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Abstract

In this work we present a new module implemented into the virtual photon simulator PHOX
(Biffi, Dolag, Bohringer, et al. (2012)) to construct synthetic X-ray spectra of XRB popula-
tions from cosmological simulations. In particular, we used universal scaling relations of XRB
luminosity functions (i.e. Mineo et al. (2012a) and Zhang, Gilfanov, and Bogdan (2012)) to
estimate the emission of single stellar populations (SSPs) represented by stellar resolution
elements in cosmological simulations, and test the validity of the model on the Magneticum
Pathfinder set of simulations. Taking the evolutionary timescales of massive stars and stellar
binary interactions into account, we were able to reliably produce representations of XRB
populations with respect to the SFR and stellar mass of the host galaxy as well as the ex-
pected spatial correlation of XRB emission with galaxy properties like stellar age distribution
and gas surface density. We find that XRBs are on average responsible for up to ~ 50% of a
local galaxy’s X-ray emission in the soft X-ray band (0.5—2 keV) and up to 100% in the hard
X-ray band (2 — 10 keV) if AGN emission is omitted. Furthermore, we find no significant
difference in the averaged SEDs of ETGs and LTGs, due to suppression of SFR and M,
variations in the average. Missing parts of the galactic halo due to inadequate selection of
projection radii in PHOX have not been investigated. The shapes of our average SEDs are
consistent with observations of average spectra of star forming galaxies [Lehmer, Basu-Zych,
et al. (2016)]. Our estimates of XRB contribution to the galactic X-ray emission are in line
with observations [Wik et al. (2014)]. We find non-monotonic behaviour of XRB emission
with increasing SFR which is connected to low number statistics in recovered scaling relations
of LMXBs and HMXBs and the contribution of massive halos in the data. Additionally, we
were able to reproduce measurements of the diffuse cosmic X-ray background (Cappelluti et
al. (2017)) using constructed lightcones within Box2 of Magneticum ranging from z ~ 0.1 to
z ~ 2, thereby quantifying the redshift dependence of the relative XRB contribution. We find
a decrease in relative XRB contribution in the observational frame with increasing redshift
and a overall contribution of less than 3% to the lightcone emission.






Introduction

The first X-ray surveys of the sky revealed a plethora of unique and interesting phenomena:
from young newly formed stars in the cold clouds of our galaxy [Appenzeller and Mundt
(1989)] over supernova remnants [Reynolds (2008)] to X-ray halos surrounding distant galax-
ies [Fabbiano (1989)]. Among the brightest sources of X-ray radiation are galaxy clusters,
the largest gravitationally bound objects in the universe, and active galactic nuclei (AGN)
powerd by accretion onto super-massive black holes (SMBH). Clusters of galaxies form via
hierarchical structure formation [White, Briel, et al. (1993)], where the gravitating mass can
be inferred from temperature and density measurements of the intra-cluster medium (ICM),
assuming hydro-static equilibrium. High plasma temperatures of the gas residing in the large
potential wells of galaxy clusters cause the emission of thermal Bremsstrahlung in the X-
ray spectrum and prompted the need for an additional dark matter component dominating
the total mass of the cluster. This X-ray brightness makes galaxy clusters useful probes for
cosmological studies. The difficulty in observing galaxy clusters lies in accurately capturing
their outskirts as they are extended sources and show less intense radiation at their margins
[see Kravtsov and Borgani (2012) on galaxy cluster formation|. In contrast to galaxy clus-
ters, AGN are highly luminous in almost the whole range of the electromagnetic spectrum
and appear as point sources in the X-ray sky. This large bolometric brightness could be
explained by the presence of a supermassive black hole (SMBH) actively accreting matter
from its surrounding. It is commonly accepted today that every galaxy hosts a SMBH at its
center though not all of them are considered AGN [see e.g. Beckmann and Shrader (2012)].

Another type of X-ray point source, typically appearing in the galactic foreground and nearby
galaxies, are a certain type of stellar binary systems. We know that more than 50% of sun like
main sequence (MS) stars have a companion with a mass ratio ¢ = Ma/M; of more than 0.1,
with M7 being the mass of the more massive primary and Ms being the mass of the lighter
companion. In fact, more massive MS primaries are expected to have up to 2.1 companions
with ¢ > 0.1 on average [Moe and Di Stefano (2017)]. Recent studies not only focus on
the direct gravitational interaction of binaries but also on the hydrodynamical interactions
of their environments like circum-binary disks [see D’Orazio and Duffell (2021) and Duffell
et al. (2020)]. Systems harbouring massive primaries (M; > 8Mg) are particularly volatile,
as the more rapidly evolving massive star eventually leaves behind its core as a black hole
(BH) or neutron star (NS) after its explosion as a supernova (SN). Significant mass loss of
the primary due to the supernova may disrupt the binary if ¢ < 1 [Lewin and van der Klis
(2006) and Lewin, van Paradijs, and van den Heuvel (1995)]. In the cases where a binary
survives the SN, the system may develop into an accretion powered, compact X-ray source
called X-ray binary (XRB). XRBs are of particular interest since they function as small scale
analogues for AGN: they provide insight in accretion processes, changes in accretion geometry
during state transitions (hard-state and soft-state analogues to quiescent and quasar regimes
in AGN) and the subsequent formation of radio jets [Kérding et al. (2006)]. Recent studies
on that topic have been made on the recently discovered galactic LMXB Maxi J1820+070
[see e.g. Zdziarski, Dzielak, et al. (2021) and references therein, and Kawamuro et al. (2018)
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for initial alert]. Moreover, their spectra may also yield insights into the equation of state
of degenerate matter in neutron stars [Lewin, van Paradijs, and Taam (1993) and Steiner
et al. (2010)]. The nature of the compact object at the center of a X-ray bright point source
from mass measurements alone can be challenging, especially in the not well understood
dividing boundary regime of ~ 2 — 3M where the heaviest NSs and lightest stellar BHs
reside. Therefore other spectral features like bursts, pulsations and quasi periodic oscillations
(QPOs) have been used trying to correlate those behaviours with the nature of the central
object [see e.g. Lewin and van der Klis (2006) and Lewin, van Paradijs, and van den Heuvel
(1995) for a review]. It was also shown recently, that the Compton y-parameter - the average
change in the energy of a single photon due to multiple Compton scattering events - and
amplification factor A - average energy transfer per single scatter event - may provide clear
distinction between NS and BH XRBs in their hard-state from the argument that BHs lack
a physical surface [see Banerjee et al. (2020) and references therein]. X-ray binaries are still
an active area of research as they provide constraints on mass-loss rates of massive stars
[Neijssel et al. (2021)] and they may also have played a significant role in the re-ionization
of the universe at z 2 7 [Madau and Fragos (2017), Lehmer, Basu-Zych, et al. (2016), and
Fragos, Lehmer, Naoz, et al. (2013)] as the not yet metal enriched ISM allowed for more
XRBs of higher luminosity [see Lehmer, Eufrasio, Basu-Zych, et al. (2021) and Garofali et al.
(2020)]. With the launch of high-resolution telescopes such as Chandra [see Weisskopf et al.
(2000)], XMM-Newton and the now operating all sky X-ray survey of eROSITA [Predehl
et al. (2021)], the detailed study of such compact objects has been (and will be in the case of
eROSITA) made even more accessible. This allows for detailed studies of the composition and
scaling of the X-ray emitting components in nearby galaxies [see e.g. Lehmer, Ferrell, et al.
(2020), Zhang, Gilfanov, and Bogdén (2012), Mineo et al. (2012b), and Mineo et al. (2012a)]
which we want to follow up with theoretical predictions from cosmological simulations in this
work.

The aim of this work will be to study scaling relations and global properties of synthetic
XRB emission using data from the Magneticum Pathfinder cosmological simulations and
give soft predictions on the relative X-ray composition of nearby galaxies. This is achieved
by implementing a XRB emission model into the virtual photon simulator PHOX [Biffi,
Dolag, Bohringer, et al. (2012) and Biffi, Dolag, and Merloni (2018)]. The model statistically
samples global luminosity functions of XRBs from nearby galaxies [Grimm et al. (2003),
Gilfanov et al. (2004), Zhang, Gilfanov, Voss, et al. (2011), and Mineo et al. (2012a)] and
computes corresponding spectra for single stellar particles of the simulation using XSPEC
[Arnaud (1996)].



Chapter 1

X-ray Binaries: Formation &
Evolution

In this chapter largely references an excellent summary on X-ray binaries from Lewin, van
Paradijs, and van den Heuvel (1995) if not otherwise indicated. It is aimed at giving a brief
introduction to the main characteristics defining XRB systems, focused on the properties
needed in subsequent chapters. Those properties include XRB types and their evolution as
well as spectral properties. In the end we will evaluate the emergence of those properties in
the scope of cosmological simulations.

1.1 Types & Distinction

The heuristic distinction of XRBs starts with the requirement of an evolved stellar remnant -
usually a NS or BH - which is in orbit with either a massive donor star (M 2 8Mg) which we
then call HMXB. Or, if the donor star is rather light (M < Mg) we call it a LMXB. The mass
transfer usually sets in by atmospheric or wind Roche-Lobe overflow (RLO) in the HMXB
case, or regular RLO by close interaction in the LMXB case. Note, that the main driving
factor in the evolution of these systems are the different timescales the donor is subjected
to which are largely determined by the donor’s mass. We will go into more detail in section
1.2. A more sophisticated analysis of the intrinsic properties of these systems extends the
aforementioned mass cuts with the following:

e The optical counterparts of LMXBs are faint (M, > 0) compared to HMXBs which
typically are more than two orders of magnitude brighter, where M, is the absolute
magnitude in the V-band. Due to interstellar absorption, most LMXBs have no optical
counterpart.

e Optical spectra of LMXBs lack normal stellar absorption features, excluding quiescent
transient sources (see section 1.3.2) with late-type giant stars.

e The ratio of X-ray to optical luminosities in LMXBs is in the range of ~ 10% — 104,
while for HMXBs it is significantly lower with a range of ~ 1073 — 10!,

e The X-ray spectra of LMXBs are softer than those of HMXBs with kT, < 10keV for
LMXBs and kT, > 15keV for HMXBs.

e Known LMXBs have significantly shorter orbital periods (1hr < P < 1d) than HMXBs
(I1d < P £5004d)
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Figure 1.1: Schematic illustration of typical HMXB and LMXB orbital configurations.
The HMXB case depicts the more spherically symmetric accretion of wind material of
the donor. The LMXB case shows the RLO of an evolved MS low mass star. Graphic
directly taken from Lewin and van der Klis (2006).

e Only LMXB show X-ray bursts (see section 1.3.2) whereas HMXB do only show regular
X-ray pulsations

e Estimated magnetic field strengths are larger in HMXBs (B > 10'2G) compared to
LMXBs (B > 10°G)

The X-ray luminosity of these systems can reach up to L < 1038 ergs™!, though ultra luminous
X-ray sources (ULXs) have been observed, which require super Eddington accretion rates
in order to explain luminosities of L > 1037 ergs™!. Schematic visualizations of LMXB
and HMXB systems can be seen in Figure 1.1 respectively. Other types of compact X-ray
sources include cataclysmic variables (CVs), where the accreting object is a white dwarf, and
intermediate-mass X-ray binaries (IMXB) with a donor mass of 2Mg < M < 5Mg. While
IMXBs are thought to be more abundant than LMXBs it is by now accepted that most
IMXB systems are progenitor systems of LMXBs. Their low observed abundance is caused
by two factors. For one, the intermediate mass companion is not massive enough to launch
substantial winds in order to power a X-ray source. Second, if the eventual RLO initiates, the
large mass ratio between donor and compact object (CO) will keep the accretion phase on sub-
thermal timescales or they evolve via a common envelope [Tauris et al. (2000)]. Additionally,
the ensuing high mass-transfer rates (M > 10° Mg yr=! > Medd) possibly causes produced
X-rays to be absorbed by dense gas surrounding the accretor [Lewin and van der Klis (2006)].
Such systems may last only for a few 1000 yr. We will thus limit our description of XRB
evolution to HMXBs and LMXBs types. The detailed description of CVs is beyond the scope
of this thesis which is why we direct the interested reader to Lewin, van Paradijs, and van den
Heuvel (1995) and Lewin and van der Klis (2006) which also include reviews and references
regarding physical processes in CVs.
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1.2 Lifetime and Occurrence

From basic assumptions about the structure evolution of isolated stars, we can gain insight
on the possible formation pathways and timescales on which massive binary systems evolve.
They are largely determined by the stellar evolution of the massive primary and, more specif-
ically, dependent on the mass of the primary. We start by considering the typical time a
star will stay on the main sequence (MS) of the HR-~diagram. It is defined by the duration
of hydrogen burning in the stellar core. If we assume a core mass to be 10% of the stellar
massM,, an energy conversion efficiency of €,p and radiated energy in terms of luminosity L,

0.1 Me M 28
Tn = 7[/ PP~ 1010 <]\l®) yr,

if we assume typical MLRs as in table 1.1, where empirical mass-radius relations (MRR)
as well as mass-luminosity relations (MLR) for hydrogen burning main sequence stars in
binary systems are displayed. The different slope in the MRR for massive stars is caused by
additional radiative pressure in its outer layers. These empirical relations for the MRR are
actually reversed from what is expected from stellar structure theory, where more massive
stars are expected to show linear relation in MRR (i.e more puffy’ envelopes) and low mass
stars should scale with ~ M%?. Baraffe et al. (1998) showed that the standard stellar structure
approach is incomplete as detailed atmospheric modelling for low mass stars is required to
match observations. The luminosity scaling, however, is well in line with standard derivations
of stellar structure.

