiency set
toe =0.2.

4.2.3 Results on galaxy properties

Previous studies using the Magneticum simulations showed that predicted kinematic and mor-
phological features of simulated galaxies are consistent with observations. Particularly Teklu
et al. (2015) devised a classification criterion of star-forming and quiescent galaxies based on
the intercept of galaxies in the stellar mass, angular momentum plane. About the kinematical
properties of galaxies, it was shown that distinct classes of rotation patterns can emerge in the
simulation in accordance with observational results (Teklu et al., 2017; Schulze et al., 2018,
2020).

Furthermore, it was demonstrated that tidal features of galaxies as well as their morphology
and dynamical state are connected to their formation history and the shape of the dark-matter
halo (Remus et al., 2017; Valenzuela et al., 2024; Valenzuela & Remus, 2024). The effects of the
environment on galaxy quenching and properties of post-starburst galaxies were analyzed in Lotz
et al. (2019, 2021). Recent observational results of massive quenched galaxies at high redshift
could be reproduced as a result of environmental effects and feedback under specific conditions
in the early evolution of galaxies (Kimmig et al., 2023). Chemical properties of galaxies and
clusters reliably reproduce observations (Dolag et al., 2017) and simple analytic lookback models
are in good agreement with galaxy populations at different redshifts in the simulation (Kudritzki
et al., 2021).

The population of SMBH, their statistical properties, and their influence on structure formation
were studied in Hirschmann et al. (2014); Steinborn et al. (2016). In Biffi et al. (2018a), the X-ray
properties of the AGN and their relative contribution to the X-ray emission in galaxy clusters
were analyzed, estimating the expected count rates for the eROSITA mission. They also showed
that the XLF of AGN is well reproduced within the simulation. RihtarSi¢ et al. (2024) showed
the effects of environment on AGN and star-formation activity in the outskirts of galaxy clusters.

Overall, the predictions of Magneticum regarding properties of simulated galaxies have shown
to reliably reproduce observations, giving a strong foundation for our analysis presented in this
thesis.
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5 Let the Simulations Shine in X-ray

Although cosmological simulations are a powerful tool to study the properties of cosmic structures
and their surroundings in full 3D space, it is not straightforward to compare observations to
simulations. Namely, all 3D properties of an observed object in the real universe are hidden
behind projection effects from only having a fixed line of sight (LOS) as well as response
functions of the instruments used to conduct the specific observations. In most cases, including
the explicit treatment of photons in simulations would require costly on-the-fly modeling of
the emitting component. It is therefore advisable to translate the hydrodynamic 3D properties
of the simulation into the required photon information using a post-processing procedure. In
post-processing, each eligible resolution element of the simulation is assigned a specific type of
emission using appropriate models. In this context, eligible means that the resolution element
fulfills the conditions required by the model, e.g. density or temperature thresholds in the case of
X-ray emitting gas.

5.1 PHOX X-ray photon simulator

The virtual X-ray photon simulator PHOX is a post-processing tool for hydrodynamical cosmo-
logical simulations tailored to convert intrinsic properties of the simulations into synthetic and
realistic X-ray emission (Biffi et al., 2012, 2013). While there have been numerous approaches
to the extraction and processing of these quantities (X-Mass/X-Mass2 Gardini et al., 2004; Rasia
et al., 2008) the novelty introduced with PHox lies in the separation of the photon generation from
adequate emission models and the projection of simulated photons along a line of sight. Each
step of a synthetic observation can thus be carried out individually, requiring the initial photon
generation to be executed only once and independent of the projection.

Prox itself consists of a C code leveraging the programming interface provided by the publicly
available X-ray Spectral Fitting Package (XSPEC) (Arnaud, 1996) to calculate model emission
spectra. It further utilizes auxiliary libraries GSL! and CFITSIO? both bundled together with
XSPEC in the HEASOFT? package. PHoX is structured into three independent units and its input
is required to be the output of hydrodynamical cosmological simulations. Each snapshot of a
cosmological simulation contains information about the current redshift, assumed cosmology, and

Thttps://www.gnu.org
Zhttps://heasrc.gsfc.nasa.gov/fitsio/
3https://heasrc.gsfc.nasa.gov
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intrinsic quantities of the tracked resolution elements such as position, velocity, mass, density, and
more. While PHox is tailored towards particle-based SPH codes, in particular GADGET2 (Springel,
2005), the very general approach can be adapted for grid-based simulations (see e.g. pyXSIM* by
John ZuHone). Currently, PHox can produce model emission for the gaseous component (Biffi
et al., 2012), actively accreting SMBH (Biffi et al., 2018a), and XRB (Vladutescu-Zopp et al.,
2023). We show a basic flowchart of the algorithm in Fig. 5.1.

Pnox has been previously applied to study properties of the inter-cluster medium (ICM) of
simulated galaxy clusters (Biffi etal., 2012, 2013, 2014; Biffi & Valdarnini, 2015; Cuietal., 2016),
the contamination of ICM emission by AGN (Biffi et al., 2018a) and to study the contribution
of XRB emission in galactic X-ray scaling relations and spectra for simulations of galaxies
(Vladutescu-Zopp et al., 2023, 2024). Furthermore, it was used in Marini et al. (2024) to study
X-ray faint galaxy groups in eROSITA mock observations. The Prnox code is constructed in
a general manner such that it can be expanded easily to include the treatment of various X-ray
sources which can be constrained from source properties tracked by the simulations.

S5.1.1 Unit1

The first module is responsible for the conversion of hydrodynamical simulation input into a
discrete photon distribution. This is done by considering each possible source in the simulation
and computing an idealized spectrum before applying any projections, guaranteeing a high spatial
and spectral resolution. Various model spectra are available per source type and energy range and
the corresponding number of spectral bins can be specified beforehand. The fiducial integration
quantities, namely the fiducial effective area, Aeg fd, and exposure time 7o fig, are crucial in
determining the number of associated photons per resolution element. By successively iterating
over every resolution element in the simulation, an emission model is assigned to each element
according to its intrinsic properties. The simulator then produces a photon package for each
resolution element by sampling the emission model stochastically in a Monte-Carlo-like fashion,
where the total number of produced photons is

Nph ¢ Aefr fid X Tobs,fid - (5.1)

The resulting photons are therefore characterized by their energy, and share all other quantities,
e.g. position and velocity, with its associated resolution element. This allows for a convenient
method for storing photon data, where the information on each active element is stored separately
from the information on photon energies. Each element then contains an index into the array
of photon energies. Ideally, the fiducial integration values are chosen such that the resulting
spectra are largely over-sampled to permit a dramatic reduction in photon number after applying
geometrical selection, projection, and instrumental response in the following modules. Finally,
Unit 1 creates a spatially equivalent distribution of photons from the distribution of provided
resolution elements.

“https://hea-www.cfa.harvard.edu/ jzuhone/pyxsim/
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Gas emission model

The gas emission model is based on thermal Bremsstrahlung (Eq. (1.15)) with the addition of
emission lines from metal species within the plasma (see Sec. 1.3). Both are dependent on the
density, temperature, and metallicity of the resolution element and there are dedicated emission
models available to calculate the appropriate spectra, such as APEC (Smith et al., 2001) or MEKAL
(Kaastra & Mewe, 1993). In addition to classic models available through XSPEC, we implemented
anew emission model based on tables provided by Khabibullin & Churazov (2019) which includes
scattering of photons from a background CXB source and local photo-ionization equilibrium.
Within XSPEC, several variations of the aforementioned emission models exist allowing for the
detailed adjustment of individual ion species.

SMBH emission model

The emission model for SMBH sources is detailed in Biffi et al. (2018a). From the accretion rate
of a SMBH in the simulation, the standard approach to calculate the bolometric luminosity is
given by Eq. (4.6). An alternative approach is given by Churazov et al. (2005) who distinguish
radio mode and quasar mode accretion, such that

M M
€ (10 - ) , — > 0.1
Lbol _ qud ) Me:,dd (5 2)
L M M ' )
edd e,(lo : ) ,— < 0.1
Meaq Meaq

However, the reconstructed X-ray luminosity functions for AGN, compared to data from Hopkins
et al. (2007), only weakly depend on the employed estimation for the bolometric luminosity.
Therefore, the standard estimator is typically assumed. Using the bolometric corrections pre-
sented in Marconi et al. (2004), the bolometric luminosity can be converted to the soft X-ray band
(SXR: 0.5 — 2keV) and the hard X-ray band (HXR: 2 — 10 keV) with

L
log ( L XR) = —-1.54-0.24L - 0.012L% +0.0015L>, (5.3)
bol
L
log ( SXR) = —1.65-0.22L - 0.012L>+0.0015L°, G
bol

where £ = log(Lypoi/Le) — 12, derived for the luminosity range 8.5 < log(Lpo/Leo) < 13.
These corrections are derived from redshift-independent template spectra which are closer to the
intrinsic luminosity of an accreting SMBH and thus closer to theoretical estimates of Ly, from
simulations. Judging from Fig. 2.5 and Eq. (3.27), describing well the emission spectrum of an
actively accreting SMBH, an adequate approximation for the emission spectrum is a power-law
of the form

A(E)=K[E(1+2)]7", (5.5)



64 5. Let the Simulations Shine in X-ray

with K being the normalization of the observed spectrum at E = 1keV and z the redshift of the
source. The luminosity of the soft and hard bands are then related by

2/(1+2)
Lsxg = F / K[E(1+Z)]_FEdE,

0.5/(14z)
10/(1+z) (5'6)

Lyxg = F / K[E(1+2)]TEdE,

2/(1+2)

forming a system of equations that can be solved to obtain the spectrum normalization K and
slope I" by assuming that both luminosities originate from the same underlying power-law. An
additional uniform noise with o = 0.1 is added on top of Lsxr Lpuxr resulting in slopes of
I'=1.4-28peaked at I' ~ 1.9 —2.0. In the end, an intrinsic absorption component is given to
each SMBH source by stochastically sampling the distribution of absorption columns of obscured
AGN given in Buchner et al. (2014).

XRB emission model

The exact details of the XRB model are presented in Chap. 6.

5.1.2 Unit 2

The second module takes the output of Unit 1 and applies the geometrical selection and projection
of the specified target in the simulation, creating a mock observation. In particular, a field of
view containing a sub-volume of the photon cube can be specified along with the depth along an
arbitrary line of sight. Photons outside the specified volume will be discarded and the remaining
photons will be corrected for their Doppler-shift induced by the velocity component along the
LOS, vjes, such that

1-p
1+’

where 8 = v/c with ¢ the speed of light. The fiducial LOS is parallel to the simulation intrinsic
z-coordinate, however, the geometry of the remaining photons will be rotated into the correct
reference frame if a new line of sight direction is specified. In the next step, a detection probability
will be determined for every photon within the specified geometry depending on the user-defined
values for the collecting area A.g, exposure time Tqs, or redshift z. The rescaling factor becomes

E'=E

5.7

2
AetiTobs y Dy 44

ActifidTobsfia D}

Po = ; (5.8)

where the chosen redshift in Unit 2 ultimately determines the distance to the observer. We note
that the rescaling uses the luminosity distance 9y in order to be flux-conserving.
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The Hubble flow gives another factor contributing to the detection probability. Specifically, in
volumes with large elongation along the LOS, foreground and background sources may already
be sufficiently distant from the observational center to require a significant correction to their
energy. Thus, the exact distance to each photon along the LOS is determined in co-moving space
from which a new redshift z’ can be derived to give the correction for the photon energy and flux
conservation

1+7 Df
E'=E = . .
(1+Z), pZ DI’? (59)

Furthermore, a specific absorption model, e.g. wabs (Morrison & McCammon, 1983) or tbabs
(Wilms et al., 2000), and corresponding column densities can be specified mimicking an absorber
located at a specific redshift and a given optical depth. The resulting absorption coeflicient gives
another contribution to the detection probability as a function of photon energy

pe =exp(=0(E) Nu) (5.10)

where o (E) is the model and energy-dependent absorption cross-section and Ny is corresponding
column density. The final detection probability can thus be expressed as

pP=Po-P: PEs P=0. (5.11)

There is a chance that, depending on the specified geometry, p > 1 for a given photon, in which
case the algorithm will duplicate the photon. Finally, all photons associated with a resolution
element will be redistributed in 3D space according to radial Gaussian with standard deviation o
equal to the smoothing length of the resolution element. Alternatively, the smoothing length for
a given type of resolution element can be chosen manually before executing the algorithm. Since
Unit 2 acts independently, it no longer requires the original input used for Unit 1, i.e. the output
of the hydrodynamic simulation. As such, specifications regarding the mock observation can be
adjusted easily allowing for multiple studies of the same source from many different LOS. Unit
2 then outputs a photon list in a format suitable for convolution with the technical response of a
specific instrument or for an external software dedicated to simulating a specific X-ray satellite,
such as SIXTE? (Dauser et al., 2019).

It is also possible to create lightcone slices of the original simulation at specific redshift
intervals to create a more realistic mock observation with a continuous redshift distribution and
specified opening angle. The original implementation of this mode produced misalignments
between the actual source position and its associated photons due to an oversight regarding
redshift corrections. We corrected this issue and made the treatment of redshifts consistent
enabling the study of Marini et al. (2024).

Unit 3

In the final third module, the characteristics of a real X-ray telescope are considered to complete
the mock observation. In particular, the technical aspects of a specific instrument are defined

Shttps://www.sternwarte.uni-erlangen.de/sixte/
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by its redistribution matrix (RMF) and its ancillary response file (ARF). The RMF defines
which energy channel a photon with specific energy is sorted in. The ARF defines additional
information about the instrument such as the point spread function and the effective area as a
function of energy. Convolution of the photon lists obtained in Unit 2 with the RMF and ARF
yields event files satisfying the standards of real X-ray observations. This enables analysis with
the same procedures and tools used for real data. Generally, the RMF and ARF are provided
externally and are not predetermined in Unit 3. Special care has to be taken for the effective
area’s normalization as defined in the ARF concerning the fiducial effective area assumed during
the projection in Unit 2 to avoid the unphysical overabundance of observed photons.

In figure 5.2 we show the result of running Unit 1 and Unit 2 on a face-on disc galaxy from our
sample, identified as a “poster-child” star-forming disk galaxy in Vladutescu-Zopp et al. (2023).
The white outer solid circle corresponds to the virial radius of the galaxy while the inner white
dashed circle corresponds to 10% of the virial radius. The color indicates the photon counts per
pixel within the energy range of 0.5-2 keV, assuming a fiducial exposure of 1 Ms and effective
area 1000 cm?. Black pixels have no photon counts. Each panel shows the same field of view of
the galaxy with a different X-ray emitting component indicated in the top left corner of the panel.

5.2 General code updates

In this section, we highlight major code updates with respect to the original version of PHox
described in Biffi et al. (2012, 2018a).

Prox Unit 1 used explicit C system calls to execute XSPEC from within Prox and calculate
the required template spectra for each component using predefined XSPEC scripts. Those scripts
would calculate the templates and write the result into files, which would, in turn, again be read by
Puox. Three major problems with this approach are: (i) that the main Prox algorithm remained
idle while waiting for the XSPEC application to finish writing the files; (ii) the waiting times
required to finish writing the file containing the template spectrum are severely limited by the
speed of I/O processes of the filesystem; (7ii) writing of temporary files prevented parallelization
of the PHox algorithm due to race conditions in data access. By replacing the system calls
to XSPEC with actual C functions provided by the XSPEC programming interface, the overall
runtime of Prox Unit 1 was reduced by more than a factor of 10.

Removing the direct dependence on the filesystem also enabled the algorithm to be parallelized
using MPI thread parallelization. A rudimentary version was therefore implemented as a proof-
of-concept, allowing for a much faster processing of entire simulations.

Modeling of foreground absorption was moved from Unit 1 to Unit 2 because it allows for
more flexibility regarding the generation of mock observations using different prescriptions of
absorption. A disadvantage is that Unit 1 will produce drastically more photons in the ultra-soft
X-ray range (E < 0.3keV) which results in larger files. This change does not affect absorption
required to describe the intrinsic emission model of the source such as for SMBH or XRB.
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Figure 5.1: Schematic flow chart illustrating the main modules of PHox. The dashed box denotes
the possibility of invoking an external software package designed to simulate observations of a
certain X-ray telescope in conjunction with the output of Unit 2. Graphic directly taken from
Biffi et al. (2012).
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Figure 5.2: X-ray mock images of the poster-child star-forming disk galaxy fromVladutescu-Zopp
et al. (2023). The fiducial orientation of its stellar component is face-on. The outer solid white
circle indicates the virial radius and the inner dashed circle indicates 10% of the virial radius.
The color indicates the total photon in the SXB per pixel.



6 Seeding X-ray binaries in the simula-
tions (Paper 1)

- This chapter has been published in Vladutescu-Zopp et al. (2023) and received
some minor adjustments.

X-ray properties of local normal galaxies have been extensively studied in the past, where “normal”
describes galaxies without a luminous active galactic nucleus (AGN). One of the most challenging
tasks has been the identification of the physical processes that produce the observed X-ray emission
from those galaxies. It is a well-established fact that most of their X-ray power output originates
from diffuse hot gas in the interstellar medium (ISM) and accretion-powered point sources called
X-ray binaries (XRBs; see the reviews Fabbiano, 1989, 2006, 2019), excluding the emission from
actively accreting super-massive black holes (SMBHs).

Numerous studies of the hot diffuse ISM in star-forming normal galaxies have revealed a
tight linear relation between the total X-ray luminosity, Ly, and the star-formation rate (SFR;
Strickland & Stevens, 2000; Ranalli et al., 2003; Tyler et al., 2004; Mineo et al., 2012b; Li &
Wang, 2013; Kouroumpatzakis et al., 2020) due to feedback from young stellar objects and energy
injection from supernovae (SNe), which heat up the ISM. Recent studies suggest that the ISM
emission normalization in X-rays declines with increasing total gas-phase metallicities, possibly
due to the effect of metal absorption and changes in stellar feedback within the ISM (Garofali
et al., 2020; Lehmer et al., 2022).

The ISM of normal elliptical galaxies (EGs) depends on their dynamical state (Kim &
Fabbiano, 2015; Babyk et al., 2018) and strongly correlates with the ISM temperature (Boroson
et al., 2011; Kim & Fabbiano, 2015) and dynamical mass (Kim & Fabbiano, 2013; Forbes et al.,
2017; Babyk et al., 2018). The ISM of core EGs, where “core” denotes slow rotating systems
with cored central surface brightness and an overall old stellar population, appears to follow gas
X-ray luminosity scaling relations consistent with virialized systems, similar to brightest cluster
galaxies (BCGs) and groups. Other types of gas-poor EGs behave similarly to disk galaxies in
these relations: they do not show significant correlations between hot gas temperature and the
X-ray luminosity of hot gas, suggesting secondary effects such as rotation, flattening, and SN
feedback dissipating the ISM (see, e.g., Fabbiano, 2019).

Separate scaling relations are found for collective XRB X-ray luminosity depending on the
type of XRB: low-mass X-ray binaries (LMXBs) are accreting compact objects (COs) where the
low-mass companion undergoes Roche-lobe overflow at the end of its life. Thus, LMXBs are
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generally correlated with the integrated stellar light (Lk) and, by extension, with the total stellar
mass of the host galaxies because of the long evolutionary timescales of the low-mass (< 1 Mg)
donor star in the binary system (Gilfanov, 2004; Boroson et al., 2011; Zhang et al., 2012; Lehmer
et al., 2019). This relation seems to be enhanced by the globular cluster (GC) specific frequency,
SN = Ngc 100'4(M\€+15), where gravitationally dissolving GCs seed LMXBs into the galactic field,
which join the LMXBs formed in situ (Irwin, 2005; Zhang et al., 2011; Boroson et al., 2011;
Zhang et al., 2012; Lehmer et al., 2020). In high-mass X-ray binaries (HMXBs) the donor star
is a massive O/B star (> 8 M) that fuels accretion onto the CO with intense stellar winds. Due
to the short lifetimes of such massive stars (< 100Myr), HMXBs provide an independent tracer
of the galactic star-formation history (SFH). It was found that the combined X-ray luminosity of
HMXBs relates linearly to the SFR (Grimm et al., 2003; Shtykovskiy & Gilfanov, 2005b; Mineo
et al., 2012a; Lehmer et al., 2010, 2016, 2019). Broadband X-ray luminosity functions (XLFs)
of XRBs follow distinct power-law (PL) or broken-power-law (BPL) distributions in the local
Universe (see, e.g., Grimm et al., 2003; Gilfanov, 2004). The exact shape of XRB luminosity
functions in normal galaxies is a function of stellar age and evolves on timescales consistent
with the stellar evolution timescales of the XRB donor, transitioning from HMXB dominated
to LMXB dominated at a stellar population age of > 100 Myr (Lehmer et al., 2017; Gilbertson
et al., 2022).

By combining the scaling relations of both XRB types, we expect a distinct relation between
SFR-normalized Ly and the specific star-formation rate (sSFR = SFR/M.,) of the form Ly /SFR =
a sSFR™! + B3, where a describes the contribution from LMXBs and 8 the contribution from
HMXBs. This relation is especially useful in galaxies where XRB candidates cannot be resolved:
it shows which of the two XRB types is the dominant contributor to the galactic Ly. In previous
works, it has been shown that this relation generally holds for local galaxies (Lehmer et al., 2010,
2016, 2019), with modifications for high redshift galaxies (Lehmer et al., 2016). The turnover
from LMXB to HMXB domination occurs at log sSFR ~ —10.5. Recently, Soria et al. (2022)
performed Chandra observations of normal galaxies in the Virgo cluster that were marginally
compatible with scaling relations for local galaxies, indicating non-negligible environmental
effects on this relation. A similar dependence was found by Inoue et al. (2021) in the form of a
fundamental plane: Ly ~ SFR + a M.,.

Numerous studies on generalizing locally derived XRB scaling relations for the high redshift
Universe have used computationally expensive population synthesis codes for XRB evolution
(Fragos et al., 2013a,b; Madau & Fragos, 2017; Wiktorowicz et al., 2017). Taking into account
the metallicity evolution and SFH of the universe constrained with the help of cosmological
simulations (MiLLENIUM II in the case of Fragos et al. 2013b) suggests a more complex evolution
of local XRB scaling relations, with redshift and HMXB emissivity dominating above z ~ 2,
where the cosmic SFR density peaks. This is supported by constraints from the VANDELS
survey' on HMXB emission in high redshift galaxies (Saxena et al., 2021). Additional evidence
for the metallicity dependence of HMXB emissivity comes from a recent study by Lehmer et al.
(2021), who used the gas-phase oxygen fraction of their galactic sample to further refine the

I'The VANDELS project is an ESO-funded spectroscopic survey within the Chandra Deep Field South targeting
high-redshift galaxies.
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Lx-SFR relation. They demonstrate that galaxies with lower metal content consistently show an
increased number of luminous HMXBs and a higher total luminosity. Similarly, earlier studies
from Brorby et al. (2016) and Fornasini et al. (2020) find anticorrelated metallicity enhancements
in the Lx-SFR relation, which is consistent with findings by Lehmer et al. (2021). Additionally,
data from the eROSITA Final Equatorial Depth Survey (eFEDS) show an elevated total X-ray
luminosity for low-metallicity dwarf galaxies with high sSFRs (Vulic et al., 2022). This paper
introduces a numerical modeling to study the composition of galactic X-ray emission from a
theoretical point of view, using state-of-the-art hydrodynamical cosmological simulations from
the Magneticum set. Instead of applying computationally expensive population synthesis codes,
we associated XRB populations with the stellar component within the cosmological simulation by
making use of observationally derived XRB luminosity functions. We use observationally derived
local scaling relations to constrain seeding parameters and describe the numerical setup used to
extend the capabilities of the virtual X-ray photon simulator PHox. PHox has been successfully
used in conjunction with Magneticum to study galaxy cluster Ly-temperature relations as well
as AGN luminosity functions. Additionally, it was used to predict the contamination of cluster
X-ray emission by AGN for the eROSITA mission (see Biffi et al., 2012, 2013, 2018a). The
inclusion of an XRB component enables the study of galactic X-ray spectra from a theoretical
standpoint. We validate our approach by retrieving well-known XRB and gas scaling relations of
galaxies while maintaining a low computational cost.

6.1 Modeling of XRB populations within SSPs

In this section, we describe the process of modeling the population size of LMXBs and HMXBs,
given a stellar resolution element in the cosmological simulation. Stellar elements describe a
collection of stars as an SSP that shares the same time of birth and initial metallicity, distributed
according to a common initial mass function (IMF). The main difficulty lies in connecting the
XLFs, which are derived from observed galactic properties, with SSP properties traced by the
simulation. In order to preserve the generality of our approach, we do not a priori assume a
galactic environment of the SSP in the simulation but rather investigate scaling relations and
arising XLFs by processing each SSP individually.

6.1.1 Theoretical estimation of the LMXB population size

The modeling of LMXB is based on the fact that they cannot be associated with previous star
formation events in a galaxy, which is due to the long lifetime of their low-mass stellar companions.
Thus, LMXBs are more typically found in old galactic stellar regions, which connects the LMXB
population to the total stellar mass of their host galaxy (Gilfanov, 2004; Zhang et al., 2012;
Lehmer et al., 2017, 2019). By requiring that an SSP must be older than 1 Gyr for it to be eligible
to host an LMXB population, we can simply obtain the LMXB population size by re-normalizing
the LMXB XLF to the mass of the SSP. In particular, we use the BPL XLF from Zhang et al.
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(2012) throughout this paper, which has the form

L, L <Ly,
dNwxs _ M. L,ﬁff:‘“)L‘“z, Lyy <L <Ly, 6.)
dL 101"Mg L;(,Olz3 @) p -, Lpy <L <Ley '
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where L, 1 = 0.546 and Lj,» = 5.99 are break luminosities, L.,; = 500 is the cutoff luminosity,
Apmxs = 54.48 is the normalization, M, is the total stellar mass of a galaxy, and a; = 1.02,
as = 2.06, a3 = 3.63 are the respective PL slopes. Luminosities are given in units of 103 ergs~!.
In fact, LMXBs appear to not only be dependent on the stellar mass of the host galaxy, but
also be connected to the GC specific frequency (Sy), which enhances the XLF normalization by
accounting for dynamically formed LMXBs in GCs (Irwin, 2005; Boroson et al., 2011; Zhang
et al., 2012; Lehmer et al., 2020). In Lehmer et al. (2020), they were successful in estimating
the field LMXB contribution from different formation channels while earlier studies like Zhang
et al. (2012) combine these channels into a single XLF. Since it is not feasible to account for GCs
in the context of a cosmological simulation, because of mass resolution limits, integration of Eq.
(6.1) is sufficient to describe the LMXB population in an SSP as

L

- cut dN

NLMmxB = / —ZZXB (Mssp) dL , (6.2)
L

where we use the current SSP mass Mgsp in solar masses instead of M,. The total stellar mass of
a galaxy would then be recovered by the sum over each single SSP within its boundary.