we get

(1.1)

M > M

M < M

Mass-radius relation?
Mass-luminosity relation®

R/Rq ~ (M/Mg)""™
L/Lg ~ (M/Mg)>®

R/Re ~ (M/Mg)
L/Le ~ (M/Mg)®

Mass-radius relation? R/R@ ~ (M/M®)0.59:|:0.03 R/R@ ~ (M/MQ)LOO:I:O.OES
Mass-luminosity relation® L/Lg ~ (M/MQ)?"%&O'04 L/Lg ~ (M/M®)3-80i0-22
Mass-luminosity relation® L/Lg ~ (M/MG)?""&O'04 L/Lg ~ (M/M®)3-78i0-22

Table 1.1: Empirical mass-radius and mass-luminosity relations from stars in binary
systems. 1: Values adopted from table 11.3 in Lewin, van Paradijs, and van den Heuvel
(1995) which uses data from Andersen (1991). No uncertainties given. 2: Best-fit power
law slope derived from data in table 2 of Torres et al. (2010). 3: Best-fit power law slope
derived from data in table 2 of Eker et al. (2015)

After the core of a star exhausts its hydrogen fuel, the thermal equilibrium of the star is
disturbed which leads to a readjustment of its state via the Kelvin-Helmholtz or thermal

timescale
MQ M —2.4
~3x107 [ —
RL . (MGD ) -

(1.2)

Tth ==

with M the stellar mass and R the stellar radius for a MRR of R o« M%% and a MLR of
L oc M338. If the hydro-static equilibrium of a star is disturbed, e.g. by sudden mass loss, it
will adjust to a new equilibrium on dynamic timescale

R M-\" /R \15
Tq~ — =~ 0.04 <®> <®> days,

1.3
Cs M R (1.3)
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where R, M are the radius and mass of the star and c; is the average sound speed. Moreover,
the response of a mass-losing star is dependant on the entropy and temperature gradient of
its envelope (see e.g. Ge et al. (2020). We distinguish by radiation and convection dominated
envelopes.

Assuming a radiative envelope, a mass-losing star will shrink on dynamical timescales, trying
to adjust its hydro-static equilibrium. Consequently, the star also has to adjust to a new
thermal equilibrium. The mass loss causes the core to envelope mass ratio to increase which
is similar to the state of a more evolved star. So, the more massive star is expanding on
thermal timescales. Simultaneously, the Roche-Lobe of the more massive star shrinks, making
the mass transfer unstable. Combining these processes leads to the conclusion that if mass
transfer between stars is started, it will continue on a thermal timescale until the mass ratio
q of the binary is reversed and the Roche-Lobe of the donor increases again. The mass
transfer can then stabilize again, if the Roche-Lobe grows faster than the expanding star
[Verbunt (2015)]. In practice, the more massive donor would be stripped almost completely
of its hydrogen-rich envelope, and is stopped by ignition of helium fusion in its core causing
significant shrinking. The conservative assumption is an incomplete description for massive
stars, however, as a substantial fraction of mass is lost through stellar wind which will take
angular momentum with it. Though, it is applicable to most LMXB systems with a donor
mass of M < 1.8M and short orbital periods [Lewin and van der Klis (2006)].

Convective envelopes react to mass-loss with a rapid expansion (e.g. red giant stars) due
to a super-adiabatic temperature gradient in its envelope, which leads to unstable mass
transfer if the Roche-Lobe does not adjust accordingly. The Roche-Lobe is described by the
equipotential surfaces passing through the inner Lagrange point, L1, arising from the effective
gravitational potential in a co-rotating frame

GMi GM; %}

d=— ,
™ 79 2

(1.4)

where 71 and r9 are the distances to the centers of two stars with mass M; and Ms, r3 is the
distance to the rotational axis and where we assume circular orbits with

G(M, + M)

a3

Q= . (1.5)

See Figure 1.2 for a illustration of the effective potential. If the stellar surface of an expanding
star reaches the Roche-Lobe, mass transfer to the companion will start through the inner
Lagrange point. This mass transfer is considered to be stable, as long as the Roche-Lobe
radius adjusts to the mass loss faster than the star is expanding. Convective envelopes may
increase their radius through this mass loss fast enough, such that the stellar radius reaches
the outer Lagrange points. This leads to mass being completely lost from the system. Note,
that the latter may not be applicable to reality as mass ejected from the stellar surface will
stop co-rotating with the system requiring different prescriptions than the effective potential.
It may also happen that the expanding star reaches its companion before mass-transfer can
stabilize. Together with efficient orbital shrinking, given by the angular momentum balance
equation with mass loss in equation (1.7), leads to the companion plunging into the envelope
of the expanding star. This phenomenon is then further described by the common envelope
(CE) evolution.

As the companion star moves through the envelope of the evolved star, it experiences drag,
which causes a decrease in orbital angular momentum. The kinetic energy of the orbit will be
transferred to the envelope. This leads to a rapid reduction in orbital separation between the
binary components and in most cases, the envelope will be ejected [Lewin and van der Klis
(2006)]. A simple estimate for the decrease in orbital separation can be found by equating
the binding energy of the envelope to the difference in orbital energy Fen, = nopA Eorp which
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Figure 1.2: Cross section of equatorial plane of equipotential surfaces in binaries. The
thick curve enclosing the binaries through L1 represents the Roche-Lobe. Graphic di-
rectly taken from Lewin and van der Klis (2006).

then yields

GMdonor Menv GMcoreM N GMdonorM

_ 1.6
NcE 2(1]“ 2(1i ’ ( )

Aa; T

where a;, ay are the orbital separations before and after the CE-phase, Mcore = Mgonor —Menw,
ncr is the conversion efficiency of orbital energy to kinetic energy, r;, = Ry /a; is the dimen-
sionless Roche-Lobe radius of the donor and A is a parameter depending on the evolutionary
state of the star.

While the effects of CE have drastic consequences on short timescales, the orbital separation
of the binary can be further influenced by other mechanisms which carry away angular mo-
mentum from the system during or before mass transfer phases (the latter in the case for
LMXB, where the two companions have to approach at later stages). Generally, we distin-
guish between conservative and non-conservative mass transfer, where the former assumes
an ideal system of total mass conservation and the latter considers mass being lost from the
system. Realistically, the conservative case never truly occurs, it is however a reasonable
approximation for stable mass transfer via RLO within a binary system. More realistic is the
non-conservative case, in which only a fraction § of the mass lost by the donor is transferred
to the receiving star. This will result in a change in the orbital separation a with

a J M2<1ﬁM2(1—5)M2 Co(l_ g >

—9l o2 M
a J Mo M1 2(M1—|—M2) My + M,

(1.7)

where dots denote time derivatives, M; is the mass of the donor, M> is the mass of the re-
ceiver, o describes the fraction of the mass-loss, carrying away angular momentum from the
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system, in units of angular momentum lost by the donor star and J is the combination of all
other mechanisms capable to extract angular momentum. This includes spin-orbit coupling,
gravitational wave radiation and magnetic braking. Magnetic braking occurs in magnetic
stellar winds, slowing down the rotation of a low mass companion star with magnetic surface
(F,G stars, WD). In tidally locked systems this exchange then comes from the orbital angular
momentum. If § = 1, we get the conservative case. If we assume that angular momentum
change is only due to mass loss J = 0 and almost all mass is lost from the system (B ~0)
we would expect the orbit to widen if o < 1+ My/(2M7).

1.2.1 Evolution of HMXBs

For the exemplary description of a full life cycle of a massive binary system, we will de-
scribe each step depicted in Figure 1.3 separately. In doing so, we will also point out some
intricacies regarding specific steps, which are not mentioned in the figure. The timestamps
provided here were calculated from a MLR, with slope 3.5 instead of the value 3.8 as assumed
in this thesis. This leads to significant differences in 7,,, where the step after the first SN and
the HMXB step only lasts ~ 3 Myr instead of 9 and thus presents a major contribution of
uncertainty. The description here for HMXBs and the equivalent section 1.2.2 for LMXBs is
based on Lewin, van Paradijs, and van den Heuvel (1995), Lewin and van der Klis (2006),
and Postnov and Yungelson (2014).

We start with a pair of massive main sequence stars with masses of 14.4Ms and 8 M, respec-
tively. From equation (1.1) we know that the more massive star will develop first. Through
expansion at the end of hydrogen burning, it starts filling its Roche-Lobe. Due to the high
mass ratio, the mass transfer will be unstable and happens on thermal timescales 7 which
in our case is of the order ~ 10* yr for a 14M star. It will continue transferring mass
onto its companion until the mass ratio has inverted and the now helium burning core is
exposed. It is assumed that the He-core will continue its evolution as it would have without
losing its envelope and explode in a SN leaving behind a NS. From that, the system receives
kick velocities and orbital eccentricities which may result in the disruption of the binary.
However, this scenario is debated, since, dependent on the core’s spin and mass, it may not
evolve into a SN at all, but just cool down into a heavy WD after RLO. The orbit widens
due to angular momentum transfer from the orbital motion into the spin of the now more
massive companion. Some angular momentum is lost in the form of mass being ejected from
the system. If the binary survives the He-star’s SN, its further development is determined by
Tp, of the companion. During this time, the system may be seen as a transient HMXB, where
the NS starts accreting material from the stellar wind of its companion during its orbital
perigee. When the massive companion reaches the end of hydrogen burning, the extreme
mass ratio, shrinking of the Roche-lobe due to mass loss of the massive star and shrinking
of the orbital separation, lead to a runaway process where the NS plunges into the rapidly
evolving envelope of the massive star creating a CE.

The three last steps describe the emergence of a NS binary which is not important for the
scope of this thesis. Note, that for extremely massive O-stars, the wind velocities may be
too fast to allow significant mass capture via the CO. The ensuing more spherical accretion
may result in dense clouds around the CO occluding possible X-ray emission. Of course, this
description is only exemplary and heavily depends on the actual orbital configuration, mass
losses and inner structure of the stellar components. This leaves room for more exotic can-
didates like C'ygnus X1 which harbours a massive star of ~ 41M¢ together with a ~ 21 Mg
BH with an orbital period of ~ 5.6 days. See Neijssel et al. (2021) for a recent study revising
the binary masses and mass loss rates and providing a possible formation channel.
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Figure 1.3: Evolutionary steps of a typical Be binary system developing into a HMXB
source. Individual steps will be outlined in the text. Note, that the timestamps presented
here are assumed from a MLR of L oc M3-3. Graphic directly taken from Lewin and van
der Klis (2006).

1.2.2 Evolution of LM XBs

Similar to Section 1.2.1 we will use Figure 1.4 to describe the typical life cycle of an eventual
LMXB. The provided time stamps again refer to a MLR with slope 3.5.

We start with a massive binary with extreme mass ratio in order to produce the compact
object for a LMXB. Because almost all known LMXBs have extremely low orbital periods, the
binary needs a way to quickly lose angular momentum. Common envelope evolution provides
a solution, but requires wide initial orbits (~ 200Rs) in order to prevent merging of the
two stellar cores. The evolving massive star loses mass through stellar winds which further
increases the orbital separation of the binary. After nuclear time 7,,, the massive companion
starts filling its Roche-Lobe and quickly overshooting it, reaching the low-mass star in the
process. This results in a CE with spiral in of the companion which completely evaporates
the envelope, leaving a close binary pair of a massive helium star and the unscathed low-
mass companion. The helium star further evolves into a SN, where the kick velocities of an
asymmetric SN and the mass loss from the SN being of the order of the system will most
likely dissolve the binary. This is why the SN needs to happen either at a specific point
in orbit or gains a favorable kick in the ’right’ direction such that the NS stays in orbit.
A LMXB then develops either by the companion filling its Roche-Lobe after nuclear time
Tn, OT, in the cases of even less massive stars, by it further losing angular momentum. The
final step depicts the formation of a millisecond pulsar, as the accreted material spun up the
NS considerably. With the ignition of pulsar radiation, its companion will be evaporated
by intense winds caused by irradiation of the accretion disk (AD) from the pulsar which



10 CHAPTER 1. X-RAY BINARIES: FORMATION & EVOLUTION

may explain the relatively low abundance of low luminosity LMXBs. Zhang, Gilfanov, and
Bogddan (2013-2011) show that globular cluster (GC) seeding is a significant contributor to the
LMXB population, emphasizing the importance of tidal captures and three-body interactions
in dense stellar neighbourhoods as an additional formation channel to LMXB.

Porb age
ZAMS o ° 1500 days 0.0 Myr
15.0 1.6
Roche-lobe overflow @@ 1930 days 13.9 Myr
13.0 1.6
e
common envelope
+ spiral-in
4.86
helium star 0.75 days 13.9 Myr
486 16
supernova ",ﬂél\’:o 1.00 days 15.0 Myr
399" 16
neutron star °c e 2.08 days 15.0 Myr
13 16 ecc=0.24
LMXB \/\g@ 1.41 days 2.24 Gyr
13 N 159
® 12.3 days 2.64 Gyr

—150 026
(PSR 1855+09)

millisecond pulsar white dwarf

Figure 1.4: Evolutionary steps of a typical low mass binary system developing into a
LMXB source. Note, that the timestamps presented here are assumed from a MLR of
L oc M35, Individual steps will be outlined in the text. Graphic directly taken from
Lewin and van der Klis (2006).

1.2.3 Luminosity functions & Scaling relations

Having now knowledge about the basic formation channels of XRBs, we will investigate the
population size of each type of binary w.r.t. properties of their host galaxies. If not indicated
otherwise, we will be referencing the review of Fabbiano (2006).
From timescale considerations alone, we can infer that HMXBs trace the galactic regions of
recent star formation. Since HMXBs require massive stellar components to still be relatively
unevolved their time shift w.r.t. the star-formation event that created those massive compo-
nents can not exceed the nuclear burning time 7,,. Which means that HMXBs can not be
older than a few Myr. Indeed, Mineo et al. (2012a) and Grimm et al. (2003) find a linear
relation between SFR and number of HMXBs in their host galaxy. They propose a distribu-
tion in the differential number of HMXBs above a certain X-ray luminosity in the 0.5 — 8 keV
band whose normalization scales with SFR linearly. It is given by a single power-law with
slope v and a cut-off luminosity at L. g
dNuxp(> Lx) JALsd, L3s<Len (1.8)
dL38 O, L38 > Lch ’ .
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where A = £ x SFR is the normalization of the HMXB XLF based on star formation. Some
SFR normalized XLFs of late-type galaxies together with the model XLF for HMXB can be
seen in figure 1.5a. The linear relation between SFR and XLF normalization £ can be seen
in figure 1.5b.

The long evolutionary timescale of LMXBs prevents any connection to the star-formation

LLLLLI B L) B B L T T TTTTT T T T T T TITT 103 T T T —TT HHE

100

,
]
I
T
-

N » 10 | -
N\ -: ]
»J - 3 ) [ L= = o L -
i\, 1= L %ﬁ\ ! — s r )
z E i E = L * -

E ‘—‘ ] il ] —

: R 5l

B ft 1 1 i 1 ’ -

AY F 3
0.1 e [ 3 L ]
0.01 \ll\l\‘ 1 \\lllH‘ \\lHlHl L1 H‘ L \Hl‘ N I 01 \Ill i ( \I\\HI i \\IIH‘ 1 1 L1l
1036 1037 1038 1039 1040 104! ’ 0.1 1 10 100
L, [erg s71] SFR [Mg yr-1]
(a) (b)

Figure 1.5: Graphics directly taken from Mineo et al. (2012a). (a): Observed XLFs of
HMXB in nearby spiral galaxies normalized w.r.t. SFR in different colors. In black, the
cumulative version of the XLF model from equation (1.8) is shown. The y-axis gives the
number of HMXBs which have a luminosity L above Lx. (b): Shown here is the XLF
normalization A for HMXBs w.r.t. the SFR in a given galaxy. Red dots are different
galaxies with error bars, the solid line is the best fit linear relation, the dashed line is the
best fit relation of the form A = £ x SFR?, where 8 = 0.73 & 0.05. We assume a linear
relation for the XLF normalization in this thesis.

event of the massive progenitor of the CO. We would expect, however, that the number of
LMXB increases with time due to the comparatively long X-ray phase of these systems to-
gether with more low mass stars evolving with 7,, 2 1 Gyr and tidal interaction probability
increasing with time in GCs. Note, that a GC may eventually dissipate through gravitational
interactions seeding LMXBs to the galactic field [Lehmer, Ferrell, et al. (2020) and Zhang,
Gilfanov, Voss, et al. (2011)]. Indeed, Zhang, Gilfanov, and Bogddn (2012) find that the
specific normalization of LMXB XLF's increases with time (see figure 1.6a), though the un-
certainty regarding the relation is large. They also report that for older galaxies the XLF is
steeper than for young galaxies in line with findings by Kim and Fabbiano (2010). Moreover,
Gilfanov (2004) see a linear relation between total stellar mass and number of LMXBs in the
host galaxy (see figure 1.6b). Note, that in the LMXB studies referenced here, only elliptical
galaxies have been used as data. The differential number of LMXB can be described by a
double broken power-law

Ki(Lsg/Lpa)™*, Lsg < Ly,
dNixB (> Lx) ) Ka(Lse/Lp2)™*?, L1 < L3s < Lo
dL3s | Ks(Lso/Le,) ™, Lio < Lsg < Lo |
0, Lsg > LQL

(1.9)

where K is the normalization constant in units of 10 M. Ly1, Lyo are break lumi-
nosities and L.y, is the cut-off luminosity. The exponents o are the respective power-law
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slope in the given interval. The other normalization constants can be derived from K; by
requiring monotonic continuity at the power-law breaks, s.t. Ky = Kj (Lp1/Lp2)™ and
K3 = Ko (Lp2/L¢r)*. The luminosity subscript 36 or 38 refers to the arbitrarily chosen
normalisation of the luminosities L3g = L/10% ergs™' and L3s = L/10%® ergs™!, respectively.
X-ray emission from XRBs in galaxies is then dominated by the high-luminosity end of the
XLFs Mineo et al. (2012a). The parameter values of the XLFs can be found in table 1.2.
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Figure 1.6: Graphic (a) directly taken from Zhang, Gilfanov, and Bogdén (2012) and
(b) from Gilfanov (2004). (a): Correlation between LMXB XLF normalization fxpr
and age of the elliptical host galaxy. Stellar ages were determined from previous works.
Numbers refer to the name of the galaxy in question. Red circles indicate galaxies with
globular cluster specific frequency Sy > 2.0. (b): Shows relation between number of
LMXBs and stellar mass of a host galaxy. Red circles are elliptical, blue triangles are
spiral galaxies. Empty symbols indicate galaxies observed with smaller annuli.

039 1

The extension of the XLFs into regimes of Lx > 10°”ergs™" is by now the most likely
origin of a class of objects called ultra-luminous X-ray sources (ULX). While some ULXs
are suspected to be background AGN based on their bolometric luminosity and some few
may be accreting IMBHs, a lot of sources show pulsations which are expected from NS
LMXBs [see also Fabbiano (2006) and Swartz et al. (2004)]. Previously, ULXs were thought
of COs accreting matter at super-Eddington rates (see section 1.3). Assuming geometrical
beaming and non-conservative mass transfer, Misra et al. (2020) find that luminosities of up
to Lx = 10* ergs™! can be achieved in IMXB/LMXB systems containing a NS companion if
mass transfer happens at super-Eddington rates. Locally, the mass transfer is still Eddington-
limited in the accretion disc (unstable). Furthermore, Lehmer, Eufrasio, Basu-Zych, et al.
(2021) show that the high-luminosity end of HMXB XLF's is enhanced by a low metallicity
environment in the host galaxy further supporting a XRB origin for ULXs. For a recent
study on ULX sources and their scaling relations, see Kovlakas et al. (2020). We will use
equations (1.8) and (1.9) throughout the remainder of the thesis when referring to XLFs.
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3 Len ¥ K, Ly, Ly L. a a2 as

1.88  10° 1.594+0.25 | 1.01+£0.28 54.6753 59973  5x10* 1.027307  2.06750%  3.637057

Table 1.2: Parameter values for XLFs of equations (1.8) and (1.9) given by the work
of Mineo et al. (2012a) for HMXBs (right) and Zhang, Gilfanov, and Bogdan (2012) for
LMXBs (left). The uncertainty of ¢ is given as 0.28 dex. Luminosities are given in units
of 10% ergs™!. K has the unit 107*'M"'. v and a are dimensionless power-law slopes
of the respective XLF's.

1.3 Spectral Properties

In this section we will describe governing physical processes which build up the spectrum
of X-ray binaries. Vast studies about almost every observed aspect of XRB emission have
been performed, of which we will only scratch the surface here. Where appropriate, we will
give some interesting follow up reads, and focus only on the fundamental building blocks. In
figure 1.7 we present a typical X-ray spectrum of XRBs at the example of the HMXB Clyg
X1. The different coloured curves are observations at different times and different missions
between 1991 and 1998 [see Zdziarski, Poutanen, et al. (2002)]. The solid curves are best-fit
Comptonization models. Similar to AGN, the temperatures of the Comptonizing agent in
XRBs has kT =~ 100keV. From figure 1.7 it is also apparent that the Comptonization
models are well represented by single sloped power-laws for certain photon energies which
can be directly related to accretion disk theory. The example SED is complemented by
providing a geometrical view of the standard picture of XRB accretion dynamics in figure
1.8 where the observationally derived geometrical structure of the accretion region, i.e the
relative position of the Comptonizing regions with respect to the central CO, of the BH
LMXB Mazi J1820+070 are depicted [Zdziarski, Dzielak, et al. (2021)].
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Figure 1.7: Broadband spectrum of Cyg X1 for different pointed observations. Hard-
state: Ginga/OSSE June 6 1991 (black); BeppoSAX May 3-4 1998 (blue) and Sep 12
1996 (cyan). Soft and intermediate states: BeppoSAX June 22 1996 together with
CGRO/OSSE and COMPTEL June 14-22 1996 (red); ASCA/RXTE May 30-21 1996
(magenta); RTXE May 23 1996 (green). Solid curves are best-fit Comptonization models.
Yellow: Average hard state at 0.75-5 MeV from CGRO/COMPTEL. Graphic directly
taken from Zdziarski, Poutanen, et al. (2002).
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1.3.1 Accretion processes

If not otherwise noted, we will reference Lewin and van der Klis (2006). For a more thorough
description of accretion processes in astrophysics, see Done et al. (2007), Frank et al. (2002),
and White, Stella, et al. (1988). For other XRB spectra see e.g. Tanaka (1997). If matter
is accreted by a mass M, a ring will form, if its specific angular momentum J is large, such
that matter will not impact directly with the accretor. In practice, this means that a mass
transfer stream through the inner Lagrange point of a binary will collide with itself after a
orbiting the accretor once. The specific angular momentum is then comparable to that of
the binary orbital momentum. Energy and angular momentum losses are due to viscosity.
Balbus and Hawley (1991) proposed a natural cause for disc viscosity in the form of magneto-
rotational instability (MRI), where a disc permeating, weak magnetic field is wound up by
orbital shear and transports angular momentum outwards. This leads to dissipation and the
initial ring spreads into a disc. This accretion disc is also subjected to self gravity which
leads to a hydro-static equilibrium in the vertical disc structure. The vertical structure is
then dependant on irradiation, temperature gradient and magnetic field strength for instance
and usually settles as a so called thin disk, where the scale height H of the disc is much
smaller than its radial extension R

H~“R<R. (1.10)

Vk

The Kepler velocity vy is found by multiplying equation (1.5) with R and ¢, is the local
sound speed. We can approximate viscous effects in the accretion disc with the Shakura and
Sunyaev (1973) a-viscosity prescription with an dimensionless number «

v=oacsH , (1.11)

and assuming a steady state accretion disc

M Rin %
VZ:STrll—ﬁ(R) : (1.12)

we get the radial disc temperature profile as
1
1 1
Rin\?2
_ 1.13
5 (%) } 7 (113

T(R) {BGMM
8T R30
where G is Newton’s constant, M is the intrinsic mass transport of the disc due to viscous
dissipation, o is the Stefan-Boltzmann constant and Ry, is the inner disc edge. Note, that
the assumption of black-body radiation is implied in equation (1.13). Accounting for the
two-sided geometry of the disc, radial integration yields the total radiated power as

3 GMM
L= (2 - 5) . (1.14)

where loss of gravitational binding energy contributes GM M /2R;, and the remaining (1 —
B) GM M /2Riy, are provided from the rotational energy of the accretor. We emphasize that
the thin disc approximation requires efficient cooling. In the case a low accretion and con-
sequently low gas density, the cooling times are long. In the case of a large accretion rate,
radiation may get trapped in the optically thick accretion flow and deposited onto the ac-
cretor. For these cases, the thin disc approximation does not hold and advection-dominated
accretion flows (ADAFs) need to be employed [e.g. see Done et al. (2007) and Abramowicz
et al. (1995)]. The standard picture for XRB accretion disks are, in fact, truncated accretion
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disc models, where the cold thin accretion disc breaks down into a diffuse and hot inner accre-
tion flow which is briefly touched on in section 1.3.2. The disc transitions with corresponding
spectral changes can be seen in figure 1.9. In either case, the tremendous energy released by
the accretion disk produces regions of hot coronal plasma with kT =< 100 keV of Maxwellian
distributed non-relativistic electrons above and below the disk. Soft seed photons emitted by
the AD with energy E < 4kpT will be Compton-scattered to higher harder energies, with
each scattering event providing an increase in energy equivalent to the Compton amplification
factor A

 4kpT - E
 mec?

A : (1.15)

which is the energy transfer per scattering event, with kp the Boltzmann constant, 7' the
coronal plasma temperature, E the photon energy and m.c? = 511keV is the rest mass of the
electron. The total energy The number of scattering events N is determined by the opacity
7 which for an optically thin medium is oc 7 and for an optically thick medium is o 72.
The total energy difference of a photon undergoing IV scattering events is measured by the

Compton y-parameter

 4kpT

y=AXN 5
Mec

max (7, 72) , (1.16)

with variables as defined in equation (1.15). Ultimately, scattering of the soft seed photons
leads to a power-law distribution in photon energies. The slope of the power-law, repre-
sented by the photon index I', can be estimated using a solution to the Kompaneets equation
presented in Wilkins and Gallo (2015) and Zdziarski, Johnson, et al. (1996)

2
r— |24 3mec _%, (1.17)

tokT ()" g

where variables are the same as in equation (1.15) and (1.16). Note, that figure 1.7 and
1.9 report their fluxes without normalizing to the bin width which yields for the power-law
slope the spectral index a« = I' — 1. This results in a positive slope for the reported hard
states when additionally multiplying by the central bin energy for ¥ x Fr with Fg as the
flux per energy bin. We emphasize that the estimate for the photon index I' were initially
derived for AGN emission, so they are specifically suited for BH XRB only. If the system
consists of a NS binary instead, its physical surface may provide an additional source of soft
seed photons for the comptonization process coming from decelerating the accretion flow to
match the rotational velocity of the neutron stars surface. This may result in differences in
A,y and T" with respect to BH systems lacking a physical surface [see e.g. Banerjee et al.
(2020) and references therein]. Note, that the energy increase of the photons causes cooling
of the coronal plasma, fueling the creation of cold clumps.