6.1.2 Theoretical estimation of the HMXB population size

Due to the short lifetime of their massive companions, HMXBs are typically associated with
young stellar regions of a galaxy, which implies a connection to the SFR. It was shown that
HMXBs are a robust independent tracer for recent star formation activity in their host galaxy
(Grimm et al., 2003; Mineo et al., 2012a). In particular, the XLF normalization of HMXBs
depends linearly on the SFR. A standard HMXB XLF that we use throughout the paper is given
in Mineo et al. (2012a) as

ANEMXE SFR {L‘V, L <L, 63

dL ~ e M@ yr_l 09 L= Lcut ,
where Apmxa is the normalization constant, SFR of a galaxy is given in units of Mg yr™!, y = 1.59
is the PL slope, and L., = 10° is the cutoff luminosity. The luminosity L is given in units of
10°8 ergs~!. One can obtain the number of individual HMXBs in a galaxy with

L.
< dNHMXB
Numxs = / ————dL. (6.4)

; dL

min
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The main difficulty in transferring the SFR scaling property to SSPs in a cosmological
simulation lies in determining the SFH of these SSPs. Since SSPs are created in an instantaneous
star-formation event in the simulation (see Sec. 4.2.1), their SFH resembles a 6-function at their
time of creation (Tornatore et al., 2007). To circumvent this issue, we can adapt the procedure in
Mineo et al. (2012a) by obtaining the fraction fx of COs becoming a XRB, which is derived from
the birth rate of massive stars (> 8 M) in a star-formation event. Instead of using the birthrate
Nco of COs following a star-formation event, which is directly dependent on the IMF and SFR,
we can equally use the type II supernova (SNII) rate Rsnyr, which hides the SFR dependence in
the stellar lifetime function. Following Tornatore et al. (2007), we can express the SNII rate as

dm(T)

Rsni(7) = @(m(1)) X et
T

(6.5)

where @(m) is a mass-normalized IMF, which gives the number of stars given the mass m, and
m(7) is the inverse stellar lifetime function of Padovani & Matteucci (1993) (PM93), which gives
the mass of stars dying at an age of . The SNII rate Rsn is given in units of Gyr~! for a SSP of
mass 1 Mg. The PM93 lifetime function has the form

B 10(1.338—\/1.79—0.2232~(7.764—logm))/0~1116—9’ m < 6.6 Mg
T(m) = ’

1.2-m~ 18 4+0.003, m > 6.6 Mg

(6.6)

with mass m of the star given in Mg and 7 in units of Gyr. We employed the modified Chabrier
IMF (Chabrier, 2003) used in the simulation, which has the form

m23, 1.0Mg <m < 100Mg
@d(m)oc{m™'8, 0.5My <m < 1.0Mg . 6.7
m_l'z . 0.1 M@ <m<0.5 M@

Using the SNII rate, we followed the calculations in Mineo et al. (2012a) to obtain an estimate of
the HMXB population size.

First we determined the product of the X-ray-bright fraction, fy, and the average bright-phase
duration, Tx, assuming an XLF

_ Numxs (> Lmin)

JxTx N(>8Myg)

) (6.8)

where N(>8M,) is the birthrate of massive stars. The birthrate can be obtained from the IMF
to the first order using

fSMu @D(m) dm

My
/Ml D(m) mdm

N(>8M;) = x SFR, (6.9)

with integration limits defined by the IMF. Mineo et al. (2012a) determined instead the term in

Eq. (6.8) as fx ~ 0. 180‘1?43", based on binary evolution calculations for the most common type

of Be HMXB and assuming 7x ~ 0.1 Myr, therefore making the factor explicitly dependent on
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the bright phase duration. In our case, by computing directly the product of fx and T as in Eq.
(6.8), we can conveniently bypass uncertainties connected to assumptions for the bright phase
duration. Given the proportionality to SFR in Eq. (6.9) and of Nymxs (see Eq. (6.4)), then the
dependence of fy7x on SFR disappears.

Then, from Eq. (6.8), we can replace the birthrate, N, with the SNII rate, R, given the age
of the SSP, and multiply by the current SSP mass to get the expected HMXB population size:

Mssp X Rsnmi(fssp) fxTx, tssp < T(8 Mg)

. (6.10)
0, fssp > T(S M@)

NHMXB = {

Additionally, we require tgsp to be smaller than the lifetime of stars with mass 8 Mg, in line with
mass limits for HMXBs in the literature (see, e.g., Lewin & van der Klis, 2006), which, according
to Eq. (6.6), gives ~ 30 Myr. Therefore, in the simulation, a stellar particle older than 30 Myr
should no longer represent a SSP containing stars with masses greater than 8 My. The same
procedure can be repeated for different IMFs and XLF models.

In order to study the metallicity dependence of HMXBs, we also included the model proposed
by Lehmer et al. (2021) (L21):

dNuzs L, L<L,
dl = AHZB SFR exp[—L/Lc(Z)] {Lzz(z)_yan(Z) ’ L> Lb P (611)
with
dy>
12(Z) = y20 + [12 +log(O/H) — 8.69] 6.12)
~ dlogZ

and Jlog L

log Le(Z) = 10g Lo + ——2=¢[12 + log(O/H) — 8.69] . (6.13)

dlogZ

Bothy, o = 1.16andlog L. o = 1.98 are reference values at solar metallicity. The other parameter
values are the normalization Agzp = 1.29, break luminosity log L; = 0.54, slope y; = 1.74 and
first-order metallicity corrections dfgg - = 1.34 and ‘Zlﬁ)ggLZ“ = 0.6. Luminosities are given in
units of 10° ergs™! in Eq. (6.11). We labeled the L21 model “HZB” to indicate the metallicity

dependence, Z.

6.2 XRB emission model

Following the modeling of AGN and hot gas emission in the PHox code, we similarly determined
the X-ray emission coming from a stellar resolution element of the simulation. We made use of
the SSP properties determined in Sect. 6.1 to calculate an expected number of point sources N per
stellar element. We then sampled the respective XLF based on the following recipe. We selected
the correct XLF from a stellar age criterion: if the age of the SSP is 7 < 30 Myr, we classified
it as HMXB hosting. If 7 > 1 Gyr we classified the SSP as LMXB hosting. Both choices are
based on expectations from binary evolution simulations (see, e.g., the review by Lewin & van
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der Klis, 2006) and are well motivated from observations. In the HMXB case Shtykovskiy &
Gilfanov (2007) found peak formation efficiency in the Small Magellanic Cloud at = 50 Myr,
Garofali et al. (2018) found peak formation efficiency in M33 at ~ 40 Myr, and Antoniou et al.
(2019) find peak formation efficiency again in the Small Magellanic Cloud at ~ 30 — 40 Myr, all
by correlating the specific SFH of observed stellar regions with HMXBs. Since these values are
dependent on the stellar models assumed for the observed regions we settled for the value given
by the lifetime function (see Sect. 6.1). In the LMXB case the 1 Gyr boundary yields a donor
mass limit of 1.75 Mg, which reflects the Roche-lobe overflow scenario of accretion onto a CO.

From the XLF we constructed a pseudo cumulative density function (pCDF). This requires
setting a luminosity interval [ Lpin, Lmax]| at which the pCDF C (L) will be defined:

N(> L)

C(L) =1 N(> Lmin) ’

(6.14)

with N(> L) being the integrated XLF from step 1, and C(L) € [0, 1]. Typically, Lax is chosen
to be the cutoff luminosity of the respective XLF. It should be noted that C(L) is sensitive to the
choice of Ly, due to the PL. dependence of the XLLF. We then calculated N from Egs. (6.2) and
(6.10) and chose | V| uniformly distributed random numbers p; € [0, 1]. If a separate uniform
random number p satisfies p < N — | N|, we draw an additional random number p;. For each p;
we determined a corresponding luminosity L;, at which C(L;) = p;. From this we can calculate
the total luminosity of the SSP as

Lssp= ) L;. (6.15)

This recipe yields a SSP with a single X-ray luminosity in the same energy range the XLFs have
been defined in. As such, it will be treated as a single XRB-like point source. Specifically, we
described XRB emission spectra as redshift-dependent, absorbed PLs of the form

AE)=w(E(1+2))xK[E(1+2)] ", (6.16)

where K is the spectrum normalization at 1 keV and I is the photon index as given in the XSPEC
manual (Arnaud (1996)). Absorption was modeled after the Wilms et al. (2000) photo-ionization
cross sections, and the model includes gas, grain, and molecule components in the ISM, which is
expressed in Eq. (6.16) with w(E). The redshift dependence of the spectrum allows for consistent
modeling in a cosmological context. The total observed luminosity of the SSP (Eq. (6.15)) in a
certain energy band E € [Ey, E»] is then related to Eq. (6.16) by

E,
Lssp = F/ A(E)EdE (6.17)
E

1

with F = 47D (2)?x1.602-10~%erg keV~! being the rescaling factor between flux and luminosity
and Dy (z) is the luminosity distance inferred from the underlying cosmology. The energy range
[E1, E»] has to be chosen in correspondence to the range in which the XLFs were defined, which
is commonly adopted as E; = 0.5keV and E, = 8keV in the observed frame. We are then able



76 6. Seeding X-ray binaries in the simulations (Paper 1)

to constrain the spectrum normalization Kssp using Eqgs. (6.15) and (6.17), obtaining

i Li

Kssp = 5 )
F [P w(E)E(+2)]T+dE

(6.18)

A fully detailed description of XRB spectra is not possible in our modeling. For instance, the
cosmological context of our approach makes it impossible to capture XRB variability on small
timescales, so changes in spectral hardness have to be accounted for statistically. Therefore, we
opt for an average X-ray emission spectrum for the two XRB types, in line with typical values
found in the literature. For our analysis, we chose the PL slope I'1vxpg = 1.7 in the LMXB case
and Iyvxs = 2 in the HMXB case. Both slopes are motivated from observational data where
the I'yvxs follows assumptions of Mineo et al. (2012a) and /1 mxp follows the median slope of
all high-confidence XRBs in Lehmer et al. (2019). For the absorption component we assume the
median column density NIX{rb = 2-10*' cm™ from the same sample of XRBs in Lehmer et al.
(2019). This choice of parameters results in spectra resembling typical XRBs in their low/hard-
state (see Remillard & McClintock, 2006; Done et al., 2007; Sazonov & Khabibullin, 2017b).
Additionally, it was found that I1yxg ~ 1.4 — 1.8 is sufficient to describe the hot atmosphere
of EGs (Boroson et al., 2011; Wong et al., 2014; Babyk et al., 2018). We do not include any
other form of stellar X-ray sources such as active binaries or cataclysmic variables since their
cumulative luminosity is at least an order of magnitude below the total XRB luminosity (see,
e.g., Boroson et al., 2011; Babyk et al., 2018). Typically applied corrections for unresolved X-ray
emission of cataclysmic variables and active binaries are ~ 8-10?7 erg s~ Mgl according to Babyk
et al. (2018). For young stellar objects, Mineo et al. (2012b) estimate a collective unresolved
emission of ~ 2 - 103erg s~! per unit SFR.

Having determined K, I" and N;‘,rb of a single SSP, we can compute the resulting XRB
spectrum by adopting the ztbabs and zpowerlw model embedded in XSPEC, from which we
calculated an ideal photon list associated with each SSP.

6.3 Simulated data set

For our analysis we extracted galaxy sized halos at redshift z = 0.07 from the Box4/uhr cosmolog-
ical volume of the Magneticum Pathfinder simulation set and artificially placed them at z = 0.01.
Assuming fiducial values for effective area A = 1000 cm? and exposure time Texp = 10° s, we
selected all halos generated by the suBrIND algorithm (Springel et al., 2001; Dolag et al., 2009)
that have a total stellar mass M, > 107 My within a sphere of Rjsop around the halo center,
which also includes a few massive group-like objects with stellar masses of M, ~ 1012 M.
Halos with stellar masses below a threshold of M, < 10'°M,, are resolution limited: the SPH
implementation fails to correctly reproduce the required star-formation for low-mass halos. We
illustrate the Mg,s — M., relation in Fig. 6.1. Halos that have high stellar masses and low gas
masses were subjected to feedback processes and were depleted of their gas content, which is
connected to resolved physical processes within the simulations.

The selected set consists of 1480 objects of which 335 are considered actively star-forming,
based on the limit SFR > 0.4 Mg yr‘l, with SFR derived from the total mass of stars born in
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Figure 6.1: Mg,s— M. relation of our simulated galaxy sample. The dashed diagonal line indicates
a one-to-one ratio.

the past 100 Myrs within the projected volume of each galaxy. This SFR estimator thus probes
similar timescales of the SFH as typical tracers used in the literature such as in Mineo et al.
(2012a). X-ray luminosities were calculated from the photon list obtained from a cylindrical
volume around each galaxy with radius R,500 and projected along the l.o0.s. for a length of 2R55¢p.
The l.o.s. direction coincides with the z-axis of the simulation box. We chose Rjsgo as the
smallest available scale invariant size from the halo catalog and to focus our analysis on the inner
regions of selected galaxies in our sample. Reported comparison values probe projected radii
on ISM scales consistently smaller than R»500: Strickland et al. (2004) and Mineo et al. (2012a)
within the D»s isophotes, Bogdan et al. (2013) within 0.05-0.15 R»o9 (20-60 kpc), Lehmer et al.
(2016) within > 10 kpc (see chapter on stacking procedure) and Lehmer et al. (2022) within ~ 50
kpc.

Because PHox was originally conceived as a tool to study the X-ray emission of galaxy
clusters, the calculated emission for the hot gas component in galaxies does not account for self-
absorption from the ISM. We attempt to model self-absorption following observational derivations
of intrinsic ISM emission by employing an additional TBABS model with Ni,as =5-10%" cm at
the source redshift (see, e.g., Mineo et al., 2012b; Gilbertson et al., 2022; Lehmer et al., 2022). In
Fig. 6.2 we show our galactic sample on the SFR-M., plane color coded by the b value, which is a
measure of galaxy morphology from the intercept of M. — j. relation (Romanowsky & Fall, 2012;
Teklu et al.,2015). We adopt the classification scheme by Schulze et al. (2020) with b > —4.35 for
disk galaxies (blue), —4.73 < b < —4.35 for intermediates (green) and b < —4.73 for spheroids
(red). To increase the sample size of low-metallicity star-forming galaxies, we followed the
approach taken by Weinmann et al. (2010), assigning a uniformly distributed log sSFR in the
range -12.4 to -11.6 for halos with SFR = 0. This can be seen in Fig. 6.2 as an apparent strip of
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Figure 6.2: SFR — M, relation of our sample. The dashed diagonal lines correspond to constant
log sSFR of -9 (top) to -12 (bottom) in increments of 1. Each galaxy was color-coded by its
respective b value (Teklu et al., 2015) with the classification scheme from Schulze et al. (2020)
(red: elliptical, green: intermediate, blue: disk). Galaxies clustered at log sSSFR = —12 were
given a SFR estimate based on the Weinmann et al. (2010) approach (see text).

mostly spheroidal galaxies located around the log sSFR = —12 line. We emphasize that galaxies
distributed according to this criterion will not be used to derive hot gas properties in star-forming
halos since the assigned SFR is not connected to gas properties within the simulations.

Subsequent analysis of the generated ideal photons will concentrate on the unfolded photon
lists without taking into account any instrumental response.

6.4 Validation of the modeling

6.4.1 Spatial distribution of XRB emission

As a first step, we show that the XRB seeding follows the correct spatial distribution of XRB
emission. We selected a poster-child late-type galaxy from our sample with M, = 10113 Mg,
SFR = 8.4 Mg yr~! and Ras09 = 91 kpc that appears face on to the line of sight. We focus our
showcase on the inner 60 kpc to better capture the main stellar body of the galaxy. In Fig. 6.3
we show the percentile contours of photons emitted by HMXBs (black) and LMXBs (red) on top
of the line-of-sight projected stellar mass map of the galaxy. As expected, the LMXB emission
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Figure 6.3: Projected stellar surface mass density (X,) of the poster-child disk galaxy in Box4 of
Magneticum with halo ID 13633. Contours indicate the 68th, 90th, and 99th percentiles of X-ray
photon positions for HMXBs (black) and LMXBs (red).

spans the whole field of the galaxy with its center over the galaxy bulge and decreasing with
distance from the center reflecting the stellar surface density (2). In contrast, HMXB emission
is confined to the stellar mass overdensities surrounding the galaxy center. The reason for this
can be seen in Fig. 6.4 where we show the same X-ray contours on top of the mass-weighted
stellar age map of the galaxy. It shows that HMXB emission is bound to much younger stellar
fields of the galaxy. In particular, the stellar age map shows the complex intersection of the two
XRB components in the galactic field (e.g., Lehmer et al., 2017; Gilbertson et al., 2022). While
this general behavior for the two XRB types is expected, the ability to clearly distinguish the
origin of X-ray emission of a galaxy is a major advantage and enables predictions on theoretical
aspects of X-ray spectra of unresolved galaxies in high redshift observations. We note that the
spatial distribution of emitted photons was smeared out according to a Gaussian, positioned at the
projected particle location with a standard deviation equal to the simulation intrinsic smoothing
length of the SSP. Because of that, XRBs are not visible as point sources.

6.4.2 XLFs

For the XLF reconstruction, we chose a lower luminosity limit of Ly, = 10% erg s~ since all
XLFs are expected to have a turn-over at luminosities < 10® ergs~!. This is due to neutron
star XRBs generally experiencing lower Eddington accretion rates than their black hole counter-
parts, as well as a strong magnetic field influencing the accretion flow (Shtykovskiy & Gilfanov,

2005a,b). In addition, the integrated luminosity from the XLF will be dominated by the high
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Figure 6.4: Mass-weighted stellar age (7.) of the poster-child disk galaxy in Box4 of Magneticum
with halo ID 13633. Contours indicate the 68th, 90th, and 99th percentiles of X-ray photon
positions for HMXBs (black) and LMXBs (red).

luminosity end, so lower value choices of Ly, will not change the integrated luminosity signifi-
cantly. In Fig. 6.5 we compare the integrated XLFs (colored), reconstructed from the approach
outlined in Sect. 6.2, with their original model (black). Corresponding XLFs are indicated with
the same linestyle. Luminosities of individual XRBs were calculated from the simulated photon
lists associated with the SSP element hosting the XRB. In detail, each colored line is derived
from the total photon box produced for each SSP in the simulation. The apparent turn-over of
the reconstructed lines is unrelated to any physical effects associated with neutron star XRBs but
can be explained by the following: (1.) low luminosity XRBs are unlikely to produce observable
photons given the distance of the simulation box (low flux); and (2.) in cases where the XRB
population size is greater than one per SSP, low luminosity XRBs are removed from the XLF
through the summation process of Eq. (6.15). The corresponding luminosity for a XRB emitting
a single photon in our setup, assuming an absorbed PL spectrum, is marked by the vertical gray
band at Ly ~ 10°” ergs~!, which roughly coincides with the turnover given the energy range of
0.5 — 8 keV. The solid vertical gray line is the luminosity of a photon with mean energy ~ 3 keV
according to Eq. (6.16). Thus, SSPs with Lgsp < 10°7*ergs~! will produce at most one single
photon given the discrete photon sampling in PHox. We note that our setup is not dependent on
background flux calibration, since our goal in Unit 1 of PHox is to create an ideal photon list. We
find excellent agreement between the reconstructed XLFs (colored lines) and their original model
(black, same line style) above the single photon luminosity limit. The average reconstructed
XLF for the L21 model (orange) is consistent with solar values for 12 + log[O/H], which is
almost indistinguishable from the Mineo et al. (2012a) XLF. Also shown is the L21 model at
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12 + log[O/H] = 9.2 and 7.2, which are not good descriptions of the average HZB XLF.
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Figure 6.5: Integrated XLFs from Eqgs. (6.1), (6.3), and (6.11) normalized by their respective
scaling (SFR and M..). The dash-dot-dotted line is the XLFs of the L21 model, for log[O/H]+12 =
7.2, and the dotted line for log[O/H] + 12 = 9.2. Colored lines are average XLFs obtained from
the luminosity sampling in PHOX: from Mineo et al. (2012a) (M12) in dashed blue, L.ehmer et al.
(2021) in dash-dotted orange (L21), and Zhang et al. (2012) in solid green (Z12). Corresponding
lines share the same line style. The gray vertical line atlog L ~ 37 marks the maximum luminosity
of a source emitting one single photon with an average energy of 0.5-8 keV.

6.4.3 Scaling relations

Since our approach to assigning luminosities to SSPs is agnostic to its environment, that is, if
the SSP is part of a star-forming halo within the simulation, we first verified the self-consistent
emergence of well-known galactic X-ray scaling relations.

Studies of the diffuse galactic X-ray emission revealed a linear relationship with SFR in the
soft X-ray band, which is associated with ISM heating through SN remnants and stellar wind
from heavy stars (Ranalli et al., 2003; Gilfanov et al., 2004a; Mineo et al., 2012b; Bogdan et al.,
2013). However, it is observationally challenging to separate pure ISM emission from unresolved
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emission from point sources. In fact, Mineo et al. (2012b) and Anderson et al. (2013) show that
two-thirds of the galactic extended emission in the soft band can be attributed to XRB emission,
which they estimated from XRB scaling relations. Since Prox was designed to reproduce X-ray
emission from galaxy clusters, we have to verify that galactic ISM properties are appropriately
reproduced. In Fig. 6.6 we show the relationship between the hot gas X-ray luminosity and
SFR in the soft X-ray band (0.5-2 keV). The blue contours enclose the 68th, 90th, and 99th
percentiles of galaxies in our simulated sample also indicated by underlying green dots. We
only show galaxies with log sSSFR > —11.6, which removes all galaxies falling in the Weinmann
et al. (2010) criterion. This is done to reduce the influence of unresolved galaxies on the relation
as well as removing weakly star-forming galaxies. Also shown is best-fit linear relation from
Lehmer et al. (2022) with log(L$>~2*V /SFR) = 39.58*-17. using spectral energy distribution
(SED) fitting to derive the SFH for each galaxy in their sample. We include absorbed ISM
luminosities from Mineo et al. (2012b) (red squares) with SFR derived from a combination of
UV and IR tracers. Their reported values in the soft X-ray band are smaller compared to the L.22
relation, which may be caused by differences in sample properties like metallicity. They argue,
however, that their normalization might be higher by at least a factor of 2, due to uncertainties
in observed column densities and depending on their fitting procedure. Additional bolometric
gas luminosities are obtained from Bogdan et al. (2013) (B13) (black pentagons) in the 0.5-2
keV energy range and a radial range of 0.05-0.15 R,;, for late-type galaxies, with SFRs derived
from the total IR luminosity. Although B13 aimed to study extended X-ray coronae around
large spiral galaxies, the measured luminosities are consistent with a linear Ly — SFR relation
prompting a connection between SFR and galactic outflows. From Strickland et al. (2004) (S04)
we obtained data points for absorption-corrected total gas luminosities in late-type galaxies in
the 0.3-2 keV energy range (black stars), which also show a linear SFR relation. They derived
SFRs from the far IR band luminosity. Assuming the same energy range of 0.5-2 keV and no
absorption correction for S04 values, resulting luminosities would be slightly lower. Within the
90th percentile contours, our galaxy sample is consistent with observational data of the extended
galactic emission. We notice, however, that while a linear trend exists in our data, the relation
is less tight and contaminated by low-luminosity galaxies at SFR ~ 1. Low-luminosity galaxies
may have been the result of feedback processes removing large fractions of gas from the central
halo, which we discuss in more detail in Sect. 6.6. The intrinsic scatter in our data of > 1 dex
is concerning, but might be a result of an uncurated sample. An important caveat is the limited
resolution of the underlying simulation. Halos with stellar mass below the Milky Way stellar
mass suffer greatly from the resolution restriction. In those cases, the total gas and stellar halo
are composed of only a few hundred resolution elements, giving rise to a large intrinsic scatter
due to the SPH implementation of the simulation as well as an eventual cutoff where a halo was
not able to form stars (see Fig. 6.1).

The primary goal of this paper is to model the stellar X-ray emission in the form of XRBs
using data from cosmological simulations. In Figs. 6.7 and 6.8 we show the principal scaling
relations for HMXBs and LM XBs, respectively. The contours have the same meaning as in Fig.
6.6. The solid black line indicates the expected scaling relation from integrating the luminosity
functions in Egs. (6.3) and (6.1). In the HMXB case in Fig. 6.7 the reconstructed scaling relation
is consistent with observations from Mineo et al. (2012a) but shows significant deviation from
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Figure 6.6: Relation between hot gas X-ray luminosity (0.5-2 keV) and the SFR for star-forming
galaxies in the simulations. We only show galaxies with log(sSFR) > —11.6, which removes all
galaxies that fulfill the Weinmann et al. (2010) criterion. This is done to reduce the influence of
unresolved galaxies on the relation as well as remove weakly star-forming galaxies. The solid
black line indicates the linear relation from Lehmer et al. (2022). The gray shaded area is the
corresponding 1o standard deviation. Data points are bolometric luminosities of the diffuse
emission taken from Strickland et al. (2004) (SO4) in the 0.3-2 keV band, Mineo et al. (2012b)
(M12b) in the 0.5-2 keV band, and Bogdan et al. (2013) (B13) in the 0.5-2 keV band.
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the expected linear SFR dependence at low SFR values. This apparent deviation was noticed in
observations of star-forming galaxies as well (Grimm et al., 2003; Gilfanov et al., 2004a) and
explained in Gilfanov et al. (2004b) where the transition between linear and PL regime of the
SFR relation is caused by low-number sampling of a single sloped XLF. The approximate relation
calculated from Gilfanov et al. (2004b) for the XLF in Eq. (6.3) is shown as the dashed black line
and has a slope %1 For the LMXB case in Fig. 6.8, the linear stellar mass dependence is well
reproduced but our data systematically underestimates the expected relation by a factor of ~ 0.15
dex. This is a manifestation of the one-photon limit associated with the XLF sampling. Also
shown in Fig. 6.8 is the integrated luminosity function of Z12 (Eq. (6.1)) for L,,;, = 5-10*7ergs™!,
which is approximately the upper bound of the one-photon luminosity limit. Accounting for the
under-sampling of the LMXB XLF caused by the one-photon limit thus improves the relation.
A similar effect is not seen in the HMXB since the under-sampled XLF only contributes less
than 5%. We do not observe a break in the LMXB-M, relation since our stellar mass limit
(M, = 10°7 Mp) is relatively high compared to the XLF normalization (Eq. (6.1)), which allows
for sufficient sampling points. In the stellar mass regime of dwarf galaxies (M, < 10°) we expect
breaks in the Ly — M. relation as well (Gilfanov et al., 2004b).