In cases where material is accreted spherically from a surrounding medium, like it is in the
case for AGN with ISM accretion and HMXBs with wind accretion, we can approximate
using the Bondi-Hoyle-Lyttleton prescription for the accretion rate onto the accretor [Bondi
(1952), Bondi and Hoyle (1944), and Hoyle and Lyttleton (1939)] with

ArG? Mz p(a)

MaCC - (cg + U2)3/2 I

(1.18)
where M. is the accretor mass, p and c¢s are the density and sound speed of the surrounding
medium and v is the relative velocity of the accretor w.r.t. to the medium [see e.g. Teklu 2018,
chapter 1]. Focusing on the stellar wind spherical accretion in the HMXB case, we consider
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that stellar wind velocities vyinq of massive stars are of the order of 2 1000 km st [Kudritzki
and Puls (2000) and references therein|, which is large compared to typical orbital velocities
VK = \/G(Macc + Mgonor)/a and isothermal sound speed c¢; = \/kpT/um of the order of

~ 50kms~!. Using mass conservation, we can get the wind density at orbital separation a

Mwind
= 1.19
pla) = o (119)

where Mying is the wind mass loss from the donor. Replacing a with v and plugging equation
(1.19) into (1.18) we get an estimate of mass accreted from the stellar wind by the accretor

oo (Y ( e Y .

Ming Vwind Mace + Maonor

Note, that in the inner accretion flow of spherical accretion, a disc might still be forming
albeit it not being thin and the dense surrounding medium might be occluding the X-ray
emitting region through heavy absorption.

Furthermore, all accretion processes are limited by Eddington rate which is the balance of
inward direct gravitational force and outward directed radiation pressure. It can be expressed
as

Lead = @ , (1.21)

. drcR
Meqq = > (1.22)

where M and R are the mass and radius of the accreting object, ¢ is the speed of light and
Kk is a measure for opacity (e.g. Thomson scattering).

1.3.2 Variability

In this section we will briefly glance over some mechanisms responsible for variability in
XRB emission on short timescales. The exact reasoning for not going into more detail is
then presented in section 2.1. So called X-ray bursts only occur in NS XRBs. They are
thermonuclear explosions of material deposited on the surface of the NS. They last for some
seconds to minutes. Many XRBs switch between high and low luminosity states in a span of
years, months and even days. Such transients can be either caused by orbital features, for
example in the case of HMXBs with wide eccentric orbits only accreting sufficient amounts
of stellar wind material in their perigee or by periodic occlusion of the X-ray emitting region
through the companion. HMXBs may also experience pulsations due to wind instabilities of
Be/Oe stars when they are fast rotators, i.e. Wolf-Rayet stars. Alternatively, transients also
occur when properties of the the accretion flow change. An important aspect in this, is the
change in disc viscosity due to the ionized hydrogen fraction and opacity in the accretion disc
as well as transitions between the high soft state, with soft X-ray photons dominating the
spectra, and low hard states, with hard X-ray photons dominating. Usually the hard state
is accompanied by radio emission from a jet. In order to achieve this transition behaviour,
a two component accretion flow is needed where a thin disc is embedded inside a hot inner
accretion flow. The mass transfer rate then fuels perturbation growth leading to break downs
of the thin disc in the inner flow which is shown in figure 1.9 [see Done et al. (2007)].
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Figure 1.8: Accretion geometry around Mazi J1820+070 derived from X-ray obser-
vations. The disk is truncated at R;,, and covered by a Comptonizing coronal plasma,
Cs, from Ry, to Ry.. Interior to Rj,, there is a hot accretion flow with a relatively large
scale height, C},. Comptonization in Cs and C}, gives rise to the observed softer and
harder, respectively, incident spectral components. The emission of Cy, is reflected from
the flared disk beyond Ry,, marked as R). The emission of the coronal plasma, Cs, is
reflected from the disk beneath it, marked as Rs. Graphic and description directly taken
from Zdziarski, Dzielak, et al. (2021).
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Figure 1.9: Transitions of the accretion flow in XRB systems causing different spectral
states. The ultra-soft state coincides with a stable thin disk configuration. The thermally
dominant state shows the black body spectrum of the increasing temperature of the AD
caused by high mass accretion. The very high state shows signs in both soft and very
hard X-rays and is associated with the state shortly before the breakdown of the inner
accretion flow leading to large comptonizing regions. When the inner accretion flow
breaks down we reach the low/hard state dominated by hard X-ray emission from the
diffuse comptonizing region in the central flow. The hard state is usually accompanied
by radio emission from a developing jet outflow.
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Chapter 2

Numerical Simulations

Aim of this thesis is to include a model for X-ray emission from X-ray binaries into the virtual
photon observatory PHOX. PHOX was developed by Biffi, Dolag, Bohringer, et al. (2012) as
a post processing tool for modelling X-ray emission from numerical input of cosmological
simulations. We therefore provide a quick introduction to the cosmological simulation used
throughout the thesis and which PHOX was tailored to process, namely the Magneticum
Pathfinder simulations.

2.1 Context regarding cosmological simulations

At their core, numerical simulations in astrophysics solve a set of differential equations re-
lated to the description of gravitational interaction in or between massive objects. They
represent time-resolvable toy models of otherwise inaccessible astrophysical processes, like
stellar evolution, planet formation and structure formation, and help in understanding the
fundamental physics connected to them. Their goal is to be able to reliable reproduce ob-
servational results and with that make predictions of the past and future development of an
astrophysical system. Often additional physics beside gravity, e.g. heat transfer and cool-
ing through radiative processes, magnetic fields or hydrodynamics, need to be simulated, in
order to match observations. The general aim of large scale cosmological simulations is to
study structure formation, i.e the hierarchical assembly of galaxies and galaxy clusters, in
an idealized physical environment. Such simulations mainly follow the non-linear gravita-
tional collapse of a dark and a baryonic matter component, i.e. gas and/or stars, from initial
conditions derived from the cosmic matter power spectrum. While shooting for an accurate
representations within the simulation framework, hardware limitations require a compromise
between the scale of the simulated region and the particle number needed to get converging
quantities [for this paragraph, see e.g. Dolag, Borgani, Schindler, et al. (2008)].

As an effect, stars can not be resolved individually but represent an entire population of stars
distributed according to an assumed IMF which makes direct tracking of binary evolution, in
the context of X-ray binaries and accretion dynamics, impossible. Numerical simulations in
general also impose limitations in temporal resolution. A simple approach to time stepping
for solving gravitational particle interaction in N-body codes would be to account for the
magnitude of their acceleration vector

At = ar/€/|al, (2.1)

with |a| being the gravitationally induced acceleration from the previous time step, € being a
length scale typically connected to softening and « is a tolerance parameter [Dolag, Borgani,
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Schindler, et al. (2008)]. Softening refers in this context to a dampening of close two body
interactions on a given length scale € given by a gravitational potential ® as

o= oM , (2.2)
with M the total mass and r the distance. For cosmological simulations this amounts to
time steps of At 2 1 Myr or, more generally, some fraction of the instantaneous Hubble
time [Springel (2005)]. Obviously, this makes fast variable processes of XRBs, as described
in section 1.3, impossible to resolve. For this reason, we have to approximate the spectra by
assuming time averages of the spectrum. Typical models employed in the literature for point
sources with poor photon count statistics or unknown SED are absorbed single power law
models with photon index I', = 1.7 for LMXBs [see Lehmer, Ferrell, et al. (2020) and Zhang,
Gilfanov, and Bogdan (2012)] and I'y =~ 2.0 for HMXBs [see Sazonov and Khabibullin (2017)
and Mineo et al. (2012a)], though Sazonov and Khabibullin (2017) derive their power-law
slope from the collective HMXB emission. We obtain similar values by directly computing
I' from equation (1.17) using typical parameters of coronal temperature kT ~ 100keV and
optical depth 7 = 1. In chapter 3 we will present a statistical approach to work around the
constraints imposed by the simulation framework.

2.2 Magneticum Pathfinder Simulations

Magneticum Pathfinder simulations are a series of state-of-the-art hydrodynamical cosmo-
logical simulations exploring varying ranges in particle number, volume and resolution. They
are based on an improved version of the N-body code GADGET 3, which is an updated
version of the code GADGET 2 [Springel (2005)] including a Lagrangian method for solving
smoothed particle hydrodynamics (SPH). Detailed descriptions regarding the improvements
w.r.t. GADGET 3 can be found in the first chapter 1 of Teklu (2018) or see description of
the simulation in Dolag, Komatsu, et al. (2016). In summary, the simulations account for
treatments of artificial viscosity [Beck et al. (2016) and Dolag, Vazza, et al. (2005)], metal-
dependent radiative cooling rates [after Wiersma et al. (2009)] together with UV /X-ray and
CMB background [after Haardt and Madau (2001)], a sub-resolution multi-phase model for
star formation [Springel and Hernquist (2003)] including stellar feedback in the form of ther-
mal and kinetic energy injection from SN feedback tweaked to also launch galactic winds, a
detailed model for chemical enrichment from stellar evolution [Tornatore, Borgani, Dolag, et
al. (2007),2004] SMBH growth through merger and accretion as well as AGN feedback [based
on Springel, Di Matteo, et al. (2005), Di Matteo et al. (2005), and Fabjan et al. (2010),
improved in Steinborn, Dolag, Hirschmann, et al. (2015) and Hirschmann et al. (2014)], and
thermal conduction [Arth et al. (2014) and Dolag, Jubelgas, et al. (2004)]. An overview of
the different volumes and resolutions can be found in table 2.1 which was recreated from
table 1.1 in Teklu (2018). Initial conditions for the simulations are generated using standard
ACDM cosmology using results from the Wilkinson Microwave Anisotropy Probe (WMAPT)
[Komatsu et al. (2011)] to set the parameters. With Hubble parameter h = 0.704, matter
density Q3 = 0.272, dark energy density Q4 = 0.728, baryon density €, = 0.0451 and nor-
malization of the fluctuation amplitude at 8 Mpc og = 0.809. A illustration of the currently
available cosmological volumes for Magneticum can be seen in figure 2.1 with a detailed
description of the resolution in table 2.1.

The Magneticum set of comological simulations has been successfully used in a multitude of
numerical studies which also showed good agreement with observational results of which we
will name a few. It was shown in Hirschmann et al. (2014) and Steinborn, Dolag, Hirschmann,
et al. (2015), 2016, that properties of the AGN population are consistent with observations.
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Box Size Resolution  Npart MDM Mgas €DM/gas  Cstar
[Mpc/h] [Me/h] [Mo/h]  [kpce/h]  [kpe/h]
Box0 2688 mr 2 x 4536 1.3 x 100 2.6 x10° 10 5
Boxl 896 mr 2 x 1526% 1.3 x 10 2.6x10° 10 5
Box2b 640 hr 2x2880° 6.9x10% 1.4x10% 3.75 2
Box2 352 mr 2 x 5943 1.3x100 26 x10° 10 5
hr 2x1584% 6.9x10% 1.4 x10% 3.75 2
Box3 128 mr 2x216%  1.3x1010 26x10° 10 5
hr 2x 5763  6.9x10® 1.4x10® 3.75 2
uhr 2x 1536 3.6x107 7.3x105 14 0.7
Box4 48 mr 2 x 813 1.3 x 1010 26 x10° 10 5
hr 2x216%  69x10% 1.4x10% 3.75 2
uhr 2x 5765  36x107 7.3x10 14 0.7
Box5 18 hr 2 x 813 6.9x10% 14x10® 3.75 2
uhr 2x216%  36x107 7.3x10 14 0.7
xhr 2x 5765  1.9x10° 3.9x10° 0.75 0.25

Table 2.1: Sizes, resolutions, particle numbers Np,r, particle mass for dark matter
mpwm and gas Mmgas as well as softening lengths e for dark matter/gas and stars for each
of the Magneticum Pathfinder boxes. Table recreated from table 1.1 in Teklu (2018).

Also in Steinborn, Dolag, Hirschmann, et al. (2015), the derived stellar mass function are in
good agreement with observations. Remus, Burkert, et al. (2013) studied dynamical prop-
erties of massive spheroidal galaxies which were complemented by a study on dynamical
properties of early-type galaxies in Schulze, Remus, Dolag, Burkert, et al. (2018). Further-
more, Schulze, Remus, Dolag, Bellstedt, et al. (2020) studied the stellar kinematics of galaxies
out to large radii. In Remus, Dolag, et al. (2017), the radial slopes of the dark matter frac-
tion in early type galaxies and the mass-size relations of galaxies with different morphologies
were studied. Dolag, Komatsu, et al. (2016) provided predictions of the expected Sunyaev-
Seldovich signals and in Dolag, Mevius, et al. (2017) observed relations for metal abundances
in different parts of galaxies matched the simulations. Lotz et al. (2019) studied the effects
of cluster environments on the quenching of star-formation in galaxies. With many more
studies to come...