When combining the SFR-normalized emission from HMXBs and LMXBs, we expect a
sSFR-dependent relation of the form

Lx/SFR = asSFR™! + 3, (6.19)

where @ contains the linear mass dependence of the total LMXB luminosity and 8 contains the
linear SFR dependence of the total HMXB luminosity (Lehmer et al., 2010, 2016, 2019). In
Fig. 6.9 we show the sSFR dependence of the SFR-normalized combined XRB luminosity of our
sample with contours as in Fig. 6.6. Additionally, we show data points from Mineo et al. (2014b)
(M14) (SFRs as in M12a) from nearby galaxies and a study performed on star-forming galaxies
within the Virgo cluster by Soria et al. (2022) (S22) with SFR values derived from the 12 um
WISE W3 measurement. We include an observationally derived relation (black, dash-dotted) for
local galaxies from Lehmer et al. (2019) (LL19) where SFRs were derived from a combination of
far UV and 24 "m maps. The red dashed diagonal line represents the theoretical contribution from
LMXBs given our model choice (Fig. 6.8) and the blue dashed line corresponds to contributions
from HMXBs (Fig. 6.7). Because of the HMXB scaling relation being more similar to a BPL,
the combined luminosity of LMXBs and HMXBs, normalized by SFR, takes a different shape
(dashed purple) compared to the 19 relation: it reaches a minimum value at sSSFR ~ —10 after
which it begins to approach the linear HMXB regime. Our sample is in agreement with the purple
relation and is broadly consistent with the relations from L19 for log sSSFR < —10.5. However, due
to the lack of high sSFR halos in the simulated sample, we are not able to reliably demonstrate the
expected turnover predicted by our model in purple. Interestingly, we find remarkable agreement
between the simulated data and S22 data obtained from star-forming galaxies in the Virgo cluster.
Furthermore, data from M14 connects seamlessly to both the S22 sample and our sample. We
also compare model 5 of Aird et al. (2017) (solid cyan) in which they quantify the total Ly of a
star-forming galaxy as a function of M,, SFR and redshift. They take into account their whole
0.1 < z < 2 sample of galaxies and convert the total count rate of each galaxy from the 0.5-2
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Figure 6.7: Same as Fig. 6.6, but for HMXB luminosity in the 0.5-8 keV band. The filled blue
contours represent the same halos with HMXBs sampled from the .21 model (Eq. (6.11)). The
solid black line is the expected relation from the employed HMXB model in Eq. (6.3), and the
dashed red line is the predicted relation for discretely sampling data points from a PL distribution
(Gilfanov et al., 2004b). The solid blue line is the expected relation from the employed L21
model. Data points are taken from Mineo et al. (2012a).
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Figure 6.8: Same as Fig. 6.7, but for LMXB emission in the 0.5-8 keV band. The solid black line
is the expected relation from the employed LMXB model in Eq. (6.1). The dashed black line is
the same relation for a luminosity limit L,,;, of 5 - 1037erg s~l. Data points (cyan triangles) are

taken from Lehmer et al. (2020).
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keV band to the 2-10 keV band using a constant conversion factor based on an absorbed PL with
I' =1.9. It takes the form

Lx =a(l+2)"M, + B(1 +2)°SFR? (6.20)

with log a[ergs™!] = 28.81, log Blergs™'] = 39.5, y = 3.9, § = 0.67, 6 = 0.86, M, in Mg, and
SFR in ergs~!. We fixed the redshift to z = 0.01 in line with our sample. Due to the nonlinear
SFR dependence, model 5 falls off for higher SFR values. From a visual inspection alone, both
our broken SFR scaling relation and model 5 appear to adequately describe the SFR-normalized
luminosities from S22 at high sSFR. However, model 5 underpredicts luminosities in the low
sSFR regime compared to our simulated data. In their study, S22 show that most of their data
points with log sSFR lie below the median tracks of Monte-Carlo simulations of L.19 for various
populations of galaxies. They argue that inclination effects and differences in the used galaxy
population are causing this discrepancy.

6.4.4 Metallicity relation of HMXB

Numerous studies on the total HMXB emission in individual galaxies associate an increase in
HMXB emissivity per unit SFR with a lower-metallicity environment of the HMXB (Fragos
et al., 2013b; Garofali et al., 2020; Lehmer et al., 2021; Saxena et al., 2021; Vulic et al., 2022).
In this section we try to verify if our modeling allows us to capture the metallicity dependence
of the HMXB luminosity function proposed by Lehmer et al. (2021) (L21) (see Eq. (6.11)).
They obtained SFRs similar to L19 using far-UV and 24 "m maps and gas-phase metallicities
from emission-weighted oxygen line ratios. In Fig. 6.10 we show the SFR-normalized X-ray
luminosity of our star-forming galaxy sample against the metallicity derived from the mass-
weighted oxygen fraction of the young stellar population (< 30 Myr). We binned our sample
according to metallicity and SFR with horizontal bars representing the bin width in metallicity
and vertical bars representing the 25th-75th percentile in luminosity. Black crosses are the median
values for the whole star-forming sample while colored symbols correspond to different SFR bins.
The SFR bins are displaced with respect to the metallicity bin center for illustrative purposes.
Our full sample (black crosses with error bars) is consistent with the theoretical model and
shows the expected increase in luminosity for lower metallicities. Similarly, the high SFR sample
(= 5Mg yr~!, blueish colors) is also consistent with the global model up to an oxygen fraction of
8-8.5. Our sample did not include highly star-forming galaxies with lower metallicities. For the
sample at SFR ~ 1 Mg yr~! (green) we find lower median luminosities compared to the global
model but are consistent within the 25th percentile margin. From the Markov chain Monte Carlo
simulation performed in L21, it is however expected that the median luminosity decreases with
lower SFR values due to worse HMXB count statistics. Despite this, the median luminosity for
the low SFR sample (orange) lies more than an order of magnitude above the relation predicted
in L21 for SFR < 0.1. Given our approach to retrieve HMXB luminosities for SSPs in the
simulation, we find that, with the given mass resolution of the simulation, a single eligible SSP
in a low SFR galaxy might already overcount the expected number of HMXBs. Additionally,
only luminous SSPs will be sampled by Pnox (see Fig. 6.5). Since we did not take into account



88 6. Seeding X-ray binaries in the simulations (Paper 1)

43.0
Sim. data = Aird+17 (mb)
= Lehmer+19 -= 68%
42.5p e - SSFR™1+ =+ 90%
‘ - M12 e 99%
) - 712 —— SFR>0.4[Moyr!]
42.0r SO\ O Mineo+14 — SFR<0.4[Moyr']
. ‘ [0 Soria+22
K 41.5¢
[
9)p)
>
> 41.0f
i
©
|
o, 4051
-
(@)
o 40.0f
[—)
39.5r
39.0
38.5

Figure 6.9: Relation between SFR-normalized total X-ray luminosity (both XRB types) and sSFR,
for star-forming galaxies in Box4of Magneticum (contours: percentiles). The solid black line is
the relation of observed normal galaxies at z ~ O from Lehmer et al. (2016). The dash-dotted
line represents the relation for a set of local galaxies from Lehmer et al. (2019). The solid cyan
line is the relation obtained from model 5 (m5) in Aird et al. (2017), where we fixed z = 0.01.
The dashed red line depicts the expected scaling relation for a pure LMXB contribution given
our XLF choice. The dashed blue line shows the expected broken SFR scaling relation of a
pure HMXB contribution. Data points are taken from Soria et al. (2022) (S22) and Mineo et al.
(2014b) (M14).
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galaxies that do not have HMXB emission despite being star-forming, we are biased toward a low
SFR sample with comparatively large luminosities and too large HMXB population.

6.4.5 Additional Validation

This subsection is not included in the original paper (Vladutescu-Zopp et al., 2023) and was
produced as a supplementary addition for this thesis. While the application of the LMXB model
is straightforward, because of the direct scaling between the number normalization of LMXB
with the stellar mass of the SSP, additional verification was needed for the HMXB case. In
particular, we investigated the robustness of the proposed approach against the produced total
number of HMXB on a large range of star-formation rates and compared formation efficiencies
to the literature. By assuming different lifetime functions, we also investigated their influence
on the result while not considering changes in the IMF since, in the high-mass regime, the IMF
shape is similar across various sources.

For the theoretical experiment, we constructed 1000 artificial star-forming regions. Each
region hosts a collection of SSPs in the age range of tssp € [4,200] Myr and with mass mg, €
[1,4] - 10°Mg. All SSPs within the region are distributed uniformly within the age and mass
ranges and contribute towards the SFR if they are younger than 100 Myr. The assumption of a
uniform age distribution is motivated by the age distribution of stars given within Magneticum
in the considered range. In detail, we populated each region with an increasing number of
SSPs starting from 1 up to 1000 SSPs which corresponds to an SFR range of [0.1, 12] Mg yr~!.
For each region, and thus SFR, we re-seeded the corresponding SSP population 100 times and
calculated the number of resulting HMXB according to the prescription given in Sec. 6.1.2. We
show the result of this experiment in Fig. 6.11 where we illustrate the mean number of HMXB,
Nuwmxs, produced per unit SFR using the lifetime functions of Padovani & Matteucci (1993) (PM,
blue circles) and Maeder & Meynet (1989) (MM, red squares). Vertical error bars indicate the
1o standard deviation, horizontal error bars indicate the width of the SFR bin, and cyan circles
consider star-forming regions with no HMXB in the PM case. The black dotted line corresponds
to the expected value of the underlying luminosity function given by Mineo et al. (2012a) and
a lower luminosity limit of Ly, = 103 ergs™'. Blue and red symbols have been slightly offset
from the central bin for visual clarity.

For high star-formation rates (SFR > 0.5 Mg yr‘l), both the PM and MM models reach a
constant value as expected from observations and cyan circles coincide with the blue circles.
However, the mean of the PM model falls short of the expected value of Mineo et al. (2012a)
by a factor of = 1.2. In contrast, the MM model perfectly aligns with the expected value. With
decreasing star-formation rates, both models drastically overestimate the number of HMXB per
unit SFR if the star-forming region hosts an eligible SSP. The reason for this is the limited mass
resolution representing the star-forming region. On average, the correct constant value can be
reproduced when including the zero cases, indicated by the cyan circles. In cases where the low
star-formation rate is represented by a single SSP, the normalization from the SNII rate is too
high for the given SFR. This effect can however be mitigated, if the mass resolution of the SSP
is higher, i.e. there are more SSPs with lower mass. We thus repeated the experiment for SSPs
within the mass range mssp € [1,4]10° Mg and found much better agreement with the expected
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Figure 6.10: Metallicity dependence on the linear SFR scaling relation of HMXB luminosity.
Oxygen fractions are derived from mass-weighted stellar metallicities of SSPs younger than 30
Myr. The black solid line is the mean global model calculated by L21 in the limit of perfect
luminosity function sampling. The shaded gray area is its 16th-84th percentile margin. Our
data are binned by oxygen fraction and SFR; SFR bins are indicated by color. Vertical error
bars correspond to the 25th-75th percentile margin of the data within each metallicity bin, and
horizontal black bars indicate the width of the metallicity bin. Colored symbols corresponding to
the SFR bins are displaced horizontally with respect to the metallicity bin center for illustrative
purposes. The dashed purple line is the corresponding M12a model where no explicit metallicity
dependence is assumed.
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value, shifting the problematic SFR range by an order of magnitude. Thus, our HMXB model
performs better when the underlying cosmological simulation has a higher resolution.

In a separate validation study, we compared the formation efficiency of HMXB per unit stellar
mass with the formation efficiency in the small Magellanic cloud (SMC). The HMXB population
of the SMC has been extensively studied since its proximity allows for the detection of even
low-luminosity HMXB down to L?MXB ~ 10* ergs~! (Haberl & Sturm, 2016). In general, the
formation efficiency, 7, is defined as

Numxs
M b

namxs (1) = (6.21)
where M is the total stellar mass of the star-forming region (Shtykovskiy & Gilfanov, 2007;
Antoniou et al., 2019). In our setup, the formation efficiency is directly proportional to the SN
rate (Eq. (6.5)). We therefore show the formation efficiency derived from our model in the right
panel of Fig. 6.11. As before, blue lines are associated with the PM lifetime function whereas red
is associated with the MM lifetime function. Solid lines represent the formation efficiency of our
HMXB prescription following the SNII rate rescaled to the number of known HMXB in the SMC
(~ 130) (Haberl & Sturm, 2016; Antoniou et al., 2019). The green dashed line is the formation
efficiency derived for the SMC by Shtykovskiy & Gilfanov (2007) using XMM-Newton data,
rescaled to account for a different definition of the formation efficiency, and the purple error bars
are the values given in Antoniou et al. (2019) using Chandra data. The vertical dotted lines are
the corresponding ages for an SSP at which a star of 8 Mg would reach the SNII phase.

While the values for the formation efficiency are broadly consistent with the literature, a key
feature not reproduced by our model is the maximum formation efficiency at 7 ~ 40 Myr which
is also seen in other galaxies such as M33 (Garofali et al., 2018). We would therefore expect our
model to underpredict the number of HMXB resulting from a star-formation event. Indeed, when
the PM lifetime function is assumed, the model marginally underpredicts the expected number
of HMXB as discussed before. Assuming the MM lifetime function increases the maximum
allowed SSP age while keeping a comparable formation efficiency. This increases the number of
eligible SSPs from ~ 12% to ~ 16% in this setup® and exactly accounts for the missing HMXBs.
We caution, however, that this effect may be pure coincidence and rather reflects the amount
of finetuning present in our model prescription. In addition, our model relies on evolutionary
prescriptions of single stars which introduces further uncertainty. Despite this, our model proved
to be robust when applied to the environment of Magneticum which encouraged us to proceed.

6.5 Relative emission of hot gas and XRBs

In this section, we used the ideal photon list generated with PHox to obtain relative count ratios
between the gas and XRB components in our galaxy sample. Additionally, we built average spectra
of normal galaxies by first looking at the whole sample and subsequently dividing the sample
according to different galactic properties. Average spectra are obtained by first normalizing each

2 Assuming the environment of this experiment with 7 € [4,200] Myr.
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Figure 6.11: Left: Result of the model validation for the number of HMXB per unit SFR as a
function of SFR for artificial star-forming regions. Each star-forming region is populated 100
times with 1 to 1000 SSPs, uniformly distributed in the age range [4,200] Myr and mass range
[1,4]10° M. Colored symbols indicate the mean number of HMXB per unit SFR for a given
SFR range assuming different lifetime functions (blue circles for Padovani & Matteucci (1993)
(PM) and red squares for Maeder & Meynet (1989) (MM)). Cyan circles also consider regions
with zero HMXB per unit SFR. The dotted black line indicates the expected scaling for the
underlying luminosity function from Mineo et al. (2012a) assuming a Ly, = 103 ergs~!. Right:
Formation efficiency of HMXB per unit stellar mass. The red (MM) and blue (PM) solid lines
represent the formation efficiency of our model as given by the SNII rate for the number of
HMXB in the small Magellanic cloud (SMC) (Haberl & Sturm, 2016). The vertical dotted lines
show the maximum allowed age of an SSP to still be eligible for HMXBs. The green dashed line
is the formation efficiency of the SMC rescaled from Shtykovskiy & Gilfanov (2007) (SG07) to
account for a different definition of the formation efficiency. The purple symbols with error bars
are the formation efficiency as given by Antoniou et al. (2019) (A+19) using Chandra data.
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galaxy spectrum with its total emission in the 0.5-10 keV band and afterward taking the average
in each energy bin of the stacked spectra.

6.5.1 Relative count ratio

In order to investigate the relative contribution of the hot gas and XRB components in our galaxy
sample, we compared the respective photon counts coming from each component. We split the
contribution into different energy bands (0.5-2 keV, 2-8 keV, and 0.5-8 keV) and binned our
galaxies according to the count ratio, r, which is defined as

F=14 XRB (6.22)

CGAS

where c¢; stands for the number of photon counts from the respective component. A value of
r > 2 indicates a dominant XRB component in our setup. In Fig. 6.12 we show the differential
and cumulative fraction of galaxies in our sample with respect to the ratio r. We show the
LMXB contribution, the HMXB contribution, and the summed contribution of LMXBs and
HMXBs. Different line styles correspond to the different energy bands. Regarding the combined
contribution of both XRB types we notice that ~ 90% of our galaxies are dominated by XRB
emission in the hard X-ray band (2-8 keV). Interestingly, this high fraction is almost exclusively
caused by the LMXB emission. One has to keep in mind, however, that HMXBs only occur in
galaxies with sufficient star formation. Thus, the low HMXB contribution is rather an expression
of the rareness of star-forming galaxies compared to non-star-forming ones in our sample. If we
include the soft band (0.5-2 keV), where the hot gas emission is stronger, only < 40% of our
galaxies are still dominated by XRB emission.

6.5.2 Average galaxy spectra

In addition to comparing the total counts received from each component, we construct an average
spectrum from a star-forming galaxy sample and quantify the contribution of each component in
each energy bin. To do this we first normalize each galaxy spectrum to its 0.5-10 keV emission
and taking the average in every energy bin. The results can be seen in Fig. 6.13, which shows
the total average spectrum, the average combined spectrum of both XRB types, and the average
spectrum of hot gas. In the bottom panel of Fig. 6.13 we show the relative contribution of
each component toward the total spectrum as a function of energy. Additionally, we added
the average spectrum from Lehmer et al. (2022), which was derived for low-metallicity dwarf
galaxies (dashed red) and values for the relative XRB contribution in different energy bands at
redshift z = 0 from Lehmer et al. (2016) (L16) in the lower panel of Fig. 6.13. From a visual
inspection, the combined average spectrum is similar to the .22 spectrum in the energy range
0.8-10 keV despite differences in mass and metallicity regimes in their sample. Below 0.8 keV our
average spectrum falls off more steeply than the L.22 spectrum. This is connected to differences
in assumptions made for the different component spectra in L22. They use a two-temperature
APEC model with intrinsic absorption column densities similar to our N5* =5 - 10*2 cm™ but
use a weaker absorption coefficient N I’jb =6-10%° cm™3 compared to our 2 - 10>! cm™3. Because
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Figure 6.12: X-ray photon count ratio between the XRB and the hot gas component including
all galaxies in our sample. Colors represent the component and line styles the energy range in
the observed frame. The label “XRB” shows the sum of HMXB and LMXB emission. Top:
Differential fraction of galaxies with a given count ratio, r. Bottom: Cumulative fraction of
galaxies. Here, a ratio of r > 2 means that the XRB component is dominant. Ratios exceeding
the given range are collected in the last bin.
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of this, the XRB contribution is much higher for low energies. The sensitive behavior of the
spectrum at low energies can also be seen when comparing the relative contributions of XRB
with values from L16 in the lower panel. In L16 they build an average spectrum for massive
star-forming galaxies from observations by Wik et al. (2014), Lehmer et al. (2015), and Yukita
et al. (2016). While we predict strong contributions of XRBs in the 0.5-1 keV energy range with
>30%, L16 find much lower values of ~ 10%. Our predictions agree well with L16 for harder
energy bands (>1.5 keV). Interestingly, Wik et al. (2014) also find high XRB contributions in the
0.5-1 keV band that are similar to our values, again highlighting the strong model dependence of
the XRB contribution in the soft X-ray. Given our simple choice for the XRB emission model in
the form of a single absorbed PL, we fail to capture the expected steepening of the XRB PL for
E > 6keV that is predicted by Lehmer et al. (2016) for normal galaxies, by population synthesis
performed in Fragos et al. (2013b), and by, for example, Persic & Rephaeli (2002) for star-burst
galaxies. A more sophisticated model of the XRB spectrum would be needed to fully reproduce
observed spectral shapes.

Further disentanglement of the sample into increasing SFR bins yields a more refined view
of the underlying galactic properties influencing the spectral composition. In Fig. 6.14 we show
the same decomposition of galactic spectra as in Fig. 6.13 for four SFR bins. While the average
XRB contribution stays consistent with previously discussed values, we see slight variations
between each SFR bin. Specifically, in the lowest SFR bin (top left) we notice a very strong
XRB component that generally exceeds estimates from L16. By comparing to Fig. 6.6, where
we found galaxies with SFR < 1 Mg yr~! having low Ly within the 99th percentile contour,
we attribute the strong XRB component to under-luminous gas-poor galaxies in the probed SFR
regime and normalization issues when determining Numxp from Eq. (6.10), which leads to
more HMXBs per unit SFR. In the next higher SFR bin (fop right) the normalization of the
spectrum drops slightly, mainly in the HMXB component because the normalization issue no
longer applies here. Simultaneously, the hot gas component increases normalization in the hard
band due to more massive galaxies contributing to the bin with hotter gaseous atmospheres. The
relative contribution of the XRB component is consistent with L.16 values in this case in the
hard band. Further increasing SFR in each following bin yields even more prominent hot gas
contributions in the hard band (see bottom left and bottom right). While the SFR-normalized total
XRB luminosity stays almost constant in the two last bins, the XRB contribution is diminished
by strong contributions from the hot gas atmospheres around massive, BCG-like galaxies with
their deep gravitational potential. In these cases, the .16 values become less suitable to compare
against since the considered samples have vastly different properties. In the highest SFR bin
(bottom right) the inclusion of group-like mass regimes also disfavors the comparison against the
L22 spectrum that was derived using high redshift analogs for normal galaxies.

Since the two lowest SFR bins present the largest contribution in terms of sample number, the
total average spectrum from Fig. 6.13 will mostly resemble to the upper panels of Fig. 6.14. An
important question associated with galactic X-ray spectra is their influence on the cosmic X-ray
background. Upcoming planned X-ray missions such as Athena or the Light Element Mapper are
sensitive enough to receive significant contributions from galactic emission to their background
calibration. We plan to investigate this issue in an upcoming study.
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Figure 6.13: SFR-normalized average X-ray spectrum of our star-forming sample (SFR >
0.4Mg yr‘l). The combined spectrum (black) is made up of the HMXB (dark green), the
LMXB (lime green), and the hot gas (blue) component. The combined XRB emission is given in
orange. The red line is the L22 average spectrum derived from observations of dwarf galaxies.
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Figure 6.14: Mean X-ray spectrum (solid black) of our star-forming galaxy sample binned by SFR
from lowest (upper left panel) to highest (bottom right) in the energy range 0.5-10 keV. The mean
spectrum was calculated by normalizing each galaxy spectrum to its total 0.5-10 keV emission
and taking the average in each energy bin. Dotted lines represent the different components that
contribute to the total spectrum: hot gas emission (blue), LMXB (lime green), and HMXB (dark
green). “XRB” (orange) stands for LMXB+HMXB emission. The red line is the L22 average
spectrum derived from observations of dwarf galaxies. The lower part of each panel shows the
fractional contribution of each component to the mean spectrum together with the XRB count
ratios from L16. The gray box highlights the bin size and the number of galaxies, N, within each

bin.
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6.6 Discussion

6.6.1 Gas luminosity scaling relation

Compared to observational data we found that the Lx — SFR relation in the 0.5-2 keV band for
the hot gas component has a large intrinsic scatter of ~ 1 dex at SFR < 1 with observers typically
reporting lower luminosities of Ly ~ 10* x SFR with significantly smaller scatter (Strickland
et al., 2004; Mineo et al., 2012b; Bogdén et al., 2013). We propose six explanations as to why
we expected the scatter to be larger for the hot gas component.

First, in its core, the PHOX code was perceived as a tool to study X-ray emission from galaxy
clusters with relatively hot atmospheres of T > 10’ K (Biffi et al., 2012). Thus, an intrinsic
dusty absorption component was not required to realistically model cluster emission. In order to
emulate a dusty absorber intrinsic to each selected galaxy of our data set, we applied a constant
absorption model at the redshift of the selected halo consistent with ISM absorption column
densities. While it improved the global relation compared to when no absorption is applied, it
is not clear whether a strong absorption component is suited for halo outskirts beyond 0.5 R50p.
Furthermore, numerous studies explicitly mention that intrinsic absorption is highly dependent
on the observed galaxy and may vary significantly (e.g., Mineo et al., 2012b; Lehmer et al., 2016,
2019, 2022).

Second, in several galaxies with elevated Ly we found isolated pockets of dense hot gas
clumps, despite specifically filtering out overheated star-forming gas elements from the simulation.
This issue has to be investigated further but may be connected to the chosen projected volumes,
which we explain in one of the following points.

Third, recent studies have shown that the extended hot gas atmosphere can significantly
impact the total observed luminosity depending on the chosen projection radius (Nica et al.,
2022; Comparat et al., 2022). In Comparat et al. (2022) they studied the X-ray emission of
the circumgalactic medium for halos of stellar mass 2 - 10'° — 102 M, for different projection
radii (80 kpc, 300 kpc). They further differentiated between star-forming and quiescent galaxies.
They found that the enclosed luminosity in the 0.5-2 keV band increases by a factor of at least
2 for star-forming galaxies and > 10 for quiescent galaxies if the enclosing projected radius is
increased from 80 kpc to 300 kpc. In addition, they find that while quiescent galaxies clearly
have an extended hot halo, star-forming galaxies share radial profiles with an expected diffuse
unresolved component and weak AGN. This may indicate that, in order to more properly study
gas scaling relations for the ISM, the projected radius has to be chosen more carefully.

Fourth, regarding the influence of AGN toward ISM properties, the Magneticum simulations
include a thermal feedback model for SMBH described in Hirschmann et al. (2014). While SMBH
properties are tracked by the simulations we did not specifically check for AGN activity in each
of our selected halos. It is however known, that AGN experience different behavior compared to
normal galaxies with respect to their X-ray radial profiles and scaling relations (Comparat et al.
(2019); Vulic et al. (2022)). A proper disentanglement of AGN contribution to these relations
goes beyond the scope of this paper. We prefer to more thoroughly analyze their effects in a future
study.

Fifth, another influencing factor for gas properties in the ISM is ongoing mergers between
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galaxies. In some instances we found that our selected halos had equally massive compan-
ions within Rj509, possibly introducing an additional heating source through merger-triggered
interaction. We did not exclude merging halos from our sample since we selected for a good
representation of different classes of objects for our XRB model.

Finally, the driving factor for uncertainty, especially toward low Ly, is probably the resolution
limit of the total gas mass in the cosmological simulation. SPH simulations usually derive
hydrodynamical quantities by interpolating between neighboring SPH elements with a set number
of neighbors. As soon as a halo gas mass reaches below a lower mass limit, hydrodynamical
effects like star formation can no longer be consistently resolved since the number of SPH elements
in the halo becomes smaller than the needed neighbor number. The scatter is then dominated by
the stochastic process with which sub-grid star-formation is handled in the implementation (see
Springel & Hernquist, 2003).

We want to emphasize again that the hot gas component was not a major focus of this paper.
Nonetheless, our approach shows that the simulation can recover a linear trend between gas X-ray
luminosity and SFR if we select sufficiently resolved galaxies. However, the large scatter of over
~ 1 dex shows that a simple approach to model the ISM is not optimal and needs more careful
investigation.

6.6.2 XRB scaling relations

The main purpose of this paper was to introduce the viability of a semi-analytic approach to model
X-ray emission from XRBs using hydrodynamical cosmological simulations. We connected
locally derived luminosity functions of XRBs and their intrinsic behavior to hydrodynamical
quantities from the simulations and showed the self-consistent emergence of expected scaling
relations and spatial distribution. Here we discuss some interesting aspects regarding our results.

The strong scatter in the Ly — SFR relation of HMXBs is a major concern. While the expected
Poissonian noise from a discrete sampling of the luminosity functions was predicted by Gilfanov
et al. (2004b), additional uncertainties arise from our SFH proxy (see Sect. 6.1 and 6.4.5). For
the birthrate of massive stars (Eq. (6.9)) we assumed a linear dependence on SFR that is only
true as a first-order approximation and is highly sensitive to the underlying IMF. One would need
to model the complete SFH of the star-forming region to account for time dependence. Since
we are not able to recover this information from SSPs in cosmological simulations, this first-
order approximation is the best we can achieve. For the lifetime function of stars, we assumed
the prescription of Padovani & Matteucci (1993) (PM93), which is also implemented in the
simulations (Tornatore et al., 2007). The advantage of the PM93 model is its simple functional
form. There are more recently developed stellar lifetimes using evolutionary tracks calculated by
Parsec (Bressan et al., 2012). Such lifetime functions are nonetheless derived for single stars
despite it being known that the evolution of massive binary systems heavily depends on orbital,
stellar wind, and common envelope interactions (see, e.g., Lewin & van der Klis, 2006, as a
review on XRB evolution), which might drive inconsistencies in stellar age determination. For
this reason, we decided to keep the PM93 model.

One of the most important drivers of uncertainty in the Ly — SFR relation for HMXBs at
low SFR values, is the limited mass resolution of SSPs in the simulation. If the mass resolution
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decreases the probability of having SSPs in the required age range of 7ssp € [0, 30] Myr becomes
smaller. Because there will be fewer SSPs per galaxy to resolve SFR, it adds another layer of
Poisson noise. With smaller SSP masses we would be able to more accurately estimate the
HMXB population size for each galaxy as is already seen in the LMXB case where the scatter
in the Ly — M, relation is much smaller. In fact, Kouroumpatzakis et al. (2020) showed that
the Ly — SFR relation on sub-galactic scales should be consistent with galaxy-wide scaling
relations. They argue that their shallower slopes in the sub-galactic relation is caused by LMXB
contamination and differences in local SFH. Nonetheless, the overall trend in our recovered
Lx — SFR relation is still consistent with observations.

In our investigation of the metallicity dependence we concluded that there is only a weak link
between the SFR and the mass-weighted stellar metallicity in the simulation since the HMXB
model from Mineo et al. (2012a) shows no significant increase in total luminosity with decreasing
oxygen fraction. In fact, it instead suggests that there is a positive correlation between oxygen
content and total luminosity, as indicated in Fig. 6.10, in contrast to observations by Lehmer
et al. (2021). We attribute this behavior of the M12 model to our small low Z sample and
to the fact that our approach does not account explicitly for metallicity. Sampling from the
metallicity-dependent .21 model performs as expected and correctly reproduces observational
results. We note that our low SFR sample (yellow) for 12 + log[O/H] < 8.5 has much higher
luminosities than predicted by the Monte Carlo Markov chains of L21 for SFR ~ 0.1. Apart
from the number normalization issues discussed above for low resolution SSPs, we speculate
that this difference might be caused by either a different zero-point in metallicity or differences
between mass-weighted stellar metallicities and gas-phase metallicities, the latter of which is used
in observations. We have to compare to the mass-weighted stellar metallicity in the simulations
since we rely on the metallicity estimates of the SSPs. Considering the formation process of SSPs
in the Springel & Hernquist (2003) prescription and the Tornatore et al. (2007) metal distribution,
both gas-phase and stellar metallicities should be comparable in the simulations (see, e.g., Dolag
etal., 2017).

In Fig. 6.9 we compare the Ly — SFR — M., relation of our sample with recent observations
of galaxies within the Virgo cluster from Soria et al. (2022) (S22). We find excellent agreement
with our data. Due to the break in our Ly — SFR relation for HMXBs our expected transition of
LMXB to HMXB dominated galaxies, around log sSFR = —10.5), allows for slightly lower Ly
compared to a linear scaling in Ly — SFR. The normalization of our Ly — SFR relation in the
limit of high sSFR appears to be higher compared to the selected studies. In fact our model does
not rule out the purely linear Lx — SFR — M, relation and is equally consistent to the model in
Eq. (6.19) if we consider a lower normalization for the Lx — SFR relation. Interestingly, model
5 of Aird et al. (2017) shows a sublinear normalization in the SFR component that also leads to
a much better representation of the S22 data compared to the L19 model. They argue that the
nonlinear SFR dependence may arise from differences in the properties of the stellar population,
such as age and metallicity (see, e.g., Fragos et al., 2013a), across a given mass range of galaxies.
Combining galaxies of different redshifts thus neglects changes in stellar properties contributing
to differences in the total X-ray emission per unit SFR. A similar line of argument is raised by
Soria et al. (2022) who claim that their observed incompatibility with the 119 models is caused
either by the galaxy cluster environment or by unaccounted properties such as metallicity.
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6.6.3 Average galaxy spectra

When we investigated the different components contributing to galactic X-ray spectra, we only
used the ideal photon lists and did not perform a full mock observation using instrumental response
with subsequent unfolding of spectra. While different instruments are more or less suited to detect
X-ray point sources like XRBs, we did not think that a full mock observation would prove to be
beneficial in order to present the XRB algorithm. Since real observations on X-ray spectra of
galaxies report unfolded spectra, we skipped the instrumental response and reconstruction in favor
of cleaner and better data. Our analysis of the average galactic spectra showed that XRBs can
have significant contribution for energies E < 2keV. We note, however, that our approach suffers
from the same spectral simplification as discussed in Sazonov & Khabibullin (2017a). They argue
that variability of XRB spectra has to be accounted for individually including intrinsic absorption
and spectral hardness for each source. Otherwise, the luminosity estimates for soft sources can
be significantly different. They suggest taking ISM maps of the host galaxies into account and
individually resolving spectral shapes to improve upon luminosity estimates for XRBs. Given the
modular design of our XRB module for the photon simulator PHox, spectral models for XRBs
can easily be updated to account for XRBs in different hardness states, for example using spectral
characteristics from Sazonov & Khabibullin (2017b). From the same arguments, the estimated
count ratios might also be slightly different if some sources had higher flux in the soft band.

The mean X-ray spectrum of our star-forming sample is consistent with estimates from Lehmer
et al. (2022) although their derived SED is based on observations of dwarf galaxies with sub-
solar metallicity as high redshift analogs to local galaxies. The good agreement with our data
is caused by our hot gas luminosity estimates being in part 0.5 dex above conventional values
for the ISM (see Fig. 6.6). An increase of gas luminosity for lower-metallicity environments
from L22 thus improves the visual overlap but does not correspond to a lower metallicity in our
sample. Another issue is the strong suppression of metal lines in the tabulated SED in L22.
We accounted for that by convolving our derived spectrum with a fairly wide Gaussian kernel,
which still does not suppress some very prominent line features at high energies. We also find
that the shape of our simulated SEDs are flatter at E ~ 1 — 2keV compared to the L.22 SED.
Differences in spectral shape, especially in the soft energy regime, are highly dependent on the
adopted absorption models as discussed for Fig. 6.13, which leads in our case to overestimation
of the XRB component compared to values from Lehmer et al. (2016). In the hard band, the L16
estimates are consistent with our derived values. Splitting the average spectrum into different
SFR bins revealed stronger contributions from the hot gas component in high SFR galaxies as
well as a higher normalization in general. This is due to the influence of massive BCG-like
galaxies in the sample with hot gaseous atmospheres. In those cases, the L16 values are no longer
suited to compare our derived values against. Gilbertson et al. (2022) show that the expected
influence of the hot gas component is also a function of stellar population age, with the hot gas
contribution declining to less than 5% in older populations, which was not investigated in our
presented sample. In addition to an SFR-normalized emission model that is consistent with the
L22 spectrum, Gilbertson et al. (2022) also report stellar-mass-normalized average spectra, which
we did not compare against as it goes beyond the scope of this paper. We will conduct a future,
more detailed investigation of the influence of the hot gas component to the average spectrum,
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where we will also drill down on line properties within the ISM and circumgalactic medium.

6.7 Summary and conclusions

Based on SNII rate estimates made using SSP ages and masses tracked by numerical cosmological
simulations, we are able to self-consistently reconstruct an SFR proxy suitable for Monte-Carlo-
like sampling of XRB luminosity functions. We have presented a possible implementation
within the PHox code and verified the validity of our approach using simulated galaxies from
the Magneticum Pathfinder simulations. We extracted galaxy-sized halos from the simulation
based on a stellar mass criterion (10°> Mg < M, < 10'2My) and produced ideal photon lists for
the hot gas and the XRB component using the stochastic photon simulator PHox. We assumed
XRB emission followed a static PL with photon index I" = 1.7 — 2, while hot gas was modeled
assuming a single temperature APEC model with thermal line-broadening and varying metal
abundance for each gas element in the simulation. To account for the self-absorption of the ISM
at the source location, we additionally required an intrinsic absorption component for both hot
gas and the XRB component with column density N Ig{a *=5.10%'cm™ and N I’gb =2-10>'ecm™2,
respectively. For each halo in our sample, we constructed cylindrical volumes around the center
of mass with R = Rys500 and 7 = 2 Ry509 and projected the enclosed photons, accounting for the
redshift and peculiar motion of the source with respect to the line of sight. Our findings from the
resulting galactic X-ray spectra can be summarized as follows:

1. The global reconstructed XRB luminosity functions perfectly resemble the underlying
analytic shape. The observed flattening of the reconstructed XLFs below log Lxgp = 37
is consistent with the expected one-photon luminosity. The reconstructed XLF derived
from the metallicity-dependent model from Lehmer et al. (2021) most closely resembles
the XLF shape for solar metallicity, which is almost indistinguishable from the Mineo et al.
(2012a) model. A more curated sample of galaxies would be needed to reliably disentangle
the effects of metallicity on the XLF shape, which may be analyzed in a separate study.

2. The Lx-M. relation for LMXBs is tightly constrained and is in excellent agreement with
the Zhang et al. (2012) relation. More recent measurements of this relation by Lehmer
et al. (2020) are also consistent with our data.

3. The Lx-SFR relation for HMXBs suffers greatly from low-number statistics for SFR <
1 Mg yr~!. Additionally, the SFR proxy used to determine the number of HMXBs per SSP
has large intrinsic uncertainties stemming from the limited mass resolution of the simulation
and assumptions for stellar lifetime and IMF. Despite these drawbacks, our approach is still
consistent with a BPL relation, which is expected to arise from incomplete sampling of the
HMXB XLF dominated by Poissonian noise (Gilfanov et al. (2004b)).

4. The Lx-SFR-Z relation as proposed by Lehmer et al. (2021) does not arise when sampling
from the M12a relation, indicating a weak correlation between SFR and Z within the
simulation. When employing the L22 model directly, the correlation becomes more obvious
but continues to suffer from the same uncertainties inherent to the HMXB sampling.
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5. The Ly /SFR-sSFR relation we recovered from studying the combined effect of both XRB
types is in remarkable agreement with recent studies of field galaxies within the Virgo
cluster from Soria et al. (2022). The shape of our derived relation shows more complex

behavior at log sSSFR ~ —10 compared to the conventional relation found in the literature
(Lehmer et al., 2010, 2016, 2019) due to the observed break in the HMXB relation.

6. As expected, we find that HMXBs spatially coincide with the star-forming regions of
their host galaxies and that the spatial LMXB distribution follows the stellar-mass surface
density.

7. We find that approximately 40-50% of our galaxy sample is dominated by the combined
XRB emission compared to emission from the hot gas component in the 0.5-8 keV energy
band. In the soft band only 30-40% of galaxies are dominated by gas emission, while
more than 90% are dominated by XRB emission in the hard band. The surprisingly low
contribution of HMXBs to these percentages reflects the relatively small portion of high
SFR galaxies within our sample.

8. We constructed average SFR-normalized galactic X-ray spectra from our complete star-
forming sample (SFR > 0.4) and measured the relative contribution of the two XRB types
and the hot gas component toward the total spectrum. The average spectrum of the total
star-forming sample is consistent with the spectral fits from Lehmer et al. (2022) in terms
of magnitude and shape, assuming an average SFR of 1. Contributions from XRBs to
the soft part of the spectrum are inconsistent with values from Lehmer et al. (2016) but
consistent with those from Wik et al. (2014), which reflects different model assumptions for
absorption and XRB spectra. Additionally, the normalization of the spectrum only shows
minimal variations across different SFR bins and is mostly influenced by the presence of
massive galaxies in the sample.

In this paper we have presented an approach to modeling galaxy X-ray spectra from cosmological
simulations. In addition to the hot gas component in the simulation, we took the properties
of stellar elements into account and implemented a fast and consistent algorithm to compute
XRB emission from these elements while reliably separating the two different XRB types. The
presented method proves its viability as a supporting tool for observers with its highly modular
design, which also allows for alterations to employed model spectra for individual components.
Future studies that build upon the suggested implementation will improve the sample selection
and focus on the influence of X-ray AGN emission on scaling relations, on the background, and
on the retrieved spectra.
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7 The X-ray atmospheres of simulated
galaxies (Paper 2)

- This chapter has been published in Vladutescu-Zopp et al. (2024) and received
minor adjustments.

In the standard cosmological framework, dark matter (DM) halos attract baryonic matter to
form galaxies and galaxy clusters. The infalling baryonic matter is then shock-heated to X-ray
temperatures (T 3 10° K) in equilibrium with the gravitational potential well (White & Rees,
1978; White & Frenk, 1991), forming a gaseous circum-galactic medium (CGM). Due to long
cooling times compared to the dynamical time, the CGM is expected to be quasi-static where
the majority of cooling processes occur through thermal Bremsstrahlung and line-dominated
cooling from different metal species. In addition, there are several feedback mechanisms, such as
star-formation and feedback from accreting super-massive black holes (SMBHs) powering active
galactic nuclei (AGN), which inject metals and energy into the CGM and cause the CGM to be
multi-phase. The interplay between different feedback mechanisms from e.g. AGNs and stellar
evolution as well as the refueling of the inner gas reservoir through cooling processes in the CGM
play a crucial role in the quenching and growth of galaxies (see review Tumlinson et al., 2017).
The multi-phase structure of the CGM is apparent from observations. Studies of the absorption
and emission lines of hydrogen and metals in the UV band revealed the presence of the warm
(T ~ 100K ) phase of the CGM (Tumlinson et al., 2013; Werk et al., 2016; Burchett et al., 2019)
for nearby galaxies which provides further evidence that most of the baryonic matter, including
metals, is likely bound to the CGM (Stocke et al., 2013; Werk et al., 2014). Direct X-ray emission
from the CGM revealed its hot phase (T 2 10° K) in a few nearby massive galaxies (Humphrey
etal.,2011; Bogdén et al., 2013, 2015; Buote, 2017; Li et al., 2017; Das et al., 2019, 2020) where
the signal to noise (S/N) ratio allowed them to have reliable detection up to 0.15 Ry00.'. One
of the main challenges in determining the properties of the CGM is the low surface brightness
(SB) of hot gas at large galactocentric distances, due to declining gas density. Because the X-ray
emissivity of hot plasmas in collisional equilibrium scales with the square of the density, the
X-ray SB thus declines faster than the density. In addition, the X-ray foreground of our own
Milky Way (MW) is present in all directions (McCammon et al., 2002) and drowns out most of
the signal coming from the low-SB CGM. By performing a stacking analysis of survey galaxies,

'In the linear collapse model of structure formation, Rygo. denotes the radius at which the mean halo density
reaches 200 times the critical density
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foreground effects can be somewhat mitigated to obtain a statistical signal from the CGM in
the soft X-ray band (SXB) (Anderson et al., 2013, 2015; Li et al., 2018; Comparat et al., 2022;
Chadayammuri et al., 2022; Zhang et al., 2024b) which however hampers our ability to quantify
other global properties of the CGM such as mass, metallicity and temperature. Recent results
from the extended ROentgen Survey with an Imaging Telescope Array (eROSITA) (Predehl et al.,
2021) claim the detection of the CGM out to a radius of 300 kpc, close to the virial radius of
MW-mass galaxies (Comparat et al., 2022; Chadayammuri et al., 2022; Zhang et al., 2024b).
Both UV and X-ray observations are complemented by analytic models of the temperature and
density distribution in the CGM (Faerman et al., 2017, 2020).

Most of the emissivity in the SXB is due to specific metals (e.g. oxygen, neon, and iron)
which have their transition lines of different ionization states in the energy range of 0.5-2 keV.
Recent studies showed that with high-resolution X-ray spectroscopy, it may be possible to directly
measure the emissivity of specific metal transitions in certain redshift ranges outside of the MW
foreground (Barret et al., 2018; Tashiro et al., 2020; Kraft et al., 2022). This would enable more
detailed studies on metal abundances and temperature of the CGM (Wijers & Schaye, 2022;
Truong et al., 2023; Bogdan et al., 2023) and give insights into large-scale anisotropies within
the hot X-ray atmosphere (Truong et al., 2023; Schellenberger et al., 2023; ZuHone et al., 2024).

A major component of contamination in X-ray emission are unresolved point sources in
the form of X-ray binary (XRB) systems in the stellar field of galaxies. Low-mass XRBs
(LMXBs), whose cumulative total luminosity scales linearly with the total stellar mass of the
galaxy (Gilfanov, 2004; Zhang et al., 2012; Lehmer et al., 2016, 2019), are mostly associated
with elliptical galaxies with low SFR (Boroson et al., 2011; Bogdan & Gilfanov, 2011; Lehmer
et al., 2020). High-mass XRBs (HMXBs) are mostly found in galaxies with high SFR (Grimm
et al., 2003; Mineo et al., 2012a). From these earlier studies of HMXBs, it is known that both the
total number and total luminosity of HMXBs scale linearly with the SFR of galaxies. More recent
studies found evidence for flatter dependence on SFR for galaxies with low SFR (Kouroumpatzakis
et al., 2020; Kyritsis et al., 2024). Deviations from a linear relation can in principle be connected
to a redshift dependence (Lehmer et al., 2016; Aird et al., 2017), to metallicity (Lehmer et al.,
2022) or to stellar age distributions (Lehmer et al., 2017; Gilbertson et al., 2022). However,
the observed flatter relation at low SFR is not consistent with low number sampling of HMXB
luminosity functions (Gilfanov et al., 2004b; Vladutescu-Zopp et al., 2023; Kyritsis et al., 2024).
Typically, the total XRB contribution to the total galaxy X-ray luminosity is not exactly known
in observations and is modeled empirically for distant galaxies (see e.g. Anderson et al., 2015;
Comparat et al., 2022). Typically, an absorbed power-law spectrum is assumed for unresolved
XRB sources. Conservative estimates place the contribution of unresolved XRBs at around
< 50% in the SXB (Lehmer et al., 2016; Vladutescu-Zopp et al., 2023). This has been recently
challenged by Kiyritsis et al. (2024) who estimate the contribution from XRB to be ~ 80%), which
is considerably higher compared to previous studies (Mineo et al., 2012b, 2014b; Lehmer et al.,
2019; Vladutescu-Zopp et al., 2023; Riccio et al., 2023), using stacking results from the eROSITA
all-sky survey 1 (eRASS:1).

This paper aims to shed light on the intrinsic X-ray emission of the CGM in simulated galaxies
and connect it to global properties such as halo temperature, gas fraction, and stellar mass. In
order to complement results from stacking procedures where information about these global
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properties is partially lost, we investigate simulated galaxies from the Magneticum Pathfinder
suite of hydrodynamic cosmological simulations. We make use of the virtual X-ray photon
simulator PHOX (Biffi et al., 2012, 2018a) which allows for a self-consistent and detailed multi-
component modeling of the X-ray emission coming from various resolution elements of the
simulations. In particular, we will be able to make use of this more accurate modeling to account
for signals coming from the broad range of temperatures, metallicities and densities present in
the hot gas of galaxy-sized halos. Additionally, we can directly account for the emission of XRB
(Vladutescu-Zopp et al., 2023) and SMBH (Biffi et al., 2018a) sources and give accurate estimates
of their contribution.

7.1 Simulated data set

From the selected cosmological volume described in section 4.2 we extract 1319 galaxy-sized
halos at redshift z = 0.0663 which roughly corresponds to an angular diameter distance of
Dy = 260 Mpc. They were selected using the suBrIND algorithm (Springel et al., 2001; Dolag
et al., 2009) which defines halos according to a density threshold. We only considered the
main central sub-halo within each parent-halo. We further require them to have stellar mass
10'M, < M, < 10'M, within a sphere of the virial radius R,j around the halo center.
The lower mass cut accounts for resolution limitations, the higher mass cut excludes the most
massive group-sized halos. Resolution limitations arise for halos in which the total number of
particles is of the order of the minimum number required for the SPH interpolation, which makes
hydrodynamical quantities unreliable. Our initial selection is the same as in Vladutescu-Zopp et al.
(2023) and consists of 324 star-forming (SF) and 995 quiescent (QU) galaxies. The classification
into SF and QU galaxies is based on the specific star-formation rate (sSSFR = SFR/M..), where
SF galaxies have log sSFR > —11. For each galaxy we derive SFRs from the stellar mass born in
the past 100 Myrs of the simulation, in line with typical estimators from the literature for X-ray
studies of galaxies (Mineo et al., 2012a,b; Lehmer et al., 2016, 2019; Kouroumpatzakis et al.,
2020).

Following our initial selection, we obtain X-ray photons for each galaxy by first applying
unit 1 with a fiducial exposure time of Ty, = 2 Ms and effective area A = 1000 cm? on the
full simulation volume. For the gaseous component, the idealized spectrum follows an APEC
model scaled with the total metallicity of each gas source. In contrast to Vladutescu-Zopp et al.
(2023), we however did not impose an intrinsic ISM-absorption component on the gas emission
for star-forming galaxies in addition to the global foreground Galactic absorption (see further
discussion in section 7.3). Emission from SMBH and XRB follow the modeling by Biffi et al.
(2018a) and Vladutescu-Zopp et al. (2023) respectively.

Next, we apply unit 2 on each selected galaxy by projecting the produced photons within a
cylindrical volume with base radius of Ry and depth of 2 - R,;; around the galaxy center. The
galaxy center is the position of the most-bound particle according to suBriND. The chosen l.o.s.
is parallel to the z-axis €; of the underlying simulated volume. We chose R,;; as a scale-free
radius to have a sufficient representation of the gravitationally bound region. In our analysis, we
will not include an instrumental response because we opted to predict intrinsic properties from
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the simulations.

From the projected photons we construct surface brightness (SB) profiles by radially binning
photons in the plane perpendicular to the l.o.s. centered on the minimum of the gravitational
potential. For each radial bin, we take the sum of all photon energies in a chosen energy range
and normalize by the area of the annulus. We thus obtain

Z €j
s Ri<rj<Ris1 5
Sx (R ) = x 4nD? | (7.1)
AciToxp T (R2 - Rl.z)

i+1

for the SB profile, with O, being the luminosity distance, €; and r; the photon energy and
its projected radial distance from the center, R; the edges of the radial bins and 7 + % assigns
the determined SB value to the center of the radial bin. The same construction applies to all
considered X-ray components.

Throughout this work, luminosities are given in the rest-frame in the energy range of 0.5-2
keV, if not otherwise noted. For the total luminosity Ly of each galaxy, we integrate SB profiles
up to Ry and take the sum of each component. By construction, the X-ray emission of each
galaxy is derived from the photons emitted by all the X-ray sources (gas, SMBHs, XRBs) within
the galaxy Ry, with no distinction between the central galaxy and substructures.

7.1.1 Sample cleaning

After determining the luminosity of each component, we further clean our initial galaxy sample
by applying exclusion criteria for AGN galaxies which we partially adapt from Lehmer et al.
(2016). In this way, we can focus our investigation on a well-behaved subsample of galaxies, in
which there is no dominant contamination from AGN emission. This will provide us with a more
solid base to interpret the behavior of SB profiles in typical galaxies. In particular, we use the
following criteria:

1. If the total luminosity of a galaxy is
L7V 5 3. 10 ergs™! (7.2)

in the 0.5-7 keV energy band, we consider the source to be an AGN. This is directly taken
from Lehmer et al. (2016) and was also recently employed by Riccio et al. (2023) as an
exclusion proxy.