Sub-grid Star-Formation model

Here, we will go into more detail about the star-formation model employed in Magneticum.
It is based on the model of Springel and Hernquist (2003) which distinguishes baryons into an
ISM, with a hot and cold phase, and stars. The phases interact through radiative cooling, SN
feedback in the form of ISM heating and cloud evaporation, galactic winds, metal-enrichment
and star-formation. The equilibrium temperature of the hot phase is regulated by SNe under
the assumption that timescale to reach equilibrium is shorter than any other timescale. The
free parameter in this model is the star-formation timescale ¢, which is tuned to the ob-
servationally constrained Schmidt-Kennicut relation [Kennicutt (1998) and Schmidt (1959)].
The ISM is then described by using spatially averaged properties and global dynamics, i.e.
average density and dispersion within the represented volume, of the medium. A single SPH
fluid element then represents a portion of the ISM where it is assumed that cold clouds are
in pressure equilibrium with the hot ambient gas, above a given threshold density p;,. Note,
that the multi-phase structure remains unresolved. Instead, statistical properties emerge
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Figure 2.1: Illustration of the different cosmological volumes within the Magneticum
set of simulations. Indicated are box sizes, number of particles (dark matter + gas)

from energy transfer rates which are calculated in the background. Hot gas can be further
heated by energy injection from SNe (10°! erg) which sets the cloud evaporation efficiency.
The threshold density is then self-consistently computed requiring that the hot-phase temper-
ature at threshold is equal to the thermal instability temperature T}; and the specific effective
energy changes continuously [Tornatore, Borgani, Dolag, et al. (2007)]. If the gas particle ex-
ceeds the density threshold, it will be transformed into a stellar particle with a characteristic
timescale t, resulting in the star-formation rate, following the stochastic approach of Katz
et al. (1996), as

M = (1=, (2.3)
by =t <p’;> " (2.4)

where 8 = 0.1 is the fraction of stars exploding as a type 2 SN, and z - m is the cold gas
mass with = p./p being the fraction of gas in cold clouds. From equation (2.3), we get the
expected mass of stars formed in a time interval At as

M. :m{l_exp (Jl‘ﬁ)x“)} . (2.5)

ls

A star particle will then be created if a random number p € [0, 1] falls below the probability

]\”;* {1 — exp <—(1_f)xm)} . (2.6)

p <
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One has to keep in mind, that in this set of simulations, gas particles are allowed to spawn
stars more than once (M, = m/N,). In the case of Magneticum up to N, = 4 generations of
stars can be spawned from a single gas particle. The mass of each created stellar particle is
then removed from gas particle. Stellar particles are decoupled from the SPH treatment s.t.
they only act gravitationally and become effectively collisionless. Note, that while the global
SFR is well represented within the simulation volume, there can be local star-formation bursts
due to the stochastic way, a gas particle will be chosen by equation (2.6). The now spawned
stellar particle represents a single stellar population (SSP) where all stars share the same
metallicity and are distributed according to some IMF. In our case, stars in a SSP are initially
distributed according to a Chabrier IMF [Chabrier (2003)]. Note, that for the simulations
studied here, we sample the Chabrier IMF up to 100 M, but assume that everything down to
40 M is immediately returned as SN feedback at the moment of creation since their lifetime
(see equation (1.1)) is shorter than the temporal resolution of the simulation. Subsequently,
the mass of stellar particles reduces continuously since the more massive stars will return
most of it back to the hot gas phase through SNe, and simultaneously enrich the hot phase
ISM with metals. Details of the implementation can be found in Tornatore, Borgani, Dolag,
et al. (2007). Also coupled to the SFR feedback of the sub-grid model are stellar feedback
driven galactic winds which reach velocities of the order vyinq ~ 350 kms~! and help enrich
the inter galaxy medium (IGM) and intra cluster medium (ICM).

AGN feedback

Another feedback process, we will describe in more detail, comes from gas accretion onto
SMBHs. They are considered to be collisionless ”sink particles” that can grow in mass through
spherical accretion similar to equation (1.18). Additionally, a boost factor of fpoest = 100 is
chosen to enhance the accretion. Since the accretion flows are unresolved, BH growth can
only be inferred from the large scale gas distribution. After determining the accretion rate,
gas particles in the BHs vicinity are fractionally removed which means that a fraction of the
gas particle mass will be added to the BH particle. Only using a fraction of the gas instead of
the full mass [e.g. Springel, Di Matteo, et al. (2005)] allows for a more continuous description
since one gas particle can contribute to accretion more often. The corresponding radiated
luminosity can be estimated from the accretion rate using

L, =e.Mc?, (2.7)

with radiative efficiency €, = 0.1 according to accretion disc theory for a non-rapidly spin-
ning BH [Shakura and Sunyaev (1973) or see Maio et al. (2013) and references therein|, and
¢ the speed of light. This stems from equation (1.14) by assuming 8 = 1 and using three
Schwarzschild radii as the last stable inner orbit for a non-rotating BH R;,, = 3Rg = 6GM/c?.
The missing factors are then accounted for by €,. The rate of energy feedback to the sur-
rounding gas can be expressed as

Ef = EfETMCQ, (2.8)

with €7 as a free parameter typically set to 0.1 [Steinborn, Dolag, Hirschmann, et al. (2015)]
for the feedback efficiency. By monitoring the Eddington ratio feqq = M / M., 44 as a measure
for the accretion activity, we can decide whether the BH is in a quasar (feqq > 10_2) or
radio state (feqq < 1072). For the latter case, we increase the feedback efficiency in order
to account for AGN jets inflating hot bubbles in the ISM. Black hole growth can thus be
modelled by

AM = (1 —n)MAt, (2.9)

where 7 is the fraction of mass returned to the ISM.
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2.3 The photon simulator PHOX

Dealing with emission spectra in any spectral band, from gaseous an stellar components,
would require costly on-the-fly modelling of the emitting component. Additionally, the emis-
sion from these components would be changing during the course of the simulation. For this
reason, spectral modelling is mostly done as a post processing step using intrinsically stored
properties of the resolution elements. One such post processing approach was introduced
with the virtual X-ray observatory PHOX [Biffi, Dolag, Bohringer, et al. (2012)]. In order
to be able to compare results from X-ray observations of galaxy clusters, galaxy halos and
AGNs with output from numerical simulations, PHOX converts the self-consistently tracked
properties of eligible resolution elements (RE) in the simulation into photon data using ap-
propriate models. In this context, eligible means that the RE in question is able to produce
X-ray emission. While there are numerous approaches on how to extract those properties,
the novelty introduced in PHOX lies in the separation of the photon generation and the pro-
jection. Each step of a virtual observation can thus be carried out individually, requiring the
initial photon generation to be executed only once. In the following we will present the exact
approach PHOX uses in more detail. Figure 2.3 shows a flow chart illustrating the main units
of PHOX.

2.3.1 General code structure

This section and the description of PHOX units is mostly based on Biffi, Dolag, Béhringer,
et al. (2012). PHOX consists of a C code which makes use of the publicly available X-ray
package XSPEC [see Arnaud (1996)] to calculate model emission spectra. It further utilises
the external, auxiliary libraries GSL' and CFITSIO?. It is structured into three units where
each unit can be executed independently from the other components. The input for PHOX
is required to be the output of a hydrodynamical cosmological simulation. Every snapshot
of the simulation contains information about its redshift and embedded cosmology as well
as about intrinsic quantities of the tracked particles such as mass, density, position, velocity,
etc. Currently, PHOX is mostly tailored towards particle based-codes with SPH, in particular
the N-body/SPH code GADGET-2 [see Springel (2005)]). However, the very general ap-
proach can be adapted for grid-based simulations performed with Adaptive Mesh Refinement
codes like ART [see Kravtsov, Klypin, et al. (2002) and Kravtsov (1999)] or RAMSES(?7?).
Since PHOX will be able to produce model emission for the gaseous component [Biffi, Dolag,
Boéhringer, et al. (2012)], the AGN component [Biffi, Dolag, and Merloni (2018)] and the XRB
component [this work], we will refer to them as "resolution elements” (RE). The treatment
of the XRB component will be described in chapter 3.

Unit 1

The first crucial step is to convert the simulation data of a box of REs into a corresponding
box of photons, before applying any projections or integrating the emission along the line of
sight. This guarantees a high spatial and spectral precision taking into account the three-
dimensional structure of the REs. Depending on which model spectrum, energy range and the
corresponding number of channels for spectral binning is desired, the user can specify those
in an input parameter file. The chosen model will not be convolved with an instrumental
response at this point but with an identity matrix to allow for fine binning over a wide energy
band. Instead of using the redshift and associated angular-diameter distance D4 derived

!See http://www.gnu.org/s/gsl
2See http://heasarc.gsfc.nasa.gov /fitsio/
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from the simulation output, the user can specify a fiducial value D4 r;q instead, effectively
moving the simulation output to a different redshift. The main calculation performed in
this framework is to compute the emission associated to each component by successively
iterating over every RE, making the code naturally suitable for parallelization. The simulator
then populates the spectrum of each RE with a distribution of photons, without storing
every spectrum or building of spectral libraries. Specifically, a set number of N,; photons
are randomly drawn in a Monte-Carlo-like simulation according to a previously calculated
cumulative spectrum. The number of photons IV, is determined by the total counts expected
from the assumed spectral model (in units of photons/s/cm?), the collecting area Af;q and
observing time 7o, fiq, Which can be specified by the user as well, amounting to the relation

Nph o< Afiq X Tobs, fid - (2.10)

The resulting photons are therefore characterised by energy (in the emitting element rest-
frame), position and velocity, where the position and velocity are the same as for the RE the
photons belong to. This allows for a convenient method of storing the photon data, namely
using packages. Since the position and velocity of each RE need only be saved once, a separate
file containing all photon energies w.r.t the corresponding RE can be stored. Furthermore,
redundant REs, which don’t emit photons, are not stored in those package files. Ideally, the
fiducial values Af;q and 7o, rig have to be assumed in such a way that the spectra are largely
over-sampled in order to permit a dramatic reduction in photon number after applying geo-
metrical selection, projection and instrumental response in the following units. Finally, from
the box of resolution elements of the simulation, unit 1 creates a box of photons of the same
size.

Unit 2

This unit takes the output of unit 1 and applies the geometry of the observation to be
simulated. Specifically, a user-specified parameter file can be used to select sub-regions of the
photon cube, a line of sight (l.0.s.) direction, real collecting area A and time 7},5 for the mock
observation. The photons which do not geometrically belong to the specified region (usually
a cylindrical shape) will be discarded. The remaining ones inside the region of interest will
be corrected for the Doppler-Shift caused by the velocity component of the original RE in
the l.o.s. direction v .. The correction from the emitted to the observed frame is expressed

as
/[1-5
E%s = Eom 2.11
ph ph 1 +/B ) ( )

where 8 = v),5 /c and ¢ the speed of light. Additionally, the sample of obtained photons
has to be further filtered according to the specified collecting area A and exposure time Tops.
The appropriate re-scaling factor f is then calculated with

2
A Tobs % DA,fid

f (2.12)

= )
Afid Tobs, fid 2

and by assuming it as a probability for each photon to be actually observed. This also
accounts for the possibility to re-scale the number of observable photons, in case the angular
diameter distance D4 differs from the fiducial value in unit 1, effectively allowing for changes
in the observed redshift post-process. All photons coming from a single element will be
redistributed according to a radial Gaussian with o, of a fraction of the RE’s smoothing
length. Note, that unit 2 acts independently from unit 1 and does no longer require the
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original input used for unit 1. As such, changes in the specifications regarding the mock
observation can be included easily which allows the study of the same source from many
different line of sights as the original photon cube remains unchanged. 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 simulate a specific X-ray satellite.

Unit 3

In the last unit 3, the mock observation is completed by considering a real telescope. Technical
characteristics of a specific instrument are defined by the redistribution matrix (RMF) and
the ancillary response file (ARF). Convolution of the photon list 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. In general, the RMF
and ARF are provided by the user and are not predetermined by unit 3. Special care has to be
taken for the normalization of the effective area defined in the ARF, w.r.t. the effective area
assumed during the projection phase in unit 2 in order to avoid unphysical overabundance of
observed photons.

2.3.2 Emission model for hot gas

The gaseous component in cosmological simulations is typically described by thermody-
namical properties, such as density, temperature and metallicity. We can derive a thermal
Bremsstrahlung continuum from the density and temperature of the gas, which is used to
describe the hot plasma in the ICM of galaxy clusters. The metallicity is used to additionally
include emission lines from heavy ions. The continuum takes the form

327ed 27 hv
err(v) <3mek3>gff(Z,T; v) Z2neniexp{— (ijT)}’ (2.13)

3c3me

where e is the electric charge, m. is the mass of the electron, ¢ the speed of light, kg the
Boltzmann constant, Z the charge of the ion partaking in the interaction, T the plasma or
hot gas temperature, which in the case of galaxy clusters can be inferred from their mass and
vice versa, n. the electron number density, n; the ion number density, i is Planck’s constant
(only here) and gf¢(Z,T;v) =~ 1 is the Gaunt factor, usually of order unity. Using databases
for atomic energy level transitions, either a MEKAL [Mewe et al. (1985), Kaastra and Mewe
(1993), and Liedahl et al. (1995)] or an APEC [Smith et al. (2001)] single-temperature, thermal
emission model for hot plasma can be calculated using XSPEC. Additionally, an absorption
component given by the WABS model [Morrison and McCammon (1983)] can be included.
Depending on the aims of the conducted observations, the emission model can be adapted to
accommodate a detailed description of metal abundances tracked by the simulation’s chemical
enrichment (using VMEKAL or VAPEC). In this work we will make use of those descriptions to
also model the hot gaseous components of single galaxies, namely their halos and the ISM.