2. If the integrated luminosity ratio £ between SMBH sources (LVBiIr{) and the other components

(LgfS and inr{) respectively) within the virial radius is

vir
LBH

= vir vir
Lxrb + Lgas

>3, (7.3)

we also consider the source to be an AGN. This second condition was inspired by the
requirement to fulfill a pure Lx-SFR scaling relation in Lehmer et al. (2016). They allowed
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the total X-ray luminosity to be three times larger than the SFR scaling relation from
Alexander et al. (2005) which is based on the radio luminosity at 1.9 GHz. The argument
is that at this frequency, radio emission should mostly come from star formation while any
excess would be associated to an AGN. Without appropriate tracers for radio emission from
the simulation however, we reformulate their criterion to be instead the ratio between the
X-ray power from SMBH sources and the combined X-ray power of gas and XRBs. With
this, we can exclude galaxies that are clearly dominated by an AGN.

3. If LVBi{I exceeds the expected luminosity of the central SMBH (L,, see below for definition)
log LY > log L., (7.4)

we remove the source from our sample. By construction, each SMBH source gets assigned
its spectral parameters dependent on its bolometric luminosity such that

log Le <log Lypo) + 0
~1.65-0.22L -0.012L2 +0.0015.L3, (7.5)

where £ = (1og Lo 12) (see Marconi et al., 2004; Biffi et al., 2018a). The second

term o = 0.1 denotes the maximum of randomized uniform noise which was added to the
bolometric correction by Biffi et al. (2018a). The latter four terms denote the bolometric
correction for the soft X-ray band (0.5-2 keV). The bolometric luminosity (L) of the
central SMBH is Ly, = &,M.c?, where M, is the accretion rate of the central SMBH,
g, = 0.1 is the radiative efficiency, c is the speed of light. In our modeling, this acts as an
upper limit for the luminosity of a single SMBH source, because we employ an effective
torus model with intrinsic absorption for SMBH sources which effectively lowers the power
output in the soft band. In general, multiple emitting SMBH sources can be present in our
simulated galaxies. Thus, the criterion expressed by eq. (7.4)) is equivalent to excluding
systems hosting more than one luminous SMBH source within Ry;;.

In figure 7.1 we show Ll‘gﬁ of the projected volume against M, of the central SMBH for the
complete sample of galaxies. Colors indicate the ratio £ (eq. (7.3)). Galaxies that were classified
as an AGN according to our exclusion criteria are marked as diamonds. The dashed diagonal line
indicates the upper limit that we impose for the collective emission of SMBH sources (see eq.
(7.4)). From the total sample, 86 SF and 128 QU galaxies are classified as an AGN according
to criterion 1. According to criterion 2, 11 SF and 1 QU galaxies have large ¢ and are mostly
found for central accretion rates 107> Mg yr~! < M, < 1073 Mg yr~!. With criterion 3 we find
31 SF and 21 QU galaxies for which the integrated luminosity Lglr{ is above the upper limit set
by the central SMBH accretion and thus hosts more than one bright SMBH source within Ryj;;.
Accounting for overlaps, all criteria together thus reduce the full sample to 338 SF and 727 QU
normal galaxies.
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Figure 7.1: The integrated luminosity of SMBH sources (LVBiIr{) for each_ galaxy in the 0.5-2
keV energy band as a function of the accretion rate of the central SMBH (M,). The dashed line
indicates the upper limit set by the bolometric luminosity of the central SMBH (see criterion 3).
Data points above the dashed curve host more than one X-ray bright SMBH source within Ryj;.
Each galaxy is color-coded by the ratio € (eq. (7.3)) between the integrated luminosity of SMBH
sources and the other two components (gas + XRB). Galaxies that have been excluded following
our AGN classification scheme are highlighted by thick edges and have been removed for the final
sample.
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7.1.2 Determination of galaxy properties

In this section we outline the direct estimate of galactic properties from the simulation. In contrast
to the X-ray data retrieval, we do not limit ourselves to 2D projected quantities but make full
use of the 3D information available from the simulation. We first select all resolution elements
within a sphere of R,;; around each galaxy center. Then we filter for all particles which are
gravitationally bound to the central halo according to the suBrIND identification. This procedure
allows us to remove the substructures for each considered system from our analysis, and derive
the properties of the central galaxies only. For the stellar mass M., we take the sum of the mass of
each stellar particle in the matched list. For the hot gas fraction fg,s and the halo temperature kg7,
we first select gas particles from the matched list that are considered X-ray emitting. Specifically,
we select those that are not star-forming and not multiphase (do not represent cold gas), that
have a temperature 10° K < T < 5.85 - 108 K and an intrinsic density of p < 51072 gcm™3.
To obtain fy,s, we take the ratio between the summed mass of X-ray emitting gas particles and
all gravitationally bound particles (including stars, dark matter and gas). To derive a single
halo temperature, we calculate the emissivity weighted average of the selected gas particles. This
approach will yield values close to a spectral temperature. The emissivity weights were calculated
directly from the Astrophysical Plasma Emission Database (APED)? tables used by APEC (Smith
et al., 2001) accounting for individual metal abundances assuming solar abundance from Anders
& Grevesse (1989).

7.2 Galaxy X-ray surface brightness

In this section we present our findings on the correlation between X-ray surface brightness and
global intrinsic properties of our galaxies. We quantify the contribution of XRBs and SMBH
sources to the SB as possible contaminants when determining properties of the CGM.
Throughout our investigation we split our full sample into the SF and QU sub-samples. In
this way we probe different mechanisms responsible for maintaining a hot, X-ray-bright gas
atmosphere in different galaxy populations. Furthermore, we show SB profiles as a function of
a normalized scale-free radius in order to make the sub-sample intrinsically more comparable
irrespectively of differences in physical size. As a reference scale we choose the virial radius Ryj;.
We first investigate general properties of the QU and SF sample by constructing mean and
median profiles of the full subsamples. In figure 7.2(a) we show the mean (thin lines) and
median (thick lines) SB profiles of our complete sample accounting for every source component.
The shaded area shows the 16-84 percentile ranges of the median profiles. The median profiles
are always lower than the mean profiles because the latter is more sensitive towards extreme
outliers as seen from the 84 percentile boundary. Since we include every galaxy irrespective of
stellar mass when constructing the mean and median here, we are naturally dominated by the
brightest and presumably most massive galaxies. Additionally, the mean enhances the presence
of substructures which is noticeable by the noisy behavior of the mean at large radii. The median
is a more stable estimator here although it is less suited for capturing the SB in the outermost

Zhttp://www.atomdb.org
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Figure 7.2: (a): Average SB profiles (blue for SF, red for QU) of the normal galaxy sample
in the 0.5-2 keV energy band. Thin solid lines indicate the mean total SB. Thick lines indicate
the median total SB. The shaded area around the thick lines corresponds to the 16-84 percentile
ranges. (b): Mean ratio of the SB profiles of one component (gas: dash-dotted; XRB: dashed;
SMBH: dotted) towards the total SB. At each radius we determine the ratio between the SB of one
component and the total SB for every galaxy. We take the mean of that ratio by only accounting
for galaxies with non-zero SB. (¢): The sample completeness of the mean ratio in (b). Lines

indicate the fraction of galaxies which have non-zero SB at a given radius and thus contribute to
the mean ratio in (b).
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regions, where it is more sensitive to the large number of galaxies with zero emission. The median
profile drops to zero SB at ~ 0.17 Ry;; for the SF sample and at ~ 0.22 R,;; for the QU sample.
This means that less than 50% of the galaxies have detectable SB beyond those radii, respectively.
This can be visualized in figure 7.2(c), where we show the sample completeness as the fraction
of galaxies with non-zero SB at a given radius. When comparing the two sub-samples, the SF
sample is centrally brighter than the QU sample both in the median and mean. For radii larger
than 0.1 R,;; the mean SB profiles of both samples are comparable with similar normalization and
slope while median profiles are steeper for SF galaxies. For QU galaxies the median indicates a
slightly more extended SB. According to figure 7.2(c) this behavior is a result of more galaxies
that are bright at larger radii. We note that for large radii, the 16-84 percentiles of the QU and SF
sample are identical which indicates that their CGM has similar properties.

In order to disentangle the contribution of different components to the SB profiles, we compute
the ratio between the SB of each component and the total SB for each galaxy. This is shown in
figure 7.2(b). In each radial bin, we then compute component-wise the mean of these ratios only
accounting for galaxies with non-zero total SB. In this way, we effectively reduce the number of
available galaxies in our sample (cf. figure 7.2(c)) especially at larger radii and can consequently
inspect details of the SB profile in luminous galaxies. Different line styles in 7.2(b) indicate the
mean ratio of gas (dash-dotted), XRB (dashed) and SMBH (dotted) sources towards the total
surface brightness of each galaxy, with SF and QU samples in the same colors as in panel (a).
We note that the mean ratio of each component is not biased by extreme outliers. We verified this
by also computing the median ratio of each component, which yielded similar results.

Comparing these trends with the mean and median SB profiles from panel (a) of figure 7.2,
we conclude that the central increase of the SB in SF galaxies is mainly caused by an enhanced
contribution from hot gas within < 0.05R,;;. This is most likely due to the presence of a hot
ISM where stellar feedback from active star-forming regions injects energy into the surroundings.
Conversely, the XRB component is more dominant for QU galaxies in the central regions. Due to
the expected density distributions of stars and hot gas in quenched galaxies, the ISM contribution
should be less pronounced in the center compared to XRB. The contribution from SMBH sources
is mostly insignificant except for the very center where every galaxy hosts a SMBH. We note, that
the SMBH considered here would be X-ray faint due to our AGN exclusion. Beyond ~ 0.05 Ry,
both the SF and QU sample reach similar contribution levels in all components. Interestingly,
the average XRB contribution is > 10% for radial bins close to Ry;;. We attribute this fact to the
presence of stellar sub-structures.

Given the scatter in each sample, the mean SB profiles of the two classes of galaxies show
little qualitative differences. The median SB however hints at SF galaxies being slightly less
extended and having steeper profiles compared to QU galaxies. Looking at relative contributions
from different sources of the non-zero SB galaxies, we see that most of the difference is coming
from the behavior of the ISM gas. In X-ray observations, the distinction between these two
classes is also apparent on the ISM level (Bogdan et al., 2013; Kim & Fabbiano, 2015; Goulding
et al., 2016; Babyk et al., 2018) and is supported by other independent simulation studies using
the IustrisTNG-100 (TNG100) suite (Truong et al., 2020).
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7.2.1 Connection to galaxy properties

In this section we will investigate the shape and slope of median SB profiles of our QU and SF
galaxy subsample while accounting for differences in their global properties. In the self-similar
scenario, thermodynamic properties of the hot gaseous atmospheres are directly determined by the
depth of the gravitational potential well of the underlying dark matter halo (see e.g. Sarazin, 1988).
Assuming that the main cooling mechanism is thermal bremsstrahlung, the X-ray luminosity Ly
of a halo can be expressed as

Lx o fan Ty My (7.6)

T

with M. (< Ru)
< .
fgas (< Ryir) = e
M i

as the gas fraction. Note, that the gas fraction is assumed to be constant with mass in the
self-similar scenario, while the true gas fraction of a halo is strongly dependent on stellar and
AGN feedback, as well as replenishing and depletion of the gas reservoir. These effects lead to
deviations from the self-similar picture which are found in observations of elliptical galaxies as
well as of star-forming galaxies (Fabbiano, 2019, see review by). Based on eq. (7.6), we explore
the gas fraction fg,s and halo temperature kg7 (estimated as in section 7.1.2) of our galaxies and
connect them to the SB profiles. We further inspect the relation to their total stellar mass M..

Measurements of the gas fraction in galaxies have been historically difficult and are typically
limited to the innermost regions of the galaxy. For instance, studies using survey data make
use of stacking procedures to enhance the signal of weakly X-ray emitting gas in the outskirts
which however makes quantitative statements on gas fractions in individual galaxies impossible.
Constraints on the hot gas fraction of individual galaxies are indeed sparse and mostly feasible
for massive systems (see e.g. Bogdan et al., 2013; Li et al., 2017; Babyk et al., 2018).

In cosmological simulations, we are able to estimate directly the galaxies intrinsic gas fractions
and connect them to X-ray properties. In figure 7.3 we show the gas fraction for each galaxy
in our sample against its stellar mass. Points are colored blue for SF and red for QU galaxies
respectively. Additionally, we show histograms of the stellar mass (M.) and the gas fraction ( fgas)
distributions of our sample which are attached to the respective axis. Dotted lines in the fg,s
histograms indicate the median value of the respective distribution. The magenta dotted line in
the main panel shows the cosmic baryon fraction fi,ry from the simulation. For comparison, we
also include measurements of gas fraction and stellar mass from galaxies in the local universe:
NGC 720 (Humphrey et al., 2011) and NGC 1521 (Humphrey et al., 2012) (stars); NGC 1961
and NGC 6753 (squares) (Bogdén et al., 2013); star-forming galaxies from (Li et al., 2017); fossil
group NGC 6482 (Buote, 2017) and compact elliptical galaxy Mrk 1216 (Buote & Barth, 2018).
We selected these specific observational examples because the gas fractions were obtained from a
detailed analysis of mass and density profiles resulting from deep X-ray observations. The mass
profiles were then extrapolated to a radius of Ry, to calculate the gas fraction. Furthermore, we
include gas fraction estimates of the MW (Miller & Bregman, 2015; Nicastro et al., 2016) which
were obtained from modeling of Ovir and Oviir emission and Ovir absorption lines in the MW
CGM, respectively and also quote the gas fraction at Rooo. While our sample is consistent with
the selected observations in terms of gas fractions, the observational values are biased towards

) (7.7)
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Figure 7.3: Gas fraction against the stellar mass of our galaxy sample with f,,; computed
according to eq.(7.7). SF and QU galaxies are shown in blue and red respectively. Additional
symbols with error bars represent values obtained from the literature for comparison. The color
of each symbol indicates SF / QU classification. The magenta line corresponds to the cosmic
baryon fraction fy,ry = 0.167 adopted in the simulation.

X-ray bright galaxies which may not be representative of the average galaxy population. In the
simulated sample, QU galaxies have in general lower gas fractions than SF galaxies and span a
larger range of values. In particular, we note that the low-value tail of the gas fraction distribution
in simulations is dominated by low-mass QU galaxies. For comparison, we also report the cosmic
Joary value, which is as expected larger at all masses.

In figure 7.4 we report total SB profiles for the QU (upper panels) and SF (lower panels)
samples, for different global intrinsic properties, i.e. foas (left), M. (middle) and kT (right).
Lines with different colors are median profiles binned by the respective property, using the same
intervals for both QU and SF galaxies. Given that the property bins do not contain equal numbers
of galaxies, constraints would be less strong on the low-number bins. For comparison, we also
report the median of the whole SF/QU subsample (dashed black line) from figure 7.2. For a
better interpretation of observed profiles and for comparisons among different sizes, we define
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the quantity

300 kpc

= , 7.
g Rvir,i ( 8)

We chose 300 kpc as a reference scale because it is close to the virial radius of a MW-mass halo
and corresponds to the physical galactocentric distance for which CGM emission was detected
(Comparat et al., 2022; Chadayammuri et al., 2022; Zhang et al., 2024b). This is used to highlight
the distribution of sizes for the halos in each bin, visualized by the violins. In Fig. 7.4, we also
report observed SB profiles for the BCG-like QU galaxies NGC 6482 and Mrk 1216 (Buote,
2017; Buote & Barth, 2018) and for several local SF galaxies from Bogdén et al. (2013, 2015); Li
et al. (2017). We color code the observational data points according to the considered property.

Gas fraction

We investigate the impact of the gas fraction on median SB profiles in the first column of figure 7.4.
Within the QU sample, median SB profiles have lower normalization and appear less extended
with decreasing fgs. Their slope becomes slightly steeper with decreasing fg,s. For the lowest
feas bins, the median SB profiles drop to zero before 0.1 Ryj;. From the distribution of & within
each bin (violins), we can infer that more massive QU galaxies tend to have higher gas fractions.
Compared to NGC 6482 and Mrk 1216, our sample has lower normalization. In fact, NGC 6482
and Mrk 1216 are BCG-like and are expected to be brighter than normal elliptical galaxies (see
e.g. Kim & Fabbiano, 2015).

For SF median profiles, the normalization in the central regions decreases with decreasing
feas- At the same time, galaxies with lower gas fractions seem to have more extended profiles.
This is because the f,,s bins are dominated by small galaxies which have less extended profiles.
Visually, the SF median profiles seem to be steeper compared to the QU sample for the same [y,
bins. We caution, however, that the interpretation of trends in the SF sample is more difficult
here because of the narrower range in fg,s compared to the QU sample. Since we use the same
binning for both subsamples, this leads to fewer non-empty bins in the SF sample with similar
size distributions ¢ among the bins. A more quantitative approach regarding the steepness of
the profiles w.r.t. the gas component will be shown in section 7.2.2 later on. The median SB
profiles of the SF sample are broadly consistent with estimates from observations of massive
spiral galaxies (Bogdén et al., 2013; Li et al., 2017). As shown in Fig. 7.3, reported observations
probe similar gas fractions compared to our SF sample but are more massive than the bulk of our
SF galaxies. We also note that the annuli for which the SB was extracted in these observations
are rather large and thus provide loose constraints. The measured SB for massive spiral galaxies
from Bogdan et al. (2013) is higher than our median profiles which is due to the median being
dominated by low mass SF galaxies.

Stellar mass dependence

In the central column of figure 7.4, we show the stellar mass dependency of median SB profiles.
The normalization of median profiles in the QU subsample increases with increasing stellar
mass. The slope of the profiles remains mostly unaffected by changes in stellar mass and the
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extent of the profiles decreases with decreasing stellar mass. The distribution in & confirms that
larger galaxies have higher stellar mass. The median profiles of all stellar mass bins in the QU
case are below the observational sample for the same reason as before. For median SF profiles,
the normalization appears to be unaffected by stellar mass. Instead, decreasing stellar mass
leads to a steepening of the profiles. The distribution in & for each bin shows the same trend
as in the QU case. Our median SF profiles are in agreement with observational results in the
0.05 — 0.15 Ryj; radial range. For the 0.15 — 0.3 R,;; radial range, our data is consistent with
observations. However, the high stellar mass galaxies from Bogdan et al. (2013) are below our
median profiles for a similar stellar mass bin while the slightly less massive galaxies from Bogdan
et al. (2015) are above median profiles for similar stellar mass bins in the 0.15 — 0.3 R,;; radial
range. This is likely caused by a selection effect of the observational sample compared to our
statistical sample. The stellar mass dependency of galaxy X-ray luminosity has been well studied
in recent years. Clear correlations have been found for elliptical and spheroidal galaxies with
the integrated stellar light (Kim & Fabbiano, 2013), for elliptical galaxies with their dynamical
mass (Kim & Fabbiano, 2015; Forbes et al., 2017). For star-forming galaxies, Aird et al. (2017)
showed a connection between the stellar mass and mode of X-ray luminosity. Recent results from
the EFEDs field of eROSITA also indicate the presence of a correlation between stellar mass and
the SB normalization (Comparat et al., 2022; Chadayammuri et al., 2022; Zhang et al., 2024b).

Generally, a stellar mass trend in the SB should be expected as it can be connected to the gas
mass through halo mass relations. The steepening of the profiles in the SF sub-sample indicates
a change in the gas density distribution depending on total stellar mass, since the profiles are
dominated by gas emission in the outskirts (see fig. 7.2). We will quantify this effect and highlight
differences between the QU and SF subsamples in section 7.2.2.

Temperature

In the right column of figure 7.4 we show the temperature dependence of median SB profiles.
With increasing temperature, the median profile of the QU sample in the top panel shows an
increase in normalization and becomes more extended. Except for the highest temperature bin,
the £ distribution indicates that larger galaxies have higher temperatures. The median profile of
the highest bin lies in between the other bins in terms of normalization and extent and mostly
consists of galaxies with large &, and thus of smaller halos. This is not expected from empirical
scaling relations, where higher temperatures are associated with more massive galaxies (Kim &
Fabbiano, 2015; Goulding et al., 2016; Babyk et al., 2018, see e.g.). Upon inspection, 4 out of the
6 galaxies within the highest temperature bin showed no gas emission and some XRB emission in
the central 0.1 Ryj.. They have low stellar mass (< 2 - 10'°M,) and slightly lower fgas (= 0.06).
Outside of 0.1 Ry;;, they have very shallow gas SB profiles with low normalization and little XRB
contribution. We thus argue, that some recent events removed the central gas of these galaxies
and simultaneously heated their gaseous atmosphere at larger radii. The SF sample shows a weak
increase in normalization and radial extent with increasing halo temperature. With decreasing
temperature, the profiles again become steeper because the low-temperature bins consist of more
small galaxies. The distribution in ¢ consistently indicates higher temperatures for larger halos.
The SF sample is again in agreement with observations in terms of normalization for all the
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Figure 7.4: Scale-free median SB profiles of quiescent (fop) and star-forming (bottom) galaxies.
Galaxies are binned by gas fraction fy,s (left), stellar mass M. (center), and emissivity weighted
temperature kpT (right). Colors indicate the central value of each bin for the respective quantity.
We include SB profiles for NGC 6482 (Buote, 2017) and Mrk 1216 (Buote & Barth, 2018) in
the QU panels and measurements of the extended emission in SF galaxies from (Bogdan et al.,
2013, 2015; Li et al., 2017) for the SF panels. The violin plots indicate the distribution of £ (eq.
(7.8) within each quantity bin. The horizontal extent of each violin indicates the minimum and
maximum value of & within the respective bin. The central tick indicates the mean value of &.
The height of each violin is proportional to the number density of € in the bin. The black dashed
line is the median profile of the QU and SF sub-sample respectively.
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radial ranges shown. In particular, one galaxy in the sample from Li et al. (2017) has a higher
temperature than the highest temperature bin. Again we argue that differences between properties
are a result of selection effects in observations.

7.2.2 SB profiles of the gas component

As shown in Fig. 7.2, the hot gas is responsible for most of the X-ray emission in our AGN-cleaned
sample of galaxies, throughout the majority of the galaxy volume. It is thus interesting to further
inspect the gas SB properties separately. This is directly possible in simulations, where we can
predict for each galaxy the emission of the contaminating components (i.e. SMBH and XRB)
individually. In observations, the study of the hot gas distribution of galaxies is more difficult, due
to uncertainties regarding contaminants such as the central emission of the SMBH, point sources
in the galactic field, background modeling and instrumental response. Nonetheless, studies of the
CGM emission can be attempted through stacking of galaxy spectra, as shown by (Oppenheimer
et al., 2020), based on mock observations of simulated galaxies extracted from IllustrisTNG and
EAGLE simulations. In fact, recent observational studies based on eROSITA data, successfully
employed stacking to find emission above the background level from the CGM of MW/M31-like
galaxies (Comparat et al., 2022; Chadayammuri et al., 2022; Zhang et al., 2024b).

Here, we confront our findings with these recent eROSITA results,as shown in figure 7.5. In
particular, we report the stacking results for the QU_M10.7 and the SF_M10.7 sample from the
eFEDs field (Comparat et al., 2022) (Comp22). We use the same mass selection as their M1 mask
which removes the signal from bright AGN and is comparable to our AGN cleaned sample. The
QU_10.7 sample consists of 7267 quiescent (log(sSFR [yr~']) < —11) GAMA matched galaxies
in the mass range of M, = 10'%~!1 M, and the SF_M10.7 sample with 9846 star-forming galaxies
in the mass range M, = 10'%41 M. The mass ranges were chosen such that the mean stellar
mass in each sample is M, = 107 M. The average redshift is 0.2 and 0.23 for QU_M10.7 and
SF_M10.7 respectively. In figure 7.5, we also include the best fit § model for the CGM of 30825
eROSITA stacked central galaxies in the MW mass range (M, ~ 10'93-11) and a median redshift
z ~ 0.08 from Zhang et al. (2024b) (Z24a) (dash-dotted black line). The associated shaded area
corresponds to the 10 uncertainty in the best-fit parameters of their S-model. The contamination
of XRBs, AGNs and satellite galaxies was accounted for through empirical modeling and the
fitting was performed on the background-subtracted stacked SB profile. Furthermore, they do
not distinguish between star-forming and quiescent galaxies such that both are included in their
mass range. An improvement w.r.t Comp22 is a more detailed treatment of contamination from
satellite galaxies which leads to a steeper profile. We note that their best-fit S-model for the MW
mass regime has large errorbars in general but is representative of their full gas profile.

For a more faithful comparison, we restrict here to a subsample of our simulated galaxies that
more closely resembles the observational selection. By applying exactly the same mass ranges
as the QU_M10.7 and SF_M10.7 on our galaxy sample, we obtain 93 SF and 645 QU galaxies,
which does not reflect the same galaxy number ratio and fails to give the correct mean mass of
M, = 10'%7 M,. We thus define our mass ranges such that M, = 10'%7 M, which results in 71
SF (M, = 10'1948-1IM ) and 247 QU (M, = 101046-11M ) galaxies. We did not try to recreate
an exact match of their stellar mass distribution (see Table 1 in Comp22), because we can not
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account for the redshift distribution given the fixed redshift of our simulation box. Nonetheless,
our chosen mass ranges do in fact overlap with the mass ranges and mean redshift presented in
Z24a.

In figure 7.5, we plot the mean (thin solid) and median (thick solid) SB profiles of the gas
component for our M,-matched sub-sample, in blue for SF galaxies and red for QU galaxies. The
shaded area corresponds to the 25-75 percentiles and we additionally apply a median filter on the
mean profiles to mask out satellite contribution. Compared to the profiles by Comp22, we find
overall steeper profiles for both QU and SF galaxies. We note nonetheless that this difference
is stronger for the QU subsample, as the SF mean profile by Comp22 indicates a moderatly
steeper trend in the central bins (up to ~ 100k pc) but is mostly constrained by upper limits in
the outer regions. While hinting at a flatter shape than simulations, no strong conclusions on the
comparison can be therefore drawn for the SF subsample. Furthermore, the procedure in Z24a
showed that satellite contamination in Comp22 may be significant. We find that our mean and
median SB profiles are in good agreement with results from Z24a, given the uncertainties. In the
central 10 kpc, our median SB profiles appear generally brighter than in Z24a. Nevertheless, the
QU median stack is compatible with results from Z24a within the 25 percentile. Another detail in
the observational analysis is the treatment of point sources and nuclear emission in each galaxy.
Typically, excess in nuclear emission is attributed to SMBH activity and is consequently removed
from the analysis. This could lead to an underestimation of the central SB in observations if the
emission is originating from the gas component instead of an AGN.

Beta profiles of the gaseous component in individual galaxies

The shape of the SB profile associated to the gas component can be further inspected by modeling
it with a 8 profile, as often done in observations. Specifically, we model the SB profiles of the
hot gaseous component by fitting both a single S-profile (SB8) with 3 free parameters,

5\ 0.5-38
Sx(r) = So (1 + (ri) ) , (7.9)

c

where Sy is the normalization at r = 0, r, is the core radius and the slope g (Cavaliere & Fusco-
Femiano, 1978), and a double S-profile (D) with 6 free parameters. The S-profile assumes
spherical symmetry of the gas density distribution where the gas is in isothermal equilibrium
within the gravitational potential of the galaxy. We use a standard y? least-square algorithm in
log-space with equal-size radial bins in units of R,;; for each halo to fit the SB radial profile.
We assume Poissonian uncertainties on the SB in each radial bin based on the photons counts.
In order to account for substructures in the halo outskirts during the fitting procedure, we apply
a median filter on the SB profiles which removes sharp spikes in SB and effectively functions
as a mask. We use the reduced y? value to determine the best fit. If the reduced y? of single
and double S-profile fits are both close to 1, we prefer the single S-profile, which has less free
parameters. If the best fit is a double SB-profile but relative uncertainties in the fitting parameters
X
the latter. In cases where neither a single nor a double S-profile adequately describe the data, we

are large (Ax > 0.8) due to degeneracies, and the single S-model also yields a good fit, we prefer
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Figure 7.5: X-ray SB profile of the hot gas component recreating the mass cuts from Comparat
et al. (2022). We recreate the observational sample from eFEDs galaxies (Comparat et al.,
2022) by replicating their M1 mask for the SF_M10.7 and QU_M10.7 mass bins and show their
background-subtracted results. Thin and thick solid lines are mean and median SB profiles of our
sample of galaxies. We apply mass cuts on our sample ranging from M, = 10'%46-11 M, for QU
galaxies and M, = 10'043-11 M, for SF galaxies and report the total number of galaxies in each
stack in the legend. We apply a median filter on the mean stacked profiles (thin solid) to remove
substructures. Additionally, we show the best-fit SB profile for the CGM of MW-mass galaxies
from Zhang et al. (2024b) which probes a similar stellar mass range.
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Figure 7.6: Result of the labeling process after fitting each SB profile with a single and double
B profile. The main classification criterion is based on the reduced y? as well as parameter
degeneracy (see text).

label the galaxy as an "undefined" case, and do not consider those for the subsequent analysis. In
figure 7.6 we show the results of this fitting process. The blue and red colored histograms show
the distribution of QU and SF galaxies. Most galaxies in our sample are consistent with a S8
profile. The most massive galaxies in our sample are instead better described by the DS model.
We show exemplary profiles of both categories in appendix 7.5.2 (7.12). The undefined cases are
galaxies which do not have any surface brightness or have too few (<10) non-zero radial bins and
are exclusively found at low halo masses.

As asecond step, we investigate the relation between the shape of the density profile (quantified
via the slope g of the S-profile) and the global properties of the galaxies. To this scope, we restrict
our analysis to the subsample of galaxies that are best modeled by a S8 profile. In figure 7.7,
we show the best-fit single slope S as a function of total gas luminosity Ly cas, stellar mass M.,
hot gas fraction fy,s and emissivity-weighted hot gas temperature kg7, in panels (a), (b), (¢)
and (d) respectively. The simulation data points, with error bars, are marked in red and blue to
distinguish QU from SF galaxies respectively. The thick colored lines represent the median S of
the respective sample for equal-count bins.

In general, we find that the SB profiles in the SF sample have steeper slopes compared to
the QU sample in all examined properties. Furthermore, uncertainties on the slope increase for
larger values of 3, due to degeneracy with the core radius r.. We also note that the overall scatter
is large and the two subsamples have significant overlap.

In panel (a) we find a strong positive correlation between the slope of the SB profile and Ly a5
up t0 Ly gas = 5 - 10¥ erg s~! for QU galaxies and L X,gas X 104 ergs~! for SF galaxies. This
indicates that the gas emission becomes more centrally concentrated for more luminous halos in
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these cases. At higher luminosities, the median slope levels between g ~ 0.6 (for QU galaxies)
and 0.8 (for SF galaxies). Panel (b) indicates that the simulated galaxies span the largest range
in S values at the lowest stellar masses. Despite the large scatter, in this stellar mass regime we
still find a moderate tendency for steeper profiles in SF galaxies. For stellar mass above 10! My,
B remains around ~ 0.6, for both the SF and QU sample. In panel (c) we find that £ is positively
correlated with fg,s for both galaxy samples. We also notice that the median slopes of the two
subsamples seem to connect across the full fg,s range. This suggests that the distribution of
hot gas tends to be more centrally concentrated in galaxies with higher gas fractions. A small
fraction of the central increase can be attributed to a hot ISM component in SF galaxies due to
SN feedback from newly formed stars. However, in panel (d) we do not find a clear correlation
between steeper slopes and the temperature of the halo. Since the slope is most sensitive to SB
outside the core region, this suggests that the steep profiles are an intrinsic property of the halo.

In order to better interpret the origin of the largest S values, we inspect directly the corre-
sponding profiles. We find that these galaxies either have also large uncertainties on the core
radius r., or present sharp drops in SB at r > 0.1R,;;. The latter corresponds to a few effective
radii for those galaxies. Since we found the steepest slopes in low-mass galaxies, the compactness
of the profiles may be caused by resolution limits in the simulation. In this case the low density
of the halo outskirts is represented by a few resolution elements only which leads to stochastic
effects. At the same time, the smallest values of g are also found in low-mass systems, and this
is likely a result of extreme feedback events displacing the gas beyond the galaxy boundary.

In order to cross-validate our statistical results with observations, we compare to several
observational studies. In all panels, we show g for a sample of nearby QU galaxies (gray
hexagons), where X-ray properties were obtained from deep CHANDRA observations including
extensive modeling of background sources and contaminants (Babyk et al., 2018). Their studied
sample also includes BCG and cG galaxies which we exclude for the comparison. Luminosities
and temperatures were directly taken from the aforementioned study. We inferred stellar masses
from the central stellar velocity dispersion given for each galaxy in their study using scaling
relations from Zahid et al. (2016). Gas fractions were obtained from the given gas masses and
the given dynamical mass. We note, that X-ray quantities derived in Babyk et al. (2018) were
extracted within five effective radii which is smaller than the R,;; in our analysis. While the given
profile slopes and halo temperatures should not change significantly at larger radii, properties
such as stellar mass and gas fraction are likely lower bounds. In panels (a) and (d) we additionally
show a different sample of massive elliptical galaxies (black empty diamonds), by O’Sullivan
et al. (2003) who used ROSAT data to obtain SB profiles of massive elliptical galaxies. In panel
(b) we include best-fit slopes for the CGM of MW-mass and M31-mass galaxies from Zhang
et al. (2024b) (black filled diamonds) derived from stacking analysis of the first EROSITA full-sky
survey (eRASS:1). We also show a sample of massive SF galaxies in all panels from Li et al.
(2017) who used XMM-Newton data for their analysis. In panels (b) and (c) there are also values
for the Milky Way (MW) derived by Miller & Bregman (2015) and Nicastro et al. (2016). The
data by Miller & Bregman (2015) result from a symmetric -like profile which has been flattened
along the axis perpendicular to the galactic disk, and uses XMM-Newton data of Ovir and Oviin
emission lines from the MW CGM. The values from Nicastro et al. (2016) (model A in their study)
refer to a true spherical symmetric profile derived from X-ray absorption lines in Chandra data
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Figure 7.7: Best-fit slope S of each galaxy’s gas SB profile labeled as a Sg profile (eq. (7.9))
against various halo properties within Ry;;: (a) gas luminosity Ly 4.; (b) stellar mass M, obtained
from stellar resolution elements bound to the parent halo; (c) gas fraction fg,s derived from
gas resolution elements bound to the parent halo excluding star-forming and low-temperature
(< 10°K) gas. In panel (c) the dotted magenta line indicates the cosmic baryon fraction in
the simulation; (d) emissivity weighted hot gas temperature Ty,s. The exact retrieval of these
quantities are outlined in section 6.3. The thick solid line in each panel indicates the median
value of 8. For comparison, we include the sample of massive elliptical galaxies from O’ Sullivan
et al. (2003) (O’sul+03) and massive star-forming galaxies of Li et al. (2017). Additionally, we
compare to § models of the MW from Miller & Bregman (2015) (M&B15) and Nicastro et al.
(2016) (model A) in (b) and (c).



7.2 Galaxy X-ray surface brightness 125

associated with the MW CGM. We note that our slopes for the SF sample are systematically larger
than the slopes from Li et al. (2017) and compared to the MW. Additionally, the gas fractions of
the MW and the sample from Li et al. (2017) are lower than those of our SF sample. Interestingly,
the slopes from Li et al. (2017) seem to agree better with our QU sample, especially in terms of
Ly ¢qs and fg,s but are still on the lower side. Our derived slopes are in broad agreement with
the S8 values derived in Babyk et al. (2018), despite being typically higher. While luminosities in
their study are similar to ours, they have more high mass galaxies. Especially in the high stellar
mass regime, their SB profiles are shallower. Regarding gas fractions, their sample has a larger
range compared to ours. Interestingly, their sample shows a decline in slope with increasing
JSeas Which is in contrast to our results. Furthermore, they probe higher temperatures compared
to our analysis which is connected to the higher stellar mass of their galaxies. In general, the
temperature of the gaseous halo in observed galaxies is consistent with our sample and also does
not show a clear correlation with 8. The sample from O’Sullivan et al. (2003) is consistent with
slopes derived for our galaxy sample and also contains a few galaxies with 8 > 1. In their case,
larger slopes are likely connected to the environment of their galaxy sample. Most of their targets
lie in a cluster or group environment which can in principle affect X-ray properties of the galaxy
even after accounting for the cluster emission in spectral modeling.

7.2.3 Global X-ray luminosity

In figure 7.8 we show total X-ray luminosities of our complete sample (including AGN) as a
function of the total mass M5y, (gray dots) and compare to scaling relations from Anderson
et al. (2015) (cyan boxes), Lovisari et al. (2015) (red dashed line) and Zhang et al. (2024c)
(magenta dash-dotted line). We additionally include 6 group-like halos with M, > 102 M,
(Msp0c > 5 - 1013 M) from the same simulated volume in Fig 7.8 and highlight them as black
triangles. For the total luminosity of our sample, we combine the emission of hot gas, XRBs and
SMBHSs. Instead of considering the whole R,;. extent for the simulated galaxies, we extract the
properties in the same regions used by Anderson et al. (2015), namely within Rsoo. and [0.15—
1] Rsooc- They obtained their SB measurements from a bootstrapped stacking procedure with data
from the Rosat All-Sky Survey (RASS) of SDSS (Sloan Digital Sky Survey) confirmed galaxies
in a stellar mass range of 10'9-12 M. Luminosities Ly and Lcgy in their study were extracted
from stacked SB profiles of central galaxies. They derive total masses for their stellar mass bins
by forward-modeling of the Ly — M5, relation using Ly from their stacks. With this approach,
they did not attempt to derive total masses for halos with M, < 1098 My (M50 < 10124 My)
due to significant contamination from XRBs. We note, that Anderson et al. (2015) referred to
the radial range [0.15-1] Rs500. as CGM, which we also adopt here for convenience. The best fit
Lx — M5, relation from Lovisari et al. (2015) is accounting for selection bias and was derived
from a sample of galaxy groups and clusters using XMM-Newton observations. The relation
from Zhang et al. (2024c) results from a stacking analysis of central galaxies in eRASS:4 and
accounts for source contamination from a central SMBH and XRBs. Thick solid lines in figure
7.8 represent the median of our sample. Colored lines and shaded area represent the contribution
of HMXBs (green) and LMXBs (orange) together with their 16-84 percentile which is a direct
prediction of our XRB model (see Vladutescu-Zopp et al., 2023, for details). We are thus also
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able to provide constraints of XRB contribution for the CGM regime. The thin black line is the
mean of our sample.

Generally, the median total luminosity of our galaxy sample within Rsoy (panel (a)) is in
very good agreement with the reported scaling relations from the literature. At intermediate
masses, 2 - 1012 < Msoo, Ms] < 10'3, the simulated median relation naturally shows increasing
deviations from the relation by Lovisari et al. (2015), whose sample does not include low-mass
systems. Atlower masses, Msgo. < 2+ 10'2 M, simulation data show a large scatter in luminosity
but we still find a broad agreement with the observed relations. The increasing scatter flattens
the mean and median at these low halo masses and is driven by extreme outliers, especially at
high luminosities. We note that the scaling relations from Zhang et al. (2024c) and Lovisari et al.
(2015) have very similar slopes, despite being derived for vastly different halo masses. This hints
at a common mechanism shaping the overall matter distribution of all halos.

The median LMXB luminosity follows an almost linear relation with Msg.. By construction,
LMXB contribution should linearly increase with the stellar mass of the galaxy (Vladutescu-Zopp
et al., 2023). Deviations from a linear relation with M5 arise from a non-linear stellar mass
function. For the lowest luminosities in our sample, the emission from LMXBs dominates with
respect to HMXBs, although the major emitting component remains the hot gas. The median
HMXB luminosity increases with halo mass, but its contribution to the total Ly is significantly
lower compared to LMXBs, except for the highest halo masses.

We note, however, that HMXB contribution is highly dependent on the sample and model
assumptions. In A15 for instance, they use a SFR indicator that probes the star formation of the
past 300 Myr while we probe star formation in the past 100 Myr. Furthermore, they employed
simple scaling relations between SFR and HMXB luminosity while we directly sample the HMXB
luminosity functions (see Vladutescu-Zopp et al., 2023). The latter introduces Poissonian noise
in the Lyvxs scaling relation which steepens the slope of the relation at low SFR (Gilfanov et al.,
2004b; Vladutescu-Zopp et al., 2023). Moreover, A15 argue that the population of star-forming
galaxies increases with lower stellar mass. While this is true in our case as well (see figure 7.3),
each stellar mass bin has nonetheless more quiescent galaxies than star-forming galaxies. We
also inspected the main sequence for our galaxy sample (shown in figure 7.13, in appendix 7.5.3)
and found that there are indeed few SF galaxies that are close to the main sequence at low stellar
mass. Hence, we expect SF galaxies below the main sequence to have less contribution from
HMXBs, given their SFR, compared to a linear relation.

The mean and median CGM luminosity of our sample (panel (b)) is in excellent agreement with
the stacking results of A15 (cyan) where we used the same values for M5, as in panel (a). The
contribution of LMXBs and HMXBs to the total CGM luminosity shows steeper trends compared
to the total luminosity within R509. We argue that there is more substructure in the outskirts of
more massive halos which amplifies the contribution from XRBs. Moreover, especially LMXBs
can contribute significantly towards the CGM luminosity of the least luminous galaxies at low
halo masses. In these cases, the hot gas fraction is close to zero and residual LMXB emission must
either be associated with satellites or a diffuse stellar component outside the central 0.15R5qq,.
We note, that the median and mean CGM luminosity for low-mass halos (Ms5p0. < 10" Mp) is
significantly lower than the total luminosity by at least an order of magnitude. For larger masses,
the CGM luminosity becomes comparable to the total luminosity. This implies that most of the
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Figure 7.8: Total X-ray luminosity as a function of halo mass (Msg.) (a) within Rspo. of each
galaxy, (b) within (0.15 — 1) Rspo.. Grey dots represent all galaxies in our full sample, including
the AGN systems, with BCG galaxies marked as black triangles. Thin and thick lines represent
the mean and median luminosity of our sample, respectively. The contribution from HMXBs
and LMXBs in our sample is shown in orange and green together with the 16-84 percentile range
as the shaded area. Additionally, we show data from Anderson et al. (2015) (cyan squares) for
the total X-ray luminosity within Rsgg in (a) and CGM luminosity within 0.15 — 1 Rsqg in (b).
The sample consists of central galaxies and results from a stacking analysis using ROSAT data.
Their total mass is derived from forward modeling of the Lx — M5 relation of gas-dominated
halos in their sample. The magenta dash-dotted line is the best fit Ly — M5, relation for stacked
galaxies in eRASS:4 from Zhang et al. (2024c). The red dashed line shows the bias-corrected
best fit Ly — M5q0. relation from Lovisari et al. (2015).

emission is centrally concentrated in our sample, which is in line with steeper S-profiles from
section 7.2.2.

7.3 Discussion

7.3.1 Inclusion of absorption

By including a weak foreground absorption to model the idealized emission assigned to each
gas element, we effectively reduce the X-ray emission in the soft part. Therefore the luminosity
retrieved directly from the photon counts, without modeling the spectrum, is in principle a
lower limit to the true intrinsic luminosity, even if no instrumental response is included and the
ideal photon emission is employed. However, we verified that the foreground absorber does not
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significantly impact the derived luminosity for each halo, by conducting a simple experiment.
We again applied unit 1 of the PHox algorithm on a sub-volume of the simulation box without
the weak foreground absorption component. All other settings were left the same as described
in section 6.3. We compare the total number of photons produced in the case with no absorption
and the original setup for the same sub-volume in the energy range 0.5-2 keV. Since we take into
account all particles within the simulated sub-volume, we probe a wide range of temperatures
and metallicities being affected by absorption. Ultimately, the foreground absorption component,
with column density Ny = 10?° cm™2, reduces the total number of photons by ~ 5% in the
considered sub-volume. We thus recompute the luminosities as in section 7.2 and find that the
true intrinsic luminosity is typically underestimated by up to 5% when absorption is included.

Another point worth considering is the inclusion of an intrinsic component mimicking ISM
absorption in SF galaxies which we did not include in this study. Typical values for ISM absorption
in observed SF galaxies are of the order of ~ 10?! cm™? (see e.g. Lehmer et al., 2022), which
would lead to a reduction of SB in the central 0.1 R, in the gas component of SF galaxies by
> 30%, ultimately reducing the normalization of the profiles.

7.3.2 Beta profiles

We chose a least-squares algorithm in logarithmic space to fit the SB profiles with a single or
double B-model. We used the reduced y? as the main criterion for comparison, to decide between
a SB and DB model. We manually validated the resulting choice for all galaxies in the AGN
cleaned sample and confirmed if the fits reached convergence. Additionally, we cross-validated
the resulting best-fit parameters using other fitting techniques. On the most massive galaxies
within our sample (M, > 5-10'! M), we employed a likelihood minimization using a C-statistic
(Cash, 1979), a gradient-descend algorithm as implemented in scipy (Virtanen et al., 2020)
and a Markov-Chain Monte-Carlo (MCMC) approach with flat and informed priors using the
software package EMCEE (Foreman-Mackey et al., 2013). Both the C-statistic and the gradient-
descend method yielded similar best-fit values and agreed with the least-squared method. The
MCMC approach was sensitive to the assumed priors and slow to converge. It yielded median
fit parameters that were more degenerate than the ones found with the other methods and were
systematically lower by ~ 10%. Given these results, we decided to rely on the least-square results.

The strong positive correlation between the slope of S galaxies and their total gas luminosity
Ly g5 indicates that gas at the center of those galaxies is emitting more than in the outskirts.
This suggests that a feedback mechanism is probably in place, injecting more energy into the
central gas. One of the primary sources of energy can be the activity of the SMBH at the center
of each galaxy on which we will focus here. In order to quantify the central feedback in each
galaxy in our AGN-cleaned sample, we show Ly o, as a function of the current accretion rate
of the central SMBH (M,) in figure 7.9. Each data point is colored by the stellar mass of the
host galaxy. We observe a tight coupling between the total luminosity of the gas component
and the current accretion rate of the SMBH. This suggests that the main source of energy in our
AGN-cleaned sample appears to be connected to the activity of the central SMBH at all stellar
masses. Since we excluded overly X-ray bright AGN from this sample, this correlation is not
driven by extreme cases and holds for faint AGNs as well. While the strong link between the
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Figure 7.9: Gas luminosity within R, of the AGN cleaned sample as a function of the current
accretion rate of the central SMBH M,. The color indicates stellar mass of the galaxy

SMBH and the regulation of the gas phase is expected (e.g. Hirschmann et al., 2014; Steinborn
etal., 2015; Gaspari et al., 2019; Truong et al., 2020, 2021b, 2023), high accretion rates generally
also indicate a large gas reservoir in the vicinity of the SMBH. The results in figure 7.9 indicate
that the injected energy in the innermost region heats up this gas quickly so that this is immediately
reflected in the gas luminosity. An additional mechanism injecting energy into the gas phase is
associated with SN feedback. Especially in SF galaxies, SNII feedback can additionally heat up
the gas and increase its luminosity and may trigger outflows that leave imprints in the CGM SB
of SF galaxies (Strickland et al., 2004; Mineo et al., 2012b; Li et al., 2018).

While the S-profile is a simple and well-established model, it is also assuming the gas to be
in an isothermal state. Thus it can not account for the expected temperature gradients which
are observed for galaxies and galaxy clusters alike (Pratt et al., 2007; Kim et al., 2020). Since
the B-profile is a spherically symmetric profile, it can not account for asymmetries in the gas
distribution either. In an idealized scenario for disk galaxies, distinct flow patterns are expected to
arise with outflows primarily happening perpendicular to the stellar disk and inflows circularizing
at the edges of the stellar disk (see e.g. Tumlinson et al., 2017; Stern et al., 2023). Recently,
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eROSITA revealed large-scale lobes perpendicular to the galactic disk of the MW (Predehl et al.,
2020) which are compelling evidence for the aforementioned asymmetries. Simulations showed
the presence of such asymmetries in mock X-ray images of simulated galaxies (Truong et al.,
2021b, 2023; ZuHone et al., 2024). However, a recent study of edge-on star-forming galaxies in
the Virgo galaxy cluster yielded only weak evidence for the presence of extraplanar hot gas (Hou
et al., 2024) perpendicular to the stellar disc. We investigated our galaxy sample with respect
to possible asymmetries by selecting disk-like SF galaxies. We binned them by their inclination
angle with respect to the chosen l.o.s. (i.e. the z-axis of the simulation box.) We describe the
exact setup in appendix 7.5.4 and show the result in figure 7.14. We do not find any variation of
the SB profiles with inclination angle in our sample. In low mass galaxies, the resolution limit of
the simulation may smooth out emerging asymmetries. Moreover, the feedback from the central
SMBH is distributed isotropically in its surroundings which further suppresses asymmetries. A
spherically symmetric profile is thus a fair description in our case.

We also verified the validity of the S-model description by reconstructing the X-ray emitting
gas mass from the best-fit profiles of the simulated galaxies represented by a single S model. The
deprojected 3D density profile derived from the S-model takes the form

c

B
2\ " 72
p(r) = po (1 + (ri) ) : (7.10)

where the central gas density is
po =221umyng, (7.11)

with y being the mean molecular weight, m ), the proton mass, and

o= \/rceB(?a,B 205.05) (7.12)

In eq. (7.12), ny denotes the central number density at » = 0, € is the emissivity, B(a, b)
represents the validity of the beta function and Sy, 8 and r, are the same as in eq. (7.9) (see also
Babyk et al., 2018, for details). The resulting value For each galaxy we compute € assuming an
APEC model with the emissivity-weighted average temperature and mass-weighted metallicity
of the X-ray emitting gas within Ryj;. The resulting total gas mass is then obtained from the
integration of eq. (7.10) up to the virial radius. We show the comparison between the mass of
the total X-ray emitting gas in the simulation and the reconstructed gas mass from the beta profile
in figure 7.10. We find good correspondence between intrinsic and reconstructed values for high
gas masses (Mgas > 101 M), with some possible bias underestimating the reconstructed gas
mass at intermediate mass ranges (1010 < Mgy [Mo] < 10'1). The scatter at very low masses
(Mg < 101" M) might be driven by a combination of the underlying simplifications as well as
large uncertainties on the best-fit r. and g values, originating from a poorly resolved atmosphere.

Since the plasma in galaxies is generally cooler than in clusters, X-ray emission is mostly
dominated by emission lines of various metal species. We therefore investigated possible trends
between the slope of SB galaxies and their mass weighted total metallicity. We did not find any
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Figure 7.10: Comparison of the X-ray emitting gas mass from the simulation and the gas mass
retrieved from single S-profiles using eq.(7.10)-(7.12). The solid blue diagonal line indicates
equality between the two methods. The horizontal purple dashed line indicates Mga‘;e for a halo
with 1000 gas resolution elements. Galaxies with M™% < 10! Mg have more poorly resolved

gas
atmospheres.

correlation between 8 and the metallicity within 0.1Ryj; or Ryj,, which means that the shape of
our profiles is not determined by a metallicity gradient. Therefore the B-profile is an adequate
description of the gas density in our case.

7.3.3 Contamination of the CGM emission

A major aspect when dealing with the SB of the CGM is the contamination by satellite galaxies
(see also Zhang et al., 2024b). With their stellar mass and potentially high star-formation rates,
satellite galaxies can host additional XRB sources. As indicated in figure 7.2(b), not only does the
gas component contribute towards the extended SB but XRB emission can have non-negligible
contribution as well. The show-case galaxy in figure 5.2 illustrates how especially LMXBs can
appear as a diffuse component in the outskirts of a galaxy. The exact contribution from XRBs is
however highly dependent on the assumed spectral model (Lehmer et al., 2016; Vladutescu-Zopp
et al., 2023). In our case, we use a relatively high column density when modeling the absorbed
power-law spectrum of XRBs compared to other studies (Lehmer et al., 2021; Riccio et al.,
2023; Kyritsis et al., 2024). Lower column densities would obviously yield higher contributions
from XRBs in the soft band. Figure 5.2 also shows the presence of actively accreting SMBH
point sources which correlate with the position of the subhalos and would be likely masked in
observations. Since our AGN-exclusion criteria (section 7.1.1) ensure that SMBHs associated to
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subhalos are less luminous than the central SMBH, we do not expect significant contamination.

In order to explicitly mask radial bins where subhalos are dominant, we used a median filter
on the gas SB profiles when fitting S-profiles and when constructing our mean profiles of figure
7.5. While the median filter reliably detected substructure, the resulting masking of the affected
radial bins rendered some of the SB profiles unusable. In those cases, the profile was either
dominated by substructures or had to few radial bins left and was consequently undetermined.