2.3.3 Emission model for AGN

For the description of AGN treatment in PHOX we will follow Biffi, Dolag, and Merloni
(2018) and references therein. The standard approach to estimate the bolometric luminosity
of accreting BHs was introduced in equation (2.7). By measuring the accretion rate M in units
of the Eddington accretion rate (see eq. (1.22)), we can define a dimensionless parameter,
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i.e. the BH accretion rate (BHAR)

M
BHAR = ——, (2.14)
Meaa

which can be used to differentiate between the quasar (BHAR > 0.1)) and radio regime
(BHAR < 0.1)) of the AGN. Following Churazov et al. (2005), the resulting AGN luminosity
can then be expressed as

e <10MM ) Jif BHAR > 0.1
L, e
- A/ (2.15)
Leaqa M .
e | 10— ,if BHAR < 0.1
Meqq

which we note uses different accretion ratios (feqq = BHAR) from the prescription used in
determining the AGN feedback in Magneticum (see sec. 2.2). As it turns out, the recon-
structed bolometric luminosity functions, using data from Hopkins et al. (2007), do only
weakly depend on the employed estimation. We therefore adopt the standard estimation
as in equation (2.7). Using the third-degree polynomial bolometric corrections presented in
Marconi et al. (2004), we can convert the bolometric luminosities into X-ray luminosities of
the soft X-ray band (SXR: 0.5 — 2 keV) and the hard X-ray band (HXR: 2 — 10 keV) with

L
log < LHXR> = —1.54 — 0.24£ — 0.012£% + 0.0015L3 , (2.16)
bol
L
log | =R ) = —1.65 — 0.22£ — 0.012£2 + 0.0015£%, (2.17)
L
bol

where £ = log (Lyo1/Le)—12 derived for the luminosity range 8.5 < log (Lnel/Le) < 13. This
choice is motivated by the fact that these corrections were derived from redshift-independent
template spectra which are closer to the intrinsic AGN luminosity and theoretical estimates
of Ly from simulations. Assuming an intrinsic power-law spectrum of the form E~%, with
photon index « in the range of 1.4-2.8 with a Gaussian distribution peaked at ~ 1.9 — 2.0, for
every AGN, we model the AGN spectrum in PHOX according to a single, redshifted power
law

A(B) = [K(1+ 2)][B( + )] (1iz> , (2.18)

=K[E(1+2)]%, (2.19)
with K as the normalization of the observed spectrum and z for the redshift. Using eq. (2.18)
we can calculate the luminosity in the SXR and HXR band in the object’s restframe with
2/(1+z)
Loxn = F / K[E(1+ 2)|°EdE,

0.5/(1+2)
10/(142) (2.20)

Lgxg = F / K[E(l + Z)]_aEdE,

2/(1+2)

with Lgxr and Lpxgr estimated from equations (2.17) and (2.16) and F as the conversion
factor from flux to luminosity (includes distance to source). Additionally, a Gaussian scatter
of 0 = 0.1 is added on top of both Lgxr and Lyxr. We can obtain K and « by solving
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ICM + AGN

Figure 2.2: eROSITA mock observation of a galaxy cluster at redshift z = 0.1 illus-
trating the effects of AGN contamination.

the system of equations (2.20) and use them to calculate the AGN spectrum according to
the zpowerlw using XPSEC. PHOX applies this procedure using the intrinsic properties of
BH particles of simulations and additionally selects intrinsic absorption coefficients randomly
from the distribution presented in Buchner et al. (2014) to account for an obscuring torus
using the zwabs model. The total spectrum of a BH particle is then computed following the
model

wabs X zwabs X zpowerlw, (2.21)

where wabs is the galactic foreground absorption. A eROSITA mock observation of the AGN
contamination in galaxy clusters can be seen in figure 2.2.
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Figure 2.3: Flow chart illustrating the main units of PHOX. The dashed box stands
for the possibility to use external software designed to simulate observations of a certain
X-ray telescope in conjunction with the output of PHOX unit 2. Graphic directly taken
from Biffi, Dolag, Bohringer, et al. (2012).
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Chapter 3

Emission modelling of synthetic
XRB populations

In this chapter we will present the procedure to obtain luminosities and spectra for XRBs
as a newly added feature in PHOX first unit. We will base the emission model on quantities
characterizing the stellar component within the simulation, namely mass, age and IMF. The
approach closely follows the implementation for the AGN model, we will however provide
some more details on the model specifics.

3.1 MC sampling of empirical model

While we were able to calculate estimates for the X-ray luminosities of AGN from their intrin-
sic properties (see egs. (2.15)-(2.17)), we do not posses direct information of individual stars
represented by a stellar element. In a cosmological framework, stellar elements constitute a
SSP, which are statistically evolved during the duration of the simulation. Therefore, we need
to devise accurate methods, in order to be able to extract information about a theoretical
XRB population within the stellar element. One possible approach uses binary population
synthesis models. It works by using galactic scaling relations of the two XRB types, as well
as the star formation history (SFH) and metallicity evolution of the universe as inferred
from cosmological simulations. One such approach is presented in Fragos, Lehmer, Trem-
mel, et al. (2013) where they use the binary population synthesis code StarTrack Belczynski
et al. (2008), semi-analytic galaxy catalogs by Guo et al. (2011), the SFH and metallicity
evolution from the MILLENTUM II simulation Boylan-Kolchin et al. (2009) and local galaxy
X-ray properties and scaling relations regarding galactic stellar mass and SFR. They find that
HMXB dominate the emission for the first 100 Myr of a galaxy after a star formation event
and LMXB overtake after 1 Gyr. Also, HMXB emission peaks slightly before the (z ~ 3.9)
peak of star formation (z ~ 3.1) in cosmic evolution. Their model is, however, in significant
tension with age observations of local elliptical galaxies [Boroson et al. (2011)]. As old stellar
populations are dominated by LMXB emission, they under-predict the almost flat correlation
with time presented in Boroson et al. (2011). They attribute this tension to their model not
accounting for dynamically formed LMXB in GC and to age estimations of young elliptical
galaxies potentially being problematic.

An attempt to circumvent this tension is to abandon theoretical predictions of binary synthe-
sis models and focus only on observational evidence. In particular, the luminosity functions
presented in chapter 1 are well suited for this endeavor because they provide a global view
on the XRB populations in local galaxies following empirical scaling relations, and can be
linked to globally available quantities of the stellar components in the simulations, such as
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mass and SFR.
In order to turn LFs into an appropriate tool to assign luminosities to a XRB, we present
the following general procedure, suitable for both types of XRBs:

e we integrate the differential LFs presented in egs. (1.8) and (1.9), by assuming a lower
luminosity limit Ly, to obtain an analytic expression for the expected total number
of XRBs of the given type in units of SFR or stellar mass, above Ly

dN
No= N(> Lun) = / ar, (3.1)
Lmin

e we break eq. (3.1) at Ly, and construct a monotonous pseudo cumulative-density-
function (CDF) by re-normalisation and inversion of the original equation

N(> L)

C(>L)=1- Ny

(3.2)

with C' € [0,1] and L € [Lyin, Leut)

e similar to the spectral sampling in PHOX unit 1, we can now use a Monte-Carlo like
approach to assign luminosities to a single XRB using eq. (3.2). Assuming a uniformly
distributed random number p € [0, 1], we can find the luminosity L at which p = C(>
L). In the context of actual code, we have to consider the discrete nature of the problem.
The random number p thus falls into a certain bin of [C, C2] and consequently into a
luminosity range [L1, Lo] with Cy 2 = C(> L1 2) and L1 < Ly. We then have to apply
corrections based on the position of p; with respect to the bin limits to get the true
corresponding luminosity

p—Ch

L=1L+AL AC

(3.3)
with AC == 02 - Cl and AL = LQ - Ll.

Note, that equation (3.2) is scale invariant, meaning that the normalisation of the underlying
XLF's do not change the shape of the pseudo CDF. Instead, the scaling relations control the
number of expected XRBs N, per galaxy. Here, N = Ny x A, where A represents the scaling.
Consider a galaxy with SFR = 1 M, yr~!, we would thus expect Ny HMXBs above L, in
that galaxy according to eq. (3.1), since the XLF for HMXBs is normalized to unit SFR. If
the galaxy had SFR = 2 M, yr~! instead, we would thus expect N{) = Ny x 2 HMXBs in that
galaxy, assuming a linear scaling of the XLF with SFR. This means, that, in order to populate
an entire galaxy with XRBs, we can draw a set p; € [0, 1] of N{) uniformly distributed random
numbers and use equation (3.3) to generate a population of N XRBs distributed according
to the respective XLF. The resulting raw LF for that galaxy, would be shifted along the
N(> L) axis w.r.t. the N(> L)-L plane of the XLF, if N # Ny, but can be easily re-scaled
to the original XLF using the underlying relation.

Figure 3.1 presents a visualisation of the procedure presented above. The left panel shows the
analytic solution of the XLF for both XRB types. The coloured lines are the reconstructed
LF for a XRB population of each type. The population size was set to Ny which means
that Ny is the next integer number for L;,;,. In the LMXB case (orange) Ny = 297 and in
the HMXB case (blue) Ny = 48 with Ny after equation (3.1) and both XLFs following the
parameter definition in table 1.2 and L,,;, = 103 ergs™!. The LFs were reconstructed by
counting how many XRB in the population have a luminosity greater than a certain value.
The two right panels show the analytic pseudo CDF calculated according to eq. (3.2) for
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Figure 3.1: Illustration of the luminosity sampling of the cumulative XLF's derived from
equations (1.8) and (1.9). The left panel shows the two analytic solutions for HMXBs
(solid black) and LMXBs (dashed black). The coloured lines are the reconstructed XLFs
by directly counting the number of XRBs above a certain luminosity from an initial
sample of Ny 1, = 279 LMXBs (orange) and Ny g = 48 HMXBs (blue). Ly, was set
to 103%ergs~—t. The two right panels show the corresponding pseudo CDFs (solid black)
following eq. (3.2). The red crosses indicate the position of a single drawn sample point
(pi, L;) from eq. (3.3) with respect to the CDF.

both XRB types. The over-plotted red symbols (+’ signs) represent the discrete distribution
of the respective XRB population: each symbol shows the random number p; together with
its assigned luminosity, calculated according to eq. (3.3). We note that the assignment of
luminosities is perfectly aligned with the CDF of the respective XRB type. This shows that
our approach is able to accurately sample the CDF and produces XRB populations according
to the desired XLF's. The deviation of the reconstructed LF from the analytic model is caused
by the discrete sampling of the XLFs with a limited number of points. This choice of under-
sampling the luminosity function is deliberate as it reflects the actual behaviour seen in
observations. Using this approach, we do not gain information about the spatial distribution
of the XRB population inside the galaxy.

3.2 Determining the population size from particle quantities

Cosmological simulations pose a limiting factor on the sampling approach presented in section
3.1, since they primarily display a representation of the spatial distribution of different matter
components following idealized physical laws. Therefore, structures like galaxies or clusters
of galaxies have to be identified from matter over-densities within a certain volume of the
simulation post-process [see Dolag, Borgani, Murante, et al. (2009) for a description of the
subfind algorithm|. Using the estimated properties of the halos defined by this scheme one
would be able to estimate the XRB population size but not its spatial distribution within the
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halo. This is were PHOX main principle becomes valuable: since we replace the simulation
box with a corresponding box of photons, where each photon is associated to a single RE,
the distribution of the XRB population should then emerge as a natural consequence of the
grouping of stellar REs. We therefore loop over every stellar RE and need to decide which
of them are eligible to host a certain type of XRB. We decide this using the age and mass of
the stellar RE and make use of the fact that stellar REs are SSPs.

The age of the RE is stored as the age of the simulation at which the element was born.
By comparing it to current age of the snapshot being processed, we can calculate, using the
intrinsic cosmology, how old the particle is. From life-time estimates in chapter 1 for binary
evolution and the specifics of star formation within the simulation (see section 2.2), we can
assign a specific XRB type to a certain age of the RE. In our case we chose to assign HMXBs
to stellar ages in the range of

5Myr < tg < 100 Myr,

and LMXBs when the stellar age is in the range
tr > 1Gyr,

which is also in line with time estimates from Fragos, Lehmer, Tremmel, et al. (2013). In this
way we do not have to deal with RE hosting both types of binaries which also enables a clear
separation of the two emission components in PHOX where we implemented the possibility
to switch off one of the two binary types for the photon simulation. In order to determine
the population size for each eligible element, we assume that the scaling relations, derived
from local galaxies, hold for the mass resolution of the stellar elements. This is a rather bold
assumption, considering there is no generality in the scaling relations for low masses. It is,
however, justified in the sense that by segmenting the total mass of a galaxy into smaller
chunks, we still capture the total XRB population residing in the galaxy. Even though each
chunk will have a lower number of sample points compared to the whole galaxy, the stochastic
nature of the approach assures the reconstruction of the original XLF by combining chunks
back together. Granted, deviations still occur from the stochastic construction itself as we
will demonstrate in chapter 4. Note, that at the mass resolution of individual stars, this
scheme would fail since elements are no longer represented by a SSP and need to be tracked
individually. In the following we will refer to stellar REs elements associated with LMXB as
LMXB element and HMXB element for the HMXB case. If the size of a XRB population
per element is greater than 1, we sum over the individual luminosities of the population and
take the resulting total luminosity as the value for the emitting element.

3.2.1 Mass proportionality of the LM XB population

A straight forward method to determine the population size for a LMXB element is to take
its current mass m, and use it to determine N(’)’L from the stellar mass scaling relation for
LMXB in local galaxies. From the normalisation K; of the LMXB XLF (see eq. (1.9)) we
know that the number of LMXBs scales with the stellar mass in units of 10! M. Thus, we
get the relation

m

. 3.4

!/
NO,L - NO’L X

where we have to keep in mind that m, is given in code units and has to be converted to
physical units. Moreover, we need to handle the fact that N{ is not a integer number. We
can write

Nop = [Nop) +a, (3.5)
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where {N(I),LJ is the floored value of N(/),L representing the integer number part and ¢ € [0, 1]

is the decimal value of N/ ;. The floored whole number determines how often we have to
sample from the XLF at léast, while ¢ stochastically determines whether to sample for an
additional XRB or not. We do this also in a probabilistic way by drawing a uniformly
distributed random number py, € [0, 1]. If ¢ < pr, no additional XRB will be sampled. With
that we assure that we do not consistently under-represent the true number of XRBs in the
population. As a reference, assuming a stellar particle mass m, = 1.8 - 105M, for Boxj of
Magneticum, we would expect

Njy, =279.22 x 1.8-107° ~ 0.005

LMXBs above Ly, = 10%6ergs™!. This means that 1 in 200 stellar elements with an age
tr, > 1 Gyr will get one LMXB with a luminosity of at least 1036 ergs™1.

3.2.2 Formation efficiency of HMXBs as a SFR proxy

For the determination of the population size for a HMXB element, we adopt an approach
similar to the one presented in section 3.2.1. Namely, we assume a linear scaling of the XLF
normalization of HMXBs with the star formation rate £ x SFR from equation (1.8). The
population size N(’)’H can then be calculated with

N}y = Nowu x SFR. (3.6)

But, we recall that for cosmological simulations the star formation rate is defined as the
rate at which a gas element is currently forming stars (see section 2.2), so that, pure stellar
elements in the simulation hold no information about their previous star formation history as
they are created instantaneously. On the other hand, if we estimated the SFR as the stellar
mass created during the last 100 Myr, the SFR would only be globally accurate for a halo-
sized object. Since we don’t want to assign a global value for the SFR to HMXB elements in a
predefined region of the simulation, but rather favour using intrinsic properties of the stellar
elements, we have to instead find a suitable estimator for the SFR to be assigned to every
stellar element. In Shtykovskiy and Gilfanov (2007),2005 the authors present a study on
the HMXB population within the Small Magellanic Cloud. They reconstructed the spatially
resolved SFH of the dwarf galaxy and used it to constrain the formation efficiency nmxs(t)
of HMXBs given the time ¢ past a star formation event. It is defined as

Nuxs

navxs(t) = M(>8My) ' (3.7)

where ¢ is the time past since the star formation event, Nixp(s) is the number of HMXB that
formed, and M (> 8 M) is the total mass of the stars more massive than 8 M. They also
directly relate the formation efficiency to the HMXB XLF normalization presented in Grimm
et al. (2003) via

N(L > Ly

which makes the connection between the SFR and the stellar mass formed in massive stars.
In figure 3.2 we show the formation efficiency of HMXBs together with the age limits imposed
on the HMXB elements to be eligible. By assuming a constant formation efficiency of

nevxe = 3- 1077 MG,
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which is the bin weighted average of the efficiency based on the values seen in figure 3.2. We
can simply get the expected size of the HMXB population for a single element using its initial
mass m; at creation

ng,H = NHMXB X M; X ,U,(> 8M@), (39)

where (> 8 M) is the fraction of massive stars as derived from a mass normalized IMF. In
the case of Magneticum Boz4, we have a mass normalized Chabrier IMF [Chabrier (2003)]
of the form

0.241367m =23, 1.0 Mg < m < 100 Mg,
&(m) =< 0.241367Tm~ 18, 0.5My <m < 1.0 Mg (3.10)
0.497056 m~2, 0.1 My < m < 0.5 Mg

which yields u(> 8 M) ~ 0.229. Additionally, we have to set Ly, = 103 ergs™! in order to
keep the efficiency parameter consistent, since Shtykovskiy and Gilfanov (2007) use HMXB
data with the same limit. Using the same example as in section 3.2.1 with m; = 1.8- 105 M,
we get
N(’)’H ~ 12.36

as the population size for a HMXB element. With the same probabilistic approach as in
the LMXB case to sample for an additional HMXB, we take a uniformly distributed random
number py € [0, 1] and compare it to the decimal number part g of Né,H- This means for the
example presented here, that 36% of stellar elements with an age 5Myr < t7 < 5Myr will get
13 HMXBs and the remaining 64% will get 12 HMXBs of at least Ly, = 1034 ergs™! in both
cases. We use the initial mass of the stellar element in order to account for all massive stars
that were initially born with the RE. We assumed a constant value for the efficiency nuvxs
because we initially intended to use it as a test case for a suitable SFR proxy. Note that this
HMXB population of ~ 12 is attributed to a single stellar element. Prompted by the success
of the test cases we did not adapt the model to a finer time binning also due to the large
error bars of nmyxp presented in figure 12 of Shtykovskiy and Gilfanov (2007) where they
plot nmvxs as a function of time past a star-formation event.

3.2.3 Assigning spectral parameters

After assigning a total luminosity to each XRB element, drawn from the population size
according to the respective LF's, we need to determine the spectral parameters for the emitting
elements. In analogy to the AGN model, also for XRBs we model the spectral shape as a
simple redshifted power law according to equation (2.18). Following the reasoning presented
in section 2.1, we assume that the XRB power-law slope is well represented with photon
indeces I';, = 1.7 for LMXBs and I'y = 2 for HMXBs, in line with theoretical assumptions
for typical XRBs presented in section 1.3. The respective luminosity functions both report
luminosities within the 0.5 — 8 keV band. From that, we calculate power law normalizatiosn
K at 1keV with
8/(1+=2)
Ligw=K-F / T pdE, (3.11)
0.5/(1+z)

where F = 47?1)% x KEV_TO_ERG is the conversion factor between flux and luminosity with
KEV_TO_ERG = 1.602 - 107 ergkeV~! and Dy = (1 + 2)? D4 is the luminosity distance. In
general, we get for I' # 2 that

_ Lit(2-T)(1+2)?
© F(8(-T) — 0.52-1))

(3.12)
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Figure 3.2: Age distribution of stellar particles for the 500 most massive halos in
Bozj of Magneticum. The dashed vertical lines at 5, 100 and 1000 Myr mark the age
boundaries used to determine the eligibility of a stellar element to host a XRB component.
The reds histogram shows the distribution of rejected stellar ages. The blue histograms
shows the distribution of elements fulfilling the age conditions 5 Myr < ¢ty < 100 Myr and
tr, > 1 Gyr. Ng is the number of stellar elements per age bin. The green histogram shows
the formation efficiency numxp(t) of HMXBs from Shtykovskiy and Gilfanov (2007).

Number fractions are given in table 3.1.

In order to save computation time, it is more convenient to build a template spectrum using
a normalization of K = 1 for our simple case. The individual spectra are then just scaled
versions of the template using K from equation (3.12). If we decide to implement a more
sophisticated model, we have to eventually return to calculating the spectrum for each el-
ement individually again. We also include a galactic foreground absorption using the wabs
model incorporated in XSPEC. Furthermore, we reserve the possibility to also have an intrinsic
absorption component for XRB accounting for heavily absorbed systems. We set the intrinsic
absorption coefficient to 0 for now, as it is not clear what the fraction of those intrinsically
absorbed systems is. The total spectral model adopted for XSPEC then reads

wabs X zpowerlw.

The photon simulation then follows the steps described in section 2.3 on unit 1.

NuxB/Niot | NLxB/Niot

N, inel / N, tot

N(< 5Myr)/Nuxs

0.08% 99.21%

0.79%

3.89%

Table 3.1: Number fractions of eligible and ineligible XRB elements based on figure

3.2.

(3.13)
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Chapter 4

Analyzing spectra of simulated
galaxies

In this chapter, we will present our findings concerning the composition of synthetic X-ray
spectra of simulated galaxies from Magneticum using all emission components implemented
in PHOX. The structure of this chapter is as follow: in the first section we describe the data
sets and the specifics for data retrieval. Section 4.2.2 then deals with the recovery of empirical
scaling relations and luminosity functions of simulated galaxies using data from Magneticum
Box4/uhr. In section 4.3 we analyze the emission ratio between XRB emission and the other
two X-ray components as well as between the two distinct XRB components for a larger set
of simulated galaxies from Magneticum Boxj/uhr. In section 4.4 we study the dependence of
the relative XRB contribution using different galactic properties, in particular SFR, stellar
mass and Hubble type. Finally, in section 4.5 we construct a lightcone from z ~ 0 to z ~ 2
using data from Magneticum Box2/hr and analyze the composition of the resulting X-ray
background.

4.1 The data

For our analysis, we use two different sets of galaxies extracted from Magneticum Box4/uhr
at a redshift of z = 0.066 using an updated version of the subfind algorithm [Dolag, Borgani,
Murante, et al. (2009)]:

1. Set 1 is a smaller set of halos, consisting of N, = 308 galaxies which were classified
as 135 late-type galaxies (LTG) and 173 early-type galaxies (ETG) using their b-value
[see Teklu et al. (2015)] with a stellar mass range of 1- 10" M to 8 - 10 M.

2. Set 2 is a large set of halos, consisting of N, = 1420 galaxies in a stellar mass range of
9-10° Mg and 3 - 10'2 M,

3. Set 3 consists of N, = 584 of varying morphologies of which Set 1 is a subset. This
set was only used to produce figure 4.8.

The simulation employed, Box// uhr, comprises a cosmological volume of (48 Mpc/h)3 with
the same number of dark matter and gas particles, 5763, respectively. Each dark matter
particle has a constant mass of mpys = 3.6- 107 M, and gas particles have a starting mass of
Mgas = 1.3 108 M. We applied PHOX unit 1 for each emission component to the simulation
output using fiducial values for the observing time of 7,ps = 10%s and the effective area
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Apig = 103 cm? assuming a constant galactic foreground column density of Ny = 102° ecm™2.

The spectra were generated in the energy range of Ei;, = 0.05keV and En.x = 50.1keV
using 5-10% energy channels. Gas emission was calculated using the APEC model with varying
metallicity among gas particles. AGN emission was calculated using the standard bolometric
luminosity estimator (see equation (2.7)) and XRB emission was calculated by simultaneously
producing photons for each binary type with lower luminosity limit Lﬁ[m = 103 ergs™! for
HMXBs and Ll[gm = 10% ergs—! for LMXBs. For section 4.2 and figure 4.8 we produced the
emission for the two binary types separately and artificially reduced D4 f;q from ~ 337 Mpc
to ~ 43 Mpc for better photon statistics. The rest of this chapter combined both XRB types

into a single emission profile.

We then projected the photon data for each galaxy of our data sets using PHOX unit 2 where
we kept observing time 7,1, effective area A and angular distance D 4 the same as their fiducial
values from unit 1. The projected cylindrical volume was set to be the 711“%500 X 279500, Where
ro500 is the radius within which the halo over-density is 2500 times higher than the critical
density of the universe at the given redshift. The resulting files retain the structure of the
photon packages, namely that energy and position of each photon is derived from its original
particle. Note, that the projection also applies a Gaussian scatter to the photon positions
using the smoothing length of the original particle. From this point on, we will refer to the
photon projection of the simulated galaxies when talking about ’galaxies’. We also remind
that, for the purpose of the current study, we never employ PHOX unit 3 for any of our
analysis, so we are always considering raw unfolded spectra without including any specific
telescope response.

4.2 Recovering empirical Relations

In this section we will present our results obtained from recovering observationally constrained
scaling relations of galaxies.

4.2.1 Luminosity Functions

In order to reconstruct the luminosity functions of simulated galaxies from the projected
photon data, we have to count, how many XRBs of which type and of which luminosity
there are in each galaxy. Therefore, we make use of the package structure where photons
belonging to a single simulation particle are stored in ascending order. This means that
when the following photon energy is smaller than the current photon energy, a new photon
package, i.e. the emission for a new XRB, has started. Note, that this approach may be
inaccurate for low photon statistics where consecutive photons might be in ascending order
by chance alone. We apply this scheme to all our galaxies and calculate the luminosity for
each photon package in the energy band of 0.5 — 8keV in order to be consistent with the
observationally derived XLFs in the same band. We summarize our reconstruction process
in figure 4.1, where we show SFR and M, normalized cumulative luminosity functions of Set
1. Star-formation rate and stellar mass were derived from halo properties. The blue shaded
area represents a density map for the underlying analytic model. It was created by randomly
computing 10000 variants of the analytic model based on the model parameter uncertainties
presented in table 1.2. Thus, the map emulates a measure of the expected model uncertainty.
Contour levels were chosen to contain (from darker to lighter color) 68%, 90% and 95% of
variants. We want to emphasize that we do not include any parameter scatter when creating
the XRB emission through PHOX unit 1. The scatter of the magenta lines in 4.1 is purely a
result of the stochastic process with which XRBs are assigned to stellar RE.
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While the reconstructed LMXB luminosity functions are in good agreement with the analytic
model and are within the estimated uncertainty for luminosities L > 5 - 1036 ergs™!, we see
gradual flattening of the reconstructed XLF below for L < 5- 103 ergs™!. This results in a
difference of 0.2—0.3 dex between the analytic model and the bulk of reconstructed LMXB LFs
for lower luminosities. The scatter of the reconstructed LMXB LFs does not exceed 0.2 dex.
This flattening is seen more clearly in the HMXB case where below L = 5- 1036 ergs™! the
majority of LFs are flat. The resulting difference is hard to estimate given the generally
strong scatter of more than an order of magnitude for the HMXB luminosity functions. The
difference is at least 0.5 dex between the flat part of the bulk of HMXB LFs and the analytic

model.