Another aspect of XRB contamination comes from the association of XRBs with the main
stellar body of a galaxy (see Grimm et al., 2003; Gilfanov, 2004). Our detailed model of XRB
emission enabled us to quantify XRB contamination not only for the total luminosity (see figure
7.8) but also for the core-excised luminosity. Especially for low-mass galaxies, XRBs can have a
significant contribution to the total luminosity of galaxies with low SB.

In Fig. 7.8 we showed that scaling relations between the halo mass M5y and both the total
luminosity as well as the core-excised luminosity are in excellent agreement with observations.
Especially in the group regime Msgo. > 10'> Mg, where the gas component is most dominant,
observed scaling relations are perfectly reproduced. Since we include all major emitting compo-
nents for the total luminosity Ly, we also verified that scaling relations are still consistent when
only accounting for the gas component. We note that the largest luminosities at low halo masses
are associated to galaxies with a bright AGN.

7.3.4 Scaling with global quantities

Both the QU and SF sample show distinct behavior at different radii with respect to variations in
their global properties. In the QU case, all investigated properties mostly affect the normalization
of the binned profiles. In the SF case normalization stays the same while the extent of the
profiles change. We know from observations, that the hot atmospheres of elliptical galaxies are
in hydro-static equilibrium with the gravitational potential such that global properties have a tight
relation with the halo mass (Kim & Fabbiano, 2015; Forbes et al., 2017; Fabbiano, 2019). In SF
galaxies this relation is less clear and observations have shown that the total X-ray luminosity
of SF galaxies is only weakly related to halo properties such as temperature (Kim & Fabbiano,
2015). Concerning fg,s in our SF sample, we would have expected a stronger dependence on
the normalization of the SB profiles. From the violin plots in figure 7.4 we can infer that the
highest gas fraction bin is comprised preferentially of low mass galaxies for SF galaxies while
there are preferentially more massive galaxies in the QU case. This would suggest that a high
fraction of the hot gas is located in the halo outskirts of QU galaxies since the whole structure of
the SB changes with f,,. This is in line with typical formation scenarios of QU galaxies where
energetic feedback events from the central SMBH or major mergers redistributed and heated the
gas. In turn, the hot gas appears to be more concentrated towards the center for our SF sample
since the normalization of the SB profiles only changes for the inner 0.1 R,;; and is also supported
by Fig. 7.7(c). This behavior is however not supported in the literature where shallower profiles
are typically observed (Bogdan et al., 2013; Li et al., 2017; Zhang et al., 2024b). The slope also
increases for SF galaxies at low masses in our case where the resolution of the simulation may
already be too low to properly resolve the hot gas atmosphere outside of 0.1 Ryj;.
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7.3.5 Comparison to other simulations

Similar works on the X-ray SB in simulated galaxies have been conducted using different sim-
ulation suites. Notably, Oppenheimer et al. (2020) analyzed full eROSTIA mock observations
based on EAGLE (Schaye et al., 2015) and IllustrisTNG-100 (TNG100) (Pillepich et al., 2018)
simulations. They made use of the pyXSIM package?, which is a python implementation of the
PHox algorithm used in this work (see Sec.5.1). When generating the initial photon events from
the simulation, they include a model for the MW foreground emission and absorption as well
as a model for the background sources. However, they do not directly model the contribution
from AGN and X-ray binaries. Additionally, they used SIXTE to account for instrumental effects
on the resulting SB profiles. They split their galaxy sample in low (M, = 10'92-107 M) and
high mass (M, = 10'%7-11-2 M) star-forming and quiescent galaxies for both simulation sets and
performed a stacking analysis on each respective subsample in a radial range of [10-300] kpc.
Their low-mass sample (see their Fig. 2, left) is therefore in a comparable MW mass range w.r.t.
our analysis in Fig. 7.5, on which we will focus here. In general, they find flatter SB profiles for
both simulations in the MW mass range compared to our findings, with EAGLE predicting less
luminous star-forming galaxies than TNG100. Especially at (r >100 kpc) we predict an order of
magnitude lower SB. At smaller radii, our findings are consistent but interestingly show larger
object by object variations, which we attribute to the differences in the details of the AGN feed-
back treatment in the simulations. Both EAGLE and TNG100 confirm the significant increase
in central SB for star-forming galaxies compared to quiescent galaxies which we observe in our
simulations. Furthermore, Truong et al. (2020) found that blue galaxies in TNG are an order of
magnitude brighter in X-ray than red galaxies at fixed stellar mass, confirming this dichotomy.
For radii r > 50 kpc, we find that SF and QU galaxies have similar SB profiles which is consistent
with EAGLE galaxies in Oppenheimer et al. (2020), whereas TNG100 predicts larger SB for
star-forming galaxies at all radii. We note that Oppenheimer et al. (2020) considered the X-ray
photon emission from the gas included within a sphere of 3 - Ry around each galaxy, which is
significantly larger than the volume inspected here (see Sec. 6.3). Some contamination in the
outskirts, due to gas in the galaxy surrounding not associated to the galaxy itself, can thus be
present and contribute to the flattening of the SB profiles. Moreover, those authors performed
full mock observations aiming to test CGM detectability, while we focused on intrinsic emission
and its connection to the global properties of our galaxies. We thus expect some differences
introduced by the instrumental effects, such as in the central SB due to effects from the eROSITA
PSF or in the galaxy outskirts due to the treatment of the background in observations and full
mocks.

7.4 Summary

In this study, we present results on the X-ray SB of simulated galaxies from the Magneticum
Pathfinder set of simulations. We made use of the virtual X-ray photon simulator PHox (Biffi
etal., 2012, 2018a; Vladutescu-Zopp et al., 2023) to produce highly sophisticated spectral models

3http://hea-www.cfa.harvard.edu/ jzuhone/pyxsim/
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of individual galaxies where we properly account for the multi-temperature and metallicity
distribution of the gaseous component. The emission from SMBH sources and XRBs can be
accounted for individually and self-consistently without the need for empirical modeling of
their contribution. We accounted for an AGN population in our galaxy sample by applying
exclusion criteria motivated by the literature. We focused our analysis on an AGN-cleaned
sample uncovering the following aspects:

* We determined mean and median SB profiles of normal star-forming (log(sSFR) > —11)
and quiescent galaxies and quantified the contribution of different components. We find
that SF galaxies have elevated total SB in their central regions compared to QU galaxies
up to a scale-free radius of 0.1 R,j; and comparable SB in the outskirts. The average
contribution from XRBs towards the total SB is between 30%-50% in the inner 0.1 Ry;;,
and > 10% for larger radii, which we attribute to the presence of substructures.

* We compared median SB profiles of the gas component in a M.-matched subsample of
our galaxies to recent observational results from the eROSITA collaboration, where they
obtained CGM SB from stacking MW-mass galaxies. We are in moderate agreement
with results from Zhang et al. (2024b) who have a similar median redshift distribution in
their sample compared to our fixed redshift. We find no significant difference between
the mean CGM profiles of SF and QU galaxies in our sample for the MW mass range
(M, = 10'9-11)Results from Comparat et al. (2022) are in disagreement with our sample
which may be due to instrumental effects.

* We computed hot gas fractions and temperatures of each galaxy and found positive corre-
lations between the extent and normalization of SB profiles and the respective properties.
Correlations are generally stronger for QU galaxies than for SF galaxies. All our galaxies
have fgas < foary accounting for hot gas within Ry;;. We compared the SB of our sample
with SB of observed galaxies for which the same properties (M., fgas, kpT) were available
and found good agreement for SF galaxies. We found lower normalization for our QU
sample compared to the selected observations. The selected observations are however
more consistent with our excluded AGN sample. We attribute this fact to the observational
sample including more BCG galaxies which makes them brighter than typical QU galaxies.

» We fitted S-models to SB profiles of the gas component of our AGN-cleaned galaxy sample
using a least-square algorithm. We found that most of our sample is best reproduced by a
single slope B-profile. We compared the profile slope to intrinsic properties for each galaxy
and found that SF galaxies have consistently steeper profiles compared to QU galaxies.
We found a strong correlation between steepness and total gas luminosity, in agreement
with observational results. We found a large scatter in the slope of low M, galaxies in
both the QU and SF sample. The slope of the SB profiles seems uncorrelated with foug
and Ty, for SF galaxies and weakly correlated for QU galaxies while being consistent with
observational results.

* We compared the M500. — Lx relation of our galaxy sample to stacking results of A15 and
724b for galaxy-mass halos and also compared to the scaling relations for galaxy groups
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from Lovisari et al. (2015). While the intrinsic scatter in our sample increases for low
halo masses we found excellent agreement with observational results at all halo masses.
The scatter is a result of subgrid physics in the underlying cosmological simulation. The
estimated median XRB contribution is consistent with theoretical models and and can
account for the total luminosity of galaxies with the lowest SB.

* Additionally, we compared the CGM luminosity of our galaxies by using an annulus similar
to A15 (r > 0.15 Rspo.) and found median luminosities in excellent agreement with their
stacking results. At low halo masses, LMXBs can contribute significantly to the overall
CGM luminosity which may be due to satellite galaxies or a diffuse stellar component
outside of the central galaxy.

* We find that the main engine for the gas luminosity and consequently the increase in
steepness in our galaxy sample is the central SMBH of each galaxy. We find a strong
dependence of the global gas luminosity on the current accretion rate of the central SMBH,
in the whole range of host galaxy stellar masses investigated. While the SMBH injects
feedback energy isotropically into the surroundings in the simulation, the internal energy of
neighboring gas is increased. A higher M, generally also suggests that there is more gas in
the vicinity of the SMBH in order to sustain the accretion. The energy is then released close
to the SMBH which leads to a centrally localized increase in luminosity and consequently
to a steeper SB profile.

Ultimately, we were able to show that the CGM of galaxies can be resolved in modern
cosmological simulations and can offer a unique way of benchmarking observational results.
Empirically well studied relations for the X-ray emission of galaxies arise from the simulation
self-consistently and provide predictions for the distribution of the gaseous halo out to the virial
radius. However, it is challenging to directly observe the hot CGM in emission due to the
emissivity being proportional to the density squared. The detection of the CGM out to large
radii has been confirmed in emission using stacking procedures. While stacking can retrieve
average properties of the underlying sample, information about the diversity of trends and scatter
in those properties, such as metallicity, temperature or gas fraction, is lost. Our study can be
therefore useful to better understand the underlying properties of galaxies and their systematics
in commonly used observational techniques. In the future, current and proposed X-ray missions
using calorimetry-based detectors, such as XRISM (Tashiro et al., 2020) or LEM (Kraft et al.,
2022), may provide additional insights by directly measuring gas emission lines and setting more
stringent constraints on feedback models and enrichment in the CGM.

7.5 Appendix

7.5.1 Behavior of the AGN sample

In Fig. 7.11 we present the mean and median SB profiles of all galaxies excluded by our exclusion
criteria from Sec. 7.1.1. The excluded sample mostly comprises X-ray AGN-dominated galaxies
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Figure 7.11: Same as figure 7.2 for the excluded AGN sample. Additionally, we include SB
profiles from BCG like galaxies NGC 6482 and Mrk 1216.

as well as 6 brightest group galaxies (BGGs) with a stellar mass M, > 10'>M,. Compared
to the cleaned sample, the excluded sample is more than an order of magnitude brighter in the
center, which is due to the X-ray bright AGN emission. This can be seen in Fig. 7.11(b) where
the emission of the central SMBH contributes more than 60% towards the total SB in the center.
Furthermore, the difference between SF (blue) and QU (red) galaxies in the central 0.1 Ry, is
weaker in the excluded sample than in the cleaned sample. At large radii, profiles are similar to
those reported in Fig. 7.2 for normal galaxies. However, the excluded sample shows slightly more
extended emission for SF galaxies. This is caused by the BGGs in the excluded sample which
are also highly star-forming. In Fig. 7.11 we also include the SB profiles of BCG-like galaxies
NGC 6482 (Buote, 2017) and Mrk 1216 (Buote & Barth, 2018), which are in better agreement
with the excluded sample compared to the cleaned sample.

7.5.2 Examples

In Fig. 7.12 we show two exemplary SB profiles (black) from our sample. The left panel shows
a galaxy from the S category which is best represented by a single S-profile (blue). The right
panel shows a galaxy from the D category which is best represented by a double S-profile (red).
For reference, we also included the best fit single S profile in the right panel to illustrate the
difference. We note, that the D example also has some substructure within Ry; which is seen as
large jumps in the SB profile. Those were masked using a median filter before fitting the profile.
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Figure 7.12: Exemplary SB profiles (solid black) from the S8 category (left) and DS category
(right). The solid blue line shows the best-fit single S-profile and the solid red line shows the
best-fit double S-profile.

7.5.3 Galaxy main sequence

In Fig. 7.13 we show the SFR-M., relation for our galaxy sample, color-coded by SF (blue) and
QU (red) galaxies. The black solid line indicates the observed main sequence from Pearson et al.
(2018) in the redshift range 0.2 < z < 0.5. The gray dashed diagonal lines indicate the relation
for constant values of sSFR.

We note that low-mass SF galaxies lie below the main sequence by 0.5 dex, indicating that
they typically have less star formation than expected.

7.5.4 Inclination

In order to quantify the imprints of galaxy orientation with respect to the l.o.s., we investigate
the inclination dependence of SB profiles in star-forming disk galaxies. In our framework, the
inclination angle i of each galaxy can be computed from the scalar product between the fiducial

l.o.s. (é;) and the specific angular momentum of the stellar component (j.), such that
é-j

cosi = z—]* .
17+l

The galaxy would be seen edge-on for cosi = 0 and face-on for cosi = 1. For this test, we only
consider star-forming galaxies with a b-value b > —4.35, where

b=1 Jx 2 log -
=log|———|-=1lo ,
& kpckms=!) 3 g Mo
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Figure 7.13: The main sequence of our total galaxy sample was extracted from the simulations.
The dashed diagonal lines indicate constant specific star-formation rates in Gyr~!. The solid
black line indicates the empirical main sequence from (Pearson et al., 2018) for the redshift range
7 =0.2-0.5. Blue colors are SF galaxies and red is QU galaxies which we distinguish using the
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Figure 7.14: Similar to figure 7.4. Colors indicate the cosine of the inclination angle of star-
forming disk galaxies within each bin.

is a measure of the galaxy morphology (Teklu et al., 2015) and the numerical value was chosen
according to Schulze et al. (2020) for disk galaxies. This constrains our sample to only include
truly disk-like galaxies, allowing for a meaningful interpretation of the inclination angle. In
figure 7.14 we show mean SB profiles of our disk-like subsample, where galaxies were binned
according to the value of cosi (with colors indicating the bin centers). Colored violins have the
same meaning as in Fig. 7.4. We do not find any strong dependence of the SB profile on the
galaxy inclination angle. From a theoretical perspective, it is intuitive to assume preferential
outflow directions perpendicular to the galactic disc due to the path of least resistance. Numer-
ical studies using different simulations find in fact asymmetric outflow patterns in X-ray mock
observations of disc galaxies Truong et al. (2021a); Schellenberger et al. (2023); Truong et al.
(2023). Observationally, studies of X-ray emission around disk galaxies did not find however any
enhanced signal perpendicular to the disc (Bogdan et al., 2013; Li et al., 2018; Hou et al., 2024).
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Part 111

Inter-Galactic X-ray emission from cosmic
filaments in simulations






8 Emissivity of low-density gas in cosmic
filaments: a case study

- This chapter will be part of a future publication (Vladutescu-Zopp et al., 2025, in
prep)

In this part of the thesis, we want to connect the previously investigated properties of galaxies
to their larger-scale environment. Having previously discussed the interaction between ISM
and CGM, we will now highlight the X-ray properties of the cosmic web in which galaxies are
embedded. The specific study presented here was developed during the proposal phase of the
Line Emission Mapper (LEM) probe concept mission (see Kraft et al., 2022).

8.0.1 Line Emission Mapper

The design of LEM specifically targeted and was optimized for the soft X-ray energy range
(0.2 — 2keV) where the most abundant ion species in the CGM and IGM have bright emission
lines. The single telescope would have consisted of a grazing-incidence X-ray mirror with a
large effective area (1600 cm?), a moderate angular resolution (15”), and a large field of view
(30" x 30/). The main detector was planned to have an energy resolution of at least 2 eV made
possible through a cryogenic microcalorimeter array, a similar technique employed in the short-
lived Hitomi satellite (Takahashi et al., 2016) and its successor XRISM (Tashiro et al., 2020) as
well as the future facilities HUBS (Cui et al., 2020) and Athena (Barret et al., 2018). Since the
faint emission of the IGM and CGM of distant galaxies would be screened by the foreground
emission of the MW’s CGM, a microcalorimeter array would be able to distinguish the emission
lines of the IGM from the MW foreground due to the redshifted line emission, improving the
signal-to-noise by at least an order of magnitude. The optimal redshift windows needed to
observe various emission lines against the MW foreground are shown in Fig. 8.1. Within these
windows, the emission lines of the IGM are sufficiently separated from their counterparts in the
MW foreground. Together with its unprecedented grasp (effective area times field-of-view), LEM
would have been an ideal instrument to target the long-standing problem of the X-ray emission
from the warm (~ 10° K) low-density gas (< 10~ cm™) which is believed to make up a large
fraction of the cosmic baryon budget (Cen & Ostriker, 1999).

The observatory’s science cases focused on its exceptional resolution of emission lines. In
particular, the shape and strength of different lines are direct indicators of various physical
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Figure 8.1: Optimal redshift windows to observe various emission lines of the IGM against the
MW foreground. Courtesy of Maxim Markevitch, from the IGM science group within the LEM
collaboration.

properties such as cooling, galactic outflows induced by AGN and stellar feedback, gas mixing,
and turbulence (Kraft et al., 2022). A planned all-sky survey would have enabled statistical
studies of extra-galactic sources and constrained the foreground emission of the MW as well as
the local hot bubble (Khabibullin et al., 2023). Regarding galaxies, the ionization state of the
hot ISM could have been determined directly to reassess the CIE paradigm (Kraft et al., 2022),
and XRB populations could have been identified spatially by monitoring their time variability
concerning relativistically broadened line emission in their spectra (Pinto et al., 2024).

Several studies have been published on the capabilities of LEM. For instance, the velocity
structure of the CGM in galaxies, and the IGM is directly accessible for such high energy resolution
due to line centroid shifts (ZuHone et al., 2024). Additionally, information on the feedback
processes shaping galaxy evolution can be gained from the spatial distribution of emissivity in
different ion lines and their respective ratios (Truong et al., 2023; Schellenberger et al., 2024).
The interplay between feedback processes in galaxies and the cosmic web plays a crucial role
in understanding the origin of pre-enriched gas in the IGM and its physical characteristics (Biffi
etal.,2017; Mernier et al., 2023). A dedicated all-sky survey would enable the study of a plethora
of physical phenomena from stellar astrophysics, SN remnants, the MW CGM, to extra-galactic
science of galaxy groups and clusters (Khabibullin et al., 2023). Therefore, a primary target of
the mission concerns the evolution of structure formation and enrichment of the IGM. While the
continuum emission of the IGM is low compared to the line emission of e.g. Ovi or FExvii,
resonant X-ray lines can be significantly enhanced through the scattering of CXB photons (see
Khabibullin & Churazov, 2019).

Unfortunately, at the time of writing this thesis, NASA’s Astrophysics Probe Explorer (APEX)
selection had not approved the mission concept for further review in the program. Nevertheless,
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the science conducted within the collaboration remains generally applicable to all future X-ray
missions employing microcalorimeters and may serve as a reference for the science goals of such
missions.

In the following, we will present our results for a project started within the LEM collaboration
targeting the IGM. In particular, we will focus on the physical properties of the IGM, such
as temperature and underlying density structure, and relate to its X-ray emission lines using an
exemplary cosmic filament from the Magneticum simulation.

8.0.2 The IGM in cosmic filaments

The cosmic web is a result of the gravitational collapse of matter and is an emerging pattern
connecting the densest nodes of cosmic structures through sheets and filaments at the edges of
underdense voids (Bond et al., 1996; Cautun et al., 2014). Numerical simulations have shown
that up to half of the baryons in the universe reside within the connecting filaments, shock-heated
from the gravitational collapse of the filaments to a temperature of 7 = 10° — 10’ K (Cen &
Ostriker, 1999; Davé et al., 2001; Cautun et al., 2014; Martizzi et al., 2019; Tuominen et al.,
2021). This Warm-Hot Intergalagtic Medium (WHIM) phase of the cosmic baryon distribution
has been the subject of extensive observational studies trying to close the gap of missing baryons
in the universe (Péroux & Howk, 2020). However, its low density and high temperatures shift
the thermally excited emission into the UV and soft X-ray regime where absorption and the MW
foreground are strong. Additionally, the high degree of ionization in hydrogen and helium within
the filaments makes detecting this phase in X-ray absorption rather difficult and requires favorable
conditions (Nicastro et al., 2018).

Allowing the WHIM phase to be sufficiently enriched with metals, the direct emission and
absorption in metal lines is nevertheless the most promising approach to observing this medium
directly (Paerels et al., 2008; Richter et al., 2008) and effects of different metallicity enrichment
models on the emissivity of the WHIM across redshift have been investigated (Ursino et al.,
2010). Indeed, direct X-ray emission from filaments within the virial radii of massive clusters has
been found in individual cases (Werner et al., 2008; Eckert et al., 2015; Bulbul et al., 2016) and
filaments connecting cluster pairs showed an X-ray excess beyond several virial radii in eROSITA
data (Reiprich et al., 2021; Biffi et al., 2022; Dietl et al., 2024). Churazov et al. (2023) investigated
the detectability of filaments as a function of the line-of-sight integrated emission measure using
the Magneticum simulations and archival observations of the Coma cluster. They concluded that
the emissivity of filaments is highest at a few turnaround radii (~ 10 Mpc) of the cluster, where
the density contrast is enhanced from the cluster potential.

Identifying filaments in a statistically rigorous manner is difficult due to their low intrinsic
density and complex morphology. Nevertheless, there are several dedicated algorithms used
for the identification such as Spineweb (Aragén-Calvo et al., 2010), DisPerSE (Sousbie, 2011;
Sousbie et al., 2011), or Bisous (Tempel et al., 2014). Applied to observational data, these
algorithms identify the filamentary structure from the distribution of galaxies from dedicated sky
surveys such as the Sloan Digital Sky Survey (SDSS, Gunn et al., 2006) (e.g. Tempel et al., 2014;
Malavasi et al., 2020). Equally, the algorithms can also be applied to cosmological numerical
simulations, which were used to understand the structure and physical properties of the WHIM
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in more detail (Galdrraga-Espinosa et al., 2020, 2021, 2024; Ilc et al., 2024). Concerning the
X-ray emission from the WHIM gas phase in filaments, several studies employed the stacking
technique to enhance the X-ray faint signal. For instance, Tanimura et al. (2020) detected direct
X-ray emission from large cosmic filaments using ROSAT data, constraining the temperature
T and relative overdensity ¢ in the spine of the filament to T ~ 0.9415'% keV and 6 ~ 30 + 15,
respectively. They also forecasted the potential of eROSITA to further constrain the parameter
space. They also showed that the gas density follows a B-model with 8 = 2/3 in agreement with
results from numerical simulations. Recently, Zhang et al. (2024a) performed a similar analysis
on eROSITA data of 4 complete all-sky scans (eRASS:4, Merloni et al., 2024) where they also
accounted for unresolved emission from galaxies within the filaments.

With the advent of future X-ray missions employing microcalorimeter technology, a new
avenue to directly detect the emission of individual filaments will be possible using spectroscopy.
By resolving individual emission lines or using line intensity mapping in the X-ray spectra of
filaments (Bregman et al., 2023), it will be possible to directly assess the temperature and density
of the WHIM phase but simultaneously constrain its metal enrichment and turbulent pressure.
Current and future missions such as XRISM Resolve (provided the gate valve opens for the soft
X-ray regime, Tashiro et al., 2020) or HUBS (Cui et al., 2020) and Athena (Barret et al., 2018)
will give new insight into properties of the intergalactic medium. A forecast study based on
the supercluster catalog from eRASS:1 was performed for the upcoming HUBS mission, which
showed that model assumptions for the WHIM phase could be successfully reproduced using the
large field of view and eV spectral resolution of HUBS. (Zhao et al., 2024).

In the following study, we will present preliminary results on the intrinsic properties of an
individual cosmic filament regarding the WHIM phase. The filament was extracted from the
hydrodynamic cosmological simulation volume Box2/hr of the Magneticum which is described
in Sec 8.1. Using the Puox algorithm (Biffi et al., 2012) we create virtual X-ray photons from the
intrinsic properties of the simulation in conjunction with the WHIM emission model presented
in Khabibullin & Churazov (2019), also described in Sec. 8.1. Similar to observations we
trace the underlying large-scale distribution of galaxies, dark matter, and gas temperature in the
filament and correlate them to the X-ray line emissivity in Sec. 8.2, while accounting for the
X-ray emission of galaxies. In Sec. 8.3, we bring our results into a broader context and discuss
future steps for the analysis of this study.

8.1 Data Set

8.1.1 Filament extraction

For the filament extraction, we considered all clusters with a total mass of M,; ~ 1017 Mg in
the Box2/hr volume of the Magneticum set of cosmological simulations (see 4.1) at a simulation
redshift of z = 0.252. We selected regions around each cluster corresponding to a few turnaround
radii of each cluster and constructed halo catalogs from the subfind output of the same regions.
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For each cluster, we then constructed cluster-centric HEALPix' maps of the galaxy distribution
and determined the pixel containing the highest galaxy number density. If the galaxy distribution
in the identified direction additionally showed a radial distribution with respect to the cluster
center, we considered the direction to host a filament.