We suggest that the flattening of reconstructed LFs below luminosities of L = 5-1036 ergs~! is

connected to our photon generation, in particular to the spectrum discretization and to poor
photon statistics. Multiplying equation (3.12) with observing time 7ops = 10 and effective
area A = 10% and total luminosity L = 5-10%0 ergs™!, we get an expected number of photons
of ~ 4.3. Naturally, lower total luminosities per XRB element would lead to less expected
photons, which in our case should yield no photons for luminosities L < 1 - 10%¢ergs™!,
keeping in mind that the photon simulation is also based on a stochastic approach.

Even though the strong scatter of the reconstructed HMXB XLFs is still in line with the model
intrinsic uncertainties, the relation should be tighter for a well constrained star-formation
proxy. By observing that most LFs have the expected analytic slope but are shifted along the
y-axis, we infer that the SFR rate for those outliers is caused by differences between the halo
SFR and our SFR estimate. One possible explanation would be that by assuming a constant
formation efficiency nuymxp we give more weight to older stellar REs while the halo SFR
changed drastically during that time and no longer reflects the SFR implicated by nuvxs-
We also find that scaling relation recovered from the total HXMB luminosity appear to follow
a non-linear relation (see figure 4.3) potentially influencing the linear scaling. Furthermore,
we assumed a static fraction of massive stars implied by the IMF, which may influence the
resulting SFR proxy in both directions. In section 4.2.2, we will show however, that this
scatter can be entirely explained by small sample sizes.

4.2.2 Mass & SFR relation

In this section we compute the total X-ray luminosity coming from XRBs for each galaxy
in Set 1 with lower D4 and separated XRB component and compare them to their under-
lying observationally constrained scaling relations. The total X-ray luminosity of LMXBs
is computed by summing over all LMXBs in the host galaxy which have a luminosity
L > 5-10%ergs™!, following the same analysis in Zhang, Gilfanov, and Bogdan (2012).
In figure 4.2 we show the total X-ray luminosity of LMXBs in each galaxy as a function
of its stellar mass (red symbols). Additionally we show the expected linear scaling relation
from Zhang, Gilfanov, and Bogdén (2012) as a black line together with the 1-o error bar
shaded in grey. The green dots represent a sample of simulated XRB populations. In par-
ticular, the simulated XRB elements were created by randomly drawing stellar masses for
the normalisation of the LMXB XLF, effectively producing populations of LMXB with dif-
ferent sizes || (see section 3.2.1) which we sample according to their LF. From the stellar
mass, we sampled the pseudo CDF in the same way as implemented in PHOX unit 1 and
determined the total luminosity of the simulated population. Both the PHOX data set and
the simulated one follow the expected relation with great accuracy. Only in the low stellar
mass regimes we observe stronger scatter of the relation which is to be expected from lower
sample sizes. The slight underestimation of the expected relation is due to the flattening of
the recovered XLFs. In contrast to the neatly fitting relation for LMXBs stands the SFR
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Figure 4.1: Reconstructed cumulative Luminosity Functions (magenta) using Set 1.
The dashed black line indicates the analytic model for HMXBs (left panel) and LMXBs
(right panel) using parameters from table 1.2, respectively. The LFs were normalized by
SFR in the HMXB case and stellar mass in the LMXB case, both quantities derived from
halo properties. The blue shaded area is a density map constructed from 10000 analytic
XLF variants, from randomly assigning parameters with uncertainties given in table 1.2.
From darker to lighter shades, contour levels were chosen to contain 68%, 90% and 95%
of variants.
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Figure 4.2: Mass relation of the total X-ray luminosity of a galaxy, originating only
from LMXB emission. The total luminosity is calculated by summation of the 0.5 —8 keV
luminosity of each LMXB with L > 5- 1037 ergs™! in the galaxy. Depicted here, is Set
1 (red) together with a sample of 2000 simulated XRB populations (green). The black
line is the expected theoretical relation based on Zhang, Gilfanov, and Bogddn (2012).
The shaded area (grey) is the 1-o error of the solid black line.
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relation for the total HMXB luminosity of our Set 1 in figure 4.3. The total luminosity is
calculated from all HMXBs in the galaxy with L > 103 ergs~!. Similar to the LMXB case,
we show the empirical relation from Mineo et al. (2012a) as the solid black line with the 1-o
level as the shaded area. The PHOX data is indicated by blue symbols and a set simulated
HMXB populations, where we randomly choose SFRs for the HMXB XLF normalization, is
displayed in green. We immediately notice that our data set is in strong tension to the scaling
relation of Mineo et al. (2012a), seemingly following a non-linear SFR scaling. We calculated
the scaling relation expected from integrating the underlying model in PHOX which is shown
as the dash-dotted line and based the simulated green dots on the model in PHOX as well.
For reference, we also show the scaling relation calculated for an alternative definition of
the luminosity function for HMXBs from Mineo et al. (2012a) which appears to be in better
agreement with the empirical relation. We observe that 1) the scaling relation expected from
PHOX is clearly different from the empirical one in Mineo et al. (2012a), and 2) the simulated
XRB population perfectly matches the distribution of the real data.

The latter clearly excludes badly constrained halo SFRs as a possible origin since both the
PHOX and simulated data seem to show the same behaviour. We attribute this scatter to
low number statistics. As Mineo et al. (2012a) put it themselves, the total X-ray luminosity
is dominated by the low luminosity end of the LFs for small sample sizes. The apparent
non-linear relation is thus only an artifact of preferentially sampling lower luminosities. The
relation is much tighter and more symmetric for large SFRs. The reason that the stellar mass
relation appears more constrained is due to the fact that for luminosities L > 103° ergs™!,
the cumulative XLF for LMXB has more than thrice the number of sources than the HMXB
counterpart (see 4.1) thus also more than thrice the number of sampling points. And since
the luminosity regimes, at which the HMXB XLF would be bigger than the LMXB one, are
obscured through XLF flattening, the HMXB relation suffers from overall poor statistics.
This also explains the behaviour seen in figure 4.1. Note, that the empirical SFR relation
in Mineo et al. (2012a) does not experience the same scattering behaviour which is caused
by them selecting only galaxies which have a sufficient number count above their detection
limit, and overall good number statistics.

4.2.3 Spatial distribution of XRB emission

This section is dedicated to a crude spatial analysis of XRB emission. We will present
a poster-child disk galaxy from Set 1 and show the spatial conformance of the projected
XRB component with star-formation regions, the gas surface-density and the stellar age
distribution. The poster-child disk galaxy has FSUB-ID 13633 (F-13), a SFR of 8.34 Mg yr—!
and stellar mass of 2.73- 10! M. In figure 4.4 we show the raw LMXB (red 2D histograms)
and HMXB (green 2D histograms) photon count of F-13 where we chose arbitrary contour
levels for illustrative purposes. Darker colours mean a higher photon count. The LMXB
emission is concentrated at the center of F-15 with some patches towards the outskirts,
though with lower photon count. The HMXB emission is encircling the center and is more
continuous. In figure 4.5 we show both XRB emission contours in green for HMXBs and
red for LMXBs, together with the star-forming regions where darker colors correspond to
regions of low star-formation and orange-ellow colours to regions of high star-formation. We
note, that the HMXB component nicely traces the SFR region which is as expected. The
same can be said for figure 4.6 where we show that the HMXB component also traces the
gas surface density. That is also as expected since the gas surface density is connected to
star-formation via the Schmidt-Kennicutt relation Kennicutt (1998) and Schmidt (1959). In
figure 4.7 we show the stellar age distribution of F-13, with HMXBs tracing the young stellar
component and LMXB tracing the older stellar component in the galactic bulge. This shows
that our modelling of the XRB emission in PHOX produces satisfying results regarding spatial
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Figure 4.3: SFR relation of the total X-ray luminosity of a galaxy originating only from
HMXB emission. The total luminosity is calculated by summation of the 0.5 — 8keV
luminosity of each LMXB with L > 1036 ergs™! in the galaxy. Depicted here, is Set 1
(blue) together with a sample of 2000 simulated galaxies (green). The simulated galaxies
were created by randomly drawing SFRs for the normalisation of the HMXB XLF. The
black line is the expected theoretical relation based on Mineo et al. (2012a). The shaded
area (grey) is the 1-o error of the solid black line. The dash-dotted line is the

relations.

4.3 Ratio of XRB, AGN and gas emission

In this section we present our analysis on the emission ratio of XRBs relative to other emission
models, namely gas and AGN emission. For section 4.3.1 we use data of Set 3 with separated
XRB component and shifted toward smaller D 4. For the remaining sections we use Set 2
where we keep Dy riq, computed by the snapshot redshift of z = 0.066, and combine the
XRB emission from both types. We compute the emission ratio in section 4.3.2 and 4.3.3 as
o XRBEG (4.1)
Ci
with ¢; as the photon count of the component against which we compared. We use it to
determine, how large the fraction of galaxies, dominated by XRB emission, is. Values of
r ~ 1 correspond to the secondary component ¢; being dominant, and r ~ 2 corresponds to
equal emission strength. For every ratio r > 2, we consider the primary component, in our
case XRBs, to be dominant.

4.3.1 LXB vs HXB

In figure 4.8 we compare the emission of the LMXBs to the emission of HMXBs for the
spectral range of 0.1 — 50keV. The halo SFR derived from simulation data is in colors
from low SFR in blue to high SFR in red for each galaxy. We observe the expected trend
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Figure 4.4: Projected XRB emission of a poster-child LTG of our galaxy sample.
It is shown face-on and has FSUB-ID 13633, a SFR of 8.34 Mg yr—! and stellar mass
2.73 - 101 M. Coordinates are in physical units. Photon energies are in the range
0.1 — 50keV. Red shades correspond to LMXB emission, blue shades to HMXB. Darker
shades correspond to a higher photon count. The contour levels were chosen arbitrarily
for illustrative purposes.

of HMXB emission increasing with SFR, with some low SFR galaxies having a too strong
HMXB emission, and some high SFR galaxies having too weak HMXB emission. Both is
connected to small sample size argument from section 4.2.2. Galaxies with no star-formation
are plotted with left-pointing arrows at logcyxp = 0.9. The log cr x g range is in agreement
with the linear stellar mass scaling presented in figure 4.2. Of our sample, ~ 81% of galaxies
have a ratio cgxp/cLxp < 1/2 and are thus dominated by LMXB emission, which is in
agreement with the statement, that at z ~ 0, galactic XRB emission is mostly coming from
LMXB sources [Madau and Fragos (2017) and Fragos, Lehmer, Tremmel, et al. (2013)]. The
HMXB emission is dominant (cgxp/crxp > 2) in &~ 12% of galaxies.

4.3.2 Gas vs. XRB

From this point on we use Set 2 for our analysis with D4 unchanged. We follow a similar
approach as in Biffi, Dolag, and Merloni (2018) to quantify the relative strength of the XRB
component using the ratio from equation (4.1). In figure 4.9 we show the histograms of the
fraction of galaxies as a function of the photon count ratio r, normalized to the number of
galaxies in each spectral band (solid lines with diamond symbols). We find that in the hard
X-ray band, XRB emission is dominant over the gas emission in 80 —90% of cases. The strong
increase in the last ratio bin is caused by placing all galaxies with no photons coming from
gas emission into that bin. In the soft X-ray band (red), the XRB component is dominant in
~ 30 — 40% of galaxies. Both results are connected to the underlying spectral models: the
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Figure 4.5: Star-formation map of galaxy FID-13633 in units of Mg yr—!. Overlaid
is the projected XRB emission of HMXB (green) and LMXB (red). The contour levels
correspond to photon counts of 15, 70, 140 and 300 from light to dark. Some of the white
pixels seen in the outskirts are artifacts of the smoothing. Distances are in physical units.
Photon energies are in the range 0.1—50keV. Image created with pynbody v1.0.2 [Pontzen
et al. (2013)].

thermal Bremsstrahlung emitted by hot gas peaks in the soft X-ray band for typical galactic
gas temperatures of 10 K and quickly declines for photon energies > 1keV, whereas the
XRB power-law spectrum has its peak, though lower than the gas emission peak, in the soft
band (with absorption) and also extends into the hard X-ray band. In the broad X-ray band
(green) we essentially follow the soft band distribution with a slightly lower fraction in the
first ratio bin. Since we have additional XRB emission from the hard X-ray band, we expect
less galaxies in that bin than for the soft band. The distribution of the combined band quickly
approaches the soft band distribution for higher ratios since an increase in photon numbers
in XRBs is more likely to happen in the soft band because of the underlying power-law.

4.3.3 AGN vs. XRB

Similar to section 4.3.2, we analyse the emission ratio between the XRB and AGN component
in figure 4.10. In the soft band, approximately 50 — 60% of galaxies have a dominant XRB
component. This is to be expected, since the soft emission