With the approach outlined here, we specifically exclude directions containing galaxy groups,
where the number density would not show a radial trend. This approach is thus similar to
the DisPerSE algorithm (Sousbie, 2011) in which we follow the overall galaxy density along a
filament. We applied this approach to our selected cluster sample and selected the second most
massive cluster in Box2/hr for the case study because it hosted the most promising filament with
the highest galaxy number density. We generated a 30 Mpc X 15 Mpc X 15 Mpc sub-volume of
the selected cluster, only containing the identified filament and excluding the cluster center. We
rotated the sub-volume such that the elongation of the filament lies perpendicular to the line of
sight. The underlying dark matter surface density and the gas temperature distribution are shown
in the top and bottom panels of Fig. 8.2, respectively, where the cluster center is to the right
of the image and coordinates on the x and y-axis measure the distance from the cluster center.
For the dark matter surface density, we binned dark matter particles contained in the sub-volume
according to aregular grid with a pixel area of ~ 133 kpcx 133 kpc and a corresponding integration
depth of 15 Mpc. We used the same regular grid for the temperature map and distributed each gas
particle’s temperature according to its hydrodynamic kernel weighted by the particle’s intrinsic
density. Black circles overlayed on each map correspond to the virial radii of halos within the
filament sub-volume with a halo mass greater than 10'°Mg. The position of galaxies often
coincides with pockets of cold gas (< 5 - 10° K) as seen in the temperature map. This behavior
is expected as density-weighted temperatures are dominated by the low temperatures and high
densities of the ISM.

To better reflect the optical selection of galaxies determining a filament in real observations,
we construct a map of the halo number density using the same regular grid as in Fig. 8.2
by binning halo positions. The resulting histogram is then smoothed with a Gaussian kernel
assuming a standard deviation of o = 4 Mpc which we show in Fig. 8.3. Black lines indicate iso-
density contour levels for visual clarity and the corresponding line per level is indicated directly
in the colorbar.

8.1.2 Emission model

For the X-ray analysis of the filament, we employ the PHox algorithm to produce virtual X-ray
photons from the simulation (see Chap. 5). In particular, we make use of the WHIM specific
emission model introduced by Khabibullin & Churazov (2019, KC19) in which a thermal plasma
is subjected to irradiation from the CXB. Not only does this additional photon field change
the ionization balance of the plasma, but it also contributes an additional scattered component
where background photons are resonantly scattered toward the line of sight enhancing the line
emissivity. The more realistic treatment of this phase makes the emissivity explicitly dependent
on the underlying density of the plasma, in contrast to a standard APEC model based on collisional

Thttps://healpix.sourceforge.io/credits.php
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Figure 8.2: Dark matter surface density (top) and density-weighted gas temperature map (bottom)
of the filament region. The parent cluster is to the right of the image and coordinates denote the
distance from the cluster center. Black circles indicate the position of identified halos within the

field of view with their corresponding virial radii.

equilibrium. Above a temperature of T ~ 10’ K and densities above n ~ 10~ cm™3, the KC19
model converges towards the APEC model.

In order to produce the initial set of photons, we shifted the filament closer to a redshift of z ~
0.035 setting the required fiducial integration time to 7o, = 5 Ms and the fiducial flat collecting
area Agps = 1000cm?. In this redshift range, the two most prominent oxygen lines should be
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Mpc

Figure 8.3: Surface number density of identified halos within the filament region. The parent
cluster is to the right of the image and coordinates denote the distance from the cluster center.
Halo positions were binned on a regular grid and the resulting histogram was smoothed using a
Gaussian kernel with o = 4 Mpc. Black lines indicate iso-density contours indicated in the color
bar with their corresponding line style.

easily discernible from the MW foreground for an X-ray telescope with microcalorimeters. We
note that the WHIM phase in Magneticum appears to be metal-poor compared to the other gas
phases resulting from the chemical feedback implementation in the simulation (Biffi et al., 2022;
Churazov et al., 2023). For this reason, we implemented a metallicity floor for the gas particles
at Z = 0.1 Zy (Anders & Grevesse, 1989), boosting the line emission from the otherwise faint
WHIM signal and to better reflect radial abundance gradients for galaxy cluster outskirts which
appear to be flat around Z ~ 0.2 — 0.3 Z, (Biffi et al., 2018b; Mernier et al., 2018, 2023, see
e.g.). The resulting photon packages are then projected along the line of sight, accounting for
the peculiar motion of the gas and assuming no foreground absorption. Finally, the projection
is stored as photon lists containing information about the associated parent particle from the
cosmological simulation.

For the following analysis, we focus on the hydrogen and helium-like oxygen ions OVIII and
OVII for which prominent emission lines exist in the soft X-ray spectrum at Og = 0.654 keV and
O7(r) = 0.574 keV, where (r) denotes the resonant line of the OVII triplet. We chose to focus on
a single element since both species are dependent on the same abundance. Other metal species
can be considered as well for this analysis, however, more care has to be taken for the specific
abundance ratio in addition to temperature and density dependencies. From the simulated photon
lists, we select specific energy ranges around each of the considered oxygen lines in a narrow band
of 10eV and produce maps on the same regular grid as in Fig. 8.2. The result is shown in Fig.
8.4, where the color indicates the surface photon flux per unit time and collecting area with blue
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for OVII (top panel) and orange for OVIII (bottom panel). Overplotted black circles are again the
positions of identified halos with their virial radii. From a visual inspection, it appears that OVIII
is more extended than OVII which in our framework hints at a temperature dependence. The
exact details of the strength and spatial distribution from each line will be subject to the following
analysis.
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Figure 8.4: Integrated surface photon flux of the filament region for the resonant OVII line (blue,
top panel) and the OVIII line (orange, bottom panel). Black circles indicate the position of
identified halos with the field of view with their corresponding virial radii.
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8.2 Intrinsic filament emission

8.2.1 Line emissivity as a tracer for dark matter

Various studies on the matter distribution inside filaments yielded consistent results across both
cosmological simulations (Galarraga-Espinosa et al., 2020, 2021, 2024) and observations (Tan-
imura et al., 2020, 2022; Zhang et al., 2024a; Zhao et al., 2024). Namely, all matter components
(dark matter, stars, and gas) follow a S-model (Galdrraga-Espinosa et al., 2022) with similar
slope but varying core density. As such, the gas density inside filaments is traced by the dark
matter component and consequently the distribution of halos along the filament. With the X-ray
emissivity being a strong function of density, the emissivity indirectly traces the dark matter
component as well. We investigate this possible connection from the intrinsic line emissivity
in Oviir and Ovir on both the true underlying dark matter density and the halo number density.
Additionally, we test the same correlation while masking bins that overlap within the virial radius
of any identified halo in our filament region.

In Fig. 8.5 we show the line emissivity of O7 (blue) and Og (orange) as a function of the
surface halo density by cross-correlating the maps shown in Fig. 8.3 with Fig. 8.4. In the top
row, we include all pixels in the map (Sx), while in the bottom row, we mask pixels overlapping
with the virial radius of a halo (Rx). The black dashed line indicates a power-law relation with
slope 2 between the surface brightness and the underlying density. The r-value represents the
Pearson correlation coeflicient for pixels containing more than 5 photons. Both correlations for
O7 and Og are similar with Og reaching slightly higher surface brightness. Judging from the
r-value in the top row, the two quantities are only weakly correlated, dominated by large outliers
at high surface brightness and low halo density. By masking pixels overlapping with identified
halos in the bottom row, the correlation improves because of the missing outliers at high surface
brightness. The bulk of data points is located close to a halo number density of 1 with surface
brightness Sy ~ 5+ 1071%ph s=! cm=2 Mpc~2. While the indicated square dependence seems to
be a good fit of the correlation, we performed a proper least square fit of the data which yielded
a shallower slope at ~ 1.0 — 1.2.

We performed the same analysis using the dark matter surface density which is shown in
Fig. 8.6. The dark matter correlation is more confined than the halo density at low surface
brightness because of fewer outliers at low densities but similarly shows outliers at high surface
brightness. Furthermore, the r-value suggests a stronger correlation with dark matter surface
density caused by the comparatively few halos used in the halo density map. When including
the halo contribution (top row) the relation between surface brightness and dark matter density is
visibly flatter than a power law with slope 2 at high density. When masking the halo contribution
(bottom row) the correlation may be consistent with a power law, however, a least-square fit again
yields shallower slopes at ~ 1.0 — 1.2.

8.2.2 Line ratios as a tracer for temperature

In general, line ratios in the 0.3 — 1.1 keV band are sensitive to the temperature of the plasma since
the temperature sets not only the ionization but also the recombination balance of ions (Dopita &
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Figure 8.5: Cross-correlation of the halo number density and the line emissivity in O7 (blue) and
Og (orange). In the top row, all pixels are considered and in the bottom row, pixels overlapping
with the virial radius of an identified halo are masked. The color bar indicates the number of
pixels per bin. The black dashed line shows a power-law relation with slope 2 between surface
brightness and underlying halo density.

Sutherland, 2003). Depending on the model assumptions, such as collisional or photoionization
equilibrium, the expression of lines can be vastly different across models. As such, line ratios are
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Figure 8.6: Same as Fig. 8.5 using the dark matter surface density instead of the halo density.

not only a tracer of the plasma’s underlying temperature but also give insights into the physical
processes governing equilibrium. Microcalorimeters should be able to distinguish between
different models. We will therefore investigate the line ratios of the previously constructed O7,)
and Og maps as a potential tracer for the underlying temperature. We only focus on one element
to mitigate the effects of degeneracy in abundance variation between different elements but in
principle, other line ratios can be used to probe different temperature regimes.
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We constructed the O7,) to Og ratio maps by dividing the previously created maps of the same
lines which we show in Fig. 8.7. Highratios are given in blue and low ratios are given in red colors.
Again we overplot the position of identified halos with their virial radii as black circles. Notably,
Og is dominant in most regions of the filament including near the most massive halos. However,
smaller halos in the outskirts of the filament show a clear increase in O7(, to Og ratio. We further

101

Figure 8.7: Similar to Fig. 8.4 where we divide the O7(,) by the Og map to obtain their ratio.
The black circles indicate the position of halos with their virial radii.

investigated the oxygen ratio by cross-correlating the ratio map with the gas temperature map
which we show in Fig. 8.8. The left panel shows the entire region while the right panel shows
the same relation excluding pixels overlapping with halos. In both cases, a clear correlation is
seen for the temperature range of T = 10°°~7 K. For higher temperatures, oxygen would be
completely ionized such that the ratio only depends on the shape of the continuum. In order to
understand the origin of the large spread within the distribution we also show the theoretically
expected line ratios from the KC19 model as green dashed lines for various plasma densities. The
logarithmic ion number density #; is shown in the green boxes next to the corresponding line. For
completeness, the cyan dash-dotted line shows the theoretical ratio assuming an APEC model.
We note, that the KC19 model is defined only for temperatures 7 < 107 K and is replaced by an
APEC model at higher temperatures. From visual inspection, the temperature dependence aligns
well with the KC19 model prediction for ion densities of logn; [cm™] = [-5.2; —4.5] showing
an even spread across. We therefore conclude that the spread in the distribution is caused by a
superposition of gas at various densities consistent with densities expected for the WHIM phase
and the tail at high temperatures is well explained by the behavior of the APEC model.
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Figure 8.8: Cross-correlation of the temperature map (Fig. 8.2, bottom) and the O7(,) to Og
ratio map. Dashed green lines indicate the expected temperature dependence of the line ratio for
various ion densities assuming the model by Khabibullin & Churazov (2019) which was used for
the photon simulation. The corresponding logarithmic ion density is given in the green boxes
next to its line (log n; [cm™3] = [—5.5; —4]). The cyan dash-dotted line is the line ratio predicted
by the APEC model. The color bar indicates the number of pixels from the original map within
each bin.

8.3 Outlook

Due to time constraints, the analysis presented here is not yet complete and we will thus briefly
outline plans to continue this project for a final publication. So far, we have only examined
the filament’s intrinsic properties, limited to the most prominent oxygen lines in the soft X-ray
band. A simple extension of the analysis would be the focus on other X-ray lines for chemical
elements tracked by the simulations such as iron or neon as they can generally give insight into
the enrichment history from SNe. In light of future X-ray missions, it is important to understand
the effects a real observation would have on the results and whether the same conclusions can be
drawn. The full treatment of a mock observation includes not only the telescope response but
also requires modeling of the fore- and background emission of various sources. In particular, we
want to explore the capabilities of future X-ray microcalorimeter missions such as HUBS which
are specifically targeted for the WHIM emission of the IGM. To achieve this goal, the photon
lists generated by the PHox algorithm will be reprocessed by making use of the SIXTE software
package (Dauser et al., 2019), designed to accurately simulate the response of many specific
telescopes, e.g. eROSITA or Athena (Barret et al., 2018).

Another important aspect to quantify further is the contribution of galaxies towards the signal
of the Intra Cluster Medium (ICM). Zhang et al. (2024a) modeled galaxies according to empirical
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scaling relations to clean their stacking procedure for filaments in eRASS:4. In our preliminary
study, we attempted to highlight the effect of galaxies on the investigated correlations by explicitly
masking the halos in the field of view. Nevertheless, we showed in Chap. 6 and 7 that our X-ray
models of galaxies are in good agreement with real observations of galaxies. As such, we can
self-consistently quantify galaxy contribution to the ICM instead of relying on semi-empirical
modeling of e.g. XRBs.



Part IV

Conclusions & Future Perspectives






9 Conclusion

In this work, we studied aspects of galaxy evolution and their large-scale environment using state-
of-the-art hydrodynamic cosmological simulations. In particular, we focused our investigation
on the X-ray properties of the hot plasma within and surrounding simulated galaxies in the
Magneticum simulations. We derived X-ray properties by post-processing the simulation data
using the virtual X-ray photon generator PHox (Biffi etal., 2012, 2013). Prox takes the simulation
output and converts it into individual X-ray photons from idealized X-ray spectra in a Monte-
Carlo-like sampling approach.

In Chap. 4, we introduced implementation details of physical models that were used to run
the cosmological simulation Magneticum. We mainly focused on the numerical treatment of star
formation and feedback from actively accreting supermassive black holes in the simulation. In
Chap. 5, we presented the PHox algorithm in more detail namely its three modules which can
be executed independently of each other. Each submodule executes a unique step during a full
X-ray mock observation conducted with PHox where the first module is responsible for creating
the initial photon distribution from the cosmological simulation, retaining a memory of the
intrinsic properties of the X-ray emitting resolution element. The second module then performs
the projection along a specified line of sight taking into account various redshift corrections to
photon energies and positions. The third module completes the full mock observation and is
responsible for simulating a real telescope response either by manually folding the created photon
list with the corresponding response matrices or by utilizing dedicated software to simulate the
telescope response such as SIXTE (Dauser et al., 2019).

For the Pnox algorithm we developed a new numerical model to include populations of
both LMXB and HMXB using the stellar component of cosmological simulations which we
presented in Chap. 6 (also in Vladutescu-Zopp et al., 2023). The model is calibrated to reproduce
empirically derived X-ray luminosity functions of both LMXB and HMXB from the mass, age,
and metallicity of a SSP. Since cosmological simulations represent the stellar component with
instantaneously forming SSPs, the star formation history of a single SSP resembles a J-function
which required estimating the number of HMXB per SSP through the SNII rate. This estimate
is robust for highly star-forming galaxies but overestimates the number of HMXB for low star-
formation rates. We performed various tests first confirming the correct spatial distribution for
both HMXB and LMXB in simulated galaxies and their association to regions of predominantly
young or old stars, respectively. Next, we verified that intrinsic luminosity functions of XRB are
complete up to the flux limit of the mock observation. Scaling relations emerge self-consistently
from our model where the total luminosity of HMXB scales linearly with SFR for star-forming
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galaxies in the simulation and the total luminosity of LMXB scales linearly with the total stellar
mass. We additionally tested a metallicity-dependent model for HMXB which also correctly
reproduces the anti-correlation between metallicity and total HMXB X-ray luminosity expected
from observations. We further analyzed the influence of XRB on the X-ray spectrum of simulated
galaxies and found good agreement with models from the literature predicting the correct amount
of XRB emission expected in various energy bands.

In a separate study, we analyzed the radial X-ray surface brightness distribution of simulated
galaxies which we presented in Chap. 7 (also in Vladutescu-Zopp et al., 2024). Thanks to
the modularity of the PHox algorithm and the known properties of galaxies in the simulation,
we could reliably distinguish the exact radial contribution of various sources to X-ray surface
brightness profiles. As such, the contribution of XRB could be included directly in the mock
observations for the first time, instead of deriving their local contribution from scaling relations.
We found that XRBs mostly contribute to the radial scales of the ISM. At larger radii close to the
virial radius of a galaxy, XRB nevertheless contributed about 10% of the X-ray signal on average.
Furthermore, we constructed median surface brightness profiles for simulated galaxies binned
by their X-ray temperature, stellar mass, and gas fraction revealing differences between SFG and
QG. Focusing on the gaseous component of the simulated galaxies, we fitted S-profiles to the gas
surface brightness revealing the underlying density structure. We found that the profile slope is
steeper in simulated galaxies than in real galaxies by comparing directly with typical slopes found
in the literature (Babyk et al., 2018). In addition, the slope is correlated to the simulated galaxies’
overall gas fraction and the total gas luminosity. We found an additional positive correlation
between the slope, gas fraction, and gas luminosity with the current accretion rate of the central
SMBH indicating that the SMBH directly regulates the profile shape. We also calculated mean
and median gas profiles for the MW stellar mass bin similar to the stacking results of eROSITA
data in Zhang et al. (2024b). The median of our MW-like sample is in moderate agreement with
the results in Zhang et al. (2024b) for the galaxy outskirts, however, our sample overestimates the
central normalization and is again steeper than for the eROSITA results.

In Chap. 8 we showed a preliminary study on the X-ray emission of the ICM which was
based on our work within the LEM collaboration, a future soft X-ray telescope employing
microcalorimeter technology. In particular, we showed a cosmic filament connected to the second
most massive clusters in Box2/hr of the Magneticum simulation. We showed that the oxygen line
emission in O7(,y and Og traces the filament’s underlying dark matter and galaxy distribution. We
also demonstrated that the ratio of the two oxygen lines is a tracer for the temperature of the hot
plasma in the filament and that a microcalorimeter would be able to distinguish between different
emission models of the plasma. Our results still hold when explicitly masking the contribution
from identified halos within the filament.

Overall, our proposed XRB model proved to reliably reproduce observed scaling relations of
galaxies, opening a new avenue into realistic mock observations of galaxies.
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10.1 Extensions of the XRB model

While the current implementation of the XRB module in PHox already delivers promising results,
a few improvements regarding the overall structure of the code can be made. In particular, the
current design relies on pre-determined values for the spectral shape and empirical luminosity
functions. Thus, while our model has flexibility in the choice of empirical model, the shape of the
luminosity function is not a prediction of our model. Ideally, the starting point of the model would
be a statistical representation of binary interaction in the SSPs of the cosmological simulations,
e.g. using semi-analytic modeling of orbits and mass ratios in binary distributions (Moe & Di
Stefano, 2017). However, as discussed in Chap. 3, depicting the complexity of binary interactions
is rather complicated, needing a lot of additional effort for comparatively little gain given the
uncertainties. A statistical approach to enhance the variety of depicted XRB sources would yield
more merit following the compilation of HMXB sources in Sazonov & Khabibullin (2017b).
Here, they differentiated between three different classes of luminous HMXB objects, namely
hard, soft, and supersoft sources, depending on the spectral shape. A similar differentiation can
be applied to our model enhancing the realism of individual HMXB systems by having more
variable spectral shapes. This includes potential for line emission from the ionized plasma in and
around the accretion flow of the binary of which oxygen and iron produce the most prominent
lines, i.e. the Fe Ka line (6.4 keV).

Expanding upon the aspect of realism, a desirable feature for the projection phase in PHox
Unit 2 would be a lightweight ray tracer such that absorption or scattering in cold gas clumps
local to the source could be included. Indeed, proper ray tracing of X-ray photons leads to
enhanced emissivity in resonant lines (Nelson et al., 2023). The current concept behind PHox
does not allow for a direct ray tracing implementation since most of the original simulation output
is discarded for the projection phase in favor of performance. Similarly, the amount of scattering
expected for each source photon is difficult to estimate. Depending on the gas conditions behind
the source, forward scattering or reflection of photons towards the line of sight can become more
relevant. In contrast, to estimate the absorption along the line of sight, one could construct
column density maps of the cold gas between the observer and the potential source externally and
feed the results as an absorption column to Unit 2. While this approach would be slightly more
expensive computationally, it directly reflects environmental conditions around the source.
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10.2 Redshift evolution of XRB emission

At redshifts z ~ 6 — 7 the universe entered the epoch of reionization where powerful electromag-
netic radiation from the first stars and growing SMBH heated the neutral baryonic matter created
after decoupling. However, the role of XRB during this epoch is unclear and it is suggested that
ultra-luminous HMXB might have significantly contributed to recombination since they should
have been more abundant in the highly star-forming and low-metallicity environments of the
early cosmos (Sazonov & Khabibullin, 2017a; Saxena et al., 2021; Lehmer et al., 2021). Indeed,
semi-analytic models showed that the total XRB emissivity varies with redshift due to the star
formation and enrichment history of the universe (Fragos et al., 2013a,b; Wiktorowicz et al.,
2017, 2021). Our numerical XRB model would be able to provide additional insights into the
redshift dependence of their total emissivity.

Our model would place further constraints on the total XRB emissivity at high redshift in
conjunction with different cosmological simulations. The modularity of our model allows for easy
exchange of various stellar lifetime functions, stellar initial mass functions, and XRB luminosity
functions to test out the possible parameter space. Furthermore, estimates place the contribution
of XRB towards the CXB at about 10% (Dijkstra et al., 2012; Gilfanov & Merloni, 2014). Since
cosmological simulations are also suited for the creation of X-ray lightcones (see e.g. Mufoz
Rodriguez et al., 2023; Marini et al., 2024; Shreeram et al., 2024), a further possible application
of our model is the direct estimation of the CXB from the simulations using all components
currently implemented in PHox. This would not only determine directly the relative contribution
of the hot gas, XRB, and AGN components, but would also enable a study on the contribution of
galaxies, clusters, and IGM to the soft CXB (Cappelluti et al., 2017).

10.3 Age dating of XRB populations

LMXB and HMXB follow the spatial distribution of old and young stars respectively. In Sec. 6.4
we demonstrated that our XRB model reflects this behavior by construction. Nevertheless, the
direct association of the two XRB subclasses with the corresponding stellar age is ambiguous in
observations of nearby galaxies mostly due to the limited spatial resolution of the instruments.
Previous studies investigating the sub-galactic modeling of XRB emission as a function of
the underlying stellar age or star formation history showed that the combined X-ray luminosity
function declines with increasing stellar age and is quickly dominated by the old stellar populations
(Lehmer et al., 2017; Kouroumpatzakis et al., 2020; Gilbertson et al., 2022). However, they based
their analysis on population synthesis SED fitting using limited amounts of far infrared to far UV
wavebands which could potentially bias the results. In light of the immense spectral and spatial
resolution of the James-Webb Space Telescope (JWST), reinvestigation of these sub-galactic
scales could refine and improve upon previously obtained results (Khabibullin et al., in prep.).
Our XRB model can be useful to provide a better understanding of the systematics following
the underlying XRB distribution from a simulation standpoint. High-resolution zoom-in simu-
lations of MW-like galaxies (Valentini et al., 2019) are a perfect testbed for an interdisciplinary
study combining the mock X-ray and JWST-like observations. Leveraging additional examples
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from the previously investigated cosmological volume would mitigate most of the uncertainties
from a theoretical standpoint.

10.4 The X-ray bright Future of astronomy

With the age-driven decline of the currently running X-ray satellites such as Chandra, XMM-
Newton, NUSTAR, and the shut-down of the SRG/eROSITA spacecraft, the X-ray community
is waiting for the next flagship missions targeting the X-ray sky. The European Space Agency
(ESA) is currently preparing for its largest X-ray facility ever to be built namely Athena (Barret
et al., 2018) with a predicted launch window in 2037. The main science goals of Athena concern
the assembly of structures in the universe with a particular focus on the inflow and outflow of
hot gas around galaxies, groups, and clusters. A similar focus is placed on the formation and
evolution of SMBH and the flow of matter in their vicinity. To reach its science goals, Athena
will be equipped with two instruments complementing each other.

The X-ray Integral Field Unit (X-IFU) over a field of view of 5" with 5” pixels, achieving high
spectral resolution of ~ 2.5 eV in the 0.2—12 keV energy range using microcalorimeter technology
and an effective area of almost 1 m? at 1 keV (Barret et al., 2018). The Wide Field Imager (WFI)
sports a large field of view of 40’ X 40" and pixel size close to the on-axis angular resolution of 5
and moderate spectral resolution of < 170V in the 0.2 — 15 keV energy range (Meidinger et al.,
2020). The combined high spectral and spatial resolution of the X-IFU instrument and its large
effective area will be ideal for studying individual objects, revealing the velocity structure of the
CGM or the ICM. Its sensitivity also in the hard X-ray regime will be pivotal in understanding
plasma properties in accretion discs around SMBH while improving our measurements of SMBH
spin through reflection spectroscopy.

In the meantime, intermediate X-ray missions are scheduled to launch in the early 2030s
bridging the large gap waiting for Athena. One such mission is the HUBS (Cui et al., 2020)
mission which in essence shares many similarities with the LEM concept mission. The science
goals are extremely similar and most studies conducted on LEM could be directly transferred
to this instrument. As such, HUBS will be an important milestone in uncovering the processes
within the hot low-density environments such as the CGM and cosmic filaments connecting
galaxy clusters (Zhao et al., 2024).

Although LEM was not selected for the Phase A studies of NASA’s APEX program, the
Advanced X-ray Imaging Satellite (AXIS) is a still-running contender in the selection process
planned to launch in the early 2030s (Reynolds et al., 2023). AXIS builds upon the successes
of Chandra and improves upon many of its limitations. Compared to Chandra it has a much
higher effective area, especially in the soft X-ray regime while retaining an almost constant high
angular resolution of ~ 1.5” throughout its entire large field of view of 24’ x 24’. It generally
outperforms all current focusing instruments in various aspects by almost an order of magnitude,
especially in grasp (field of vies times effective area) and readout speed (Reynolds et al., 2023).
Its enhanced sensitivity in the soft X-rays together with its high spatial resolution will be essential
to discerning X-ray point sources from the diffuse plasma emission of a galaxy enabling more
detailed studies of XRB populations and AGN in the center of galaxies. Especially faint XRB in
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our Galaxy can be studied in much greater detail giving rise to in-depth analysis of the accretion
geometry around compact stellar sources.

This thesis investigates various X-ray phenomena from a theoretical standpoint by using mock
observations of cosmological simulations to explore the intrinsic X-ray properties of emerging
phenomena. To this end, future X-ray missions will give new insights into unexplored physics
and provide additional calibration for next-generation cosmological simulations for which our
work lays the basis.
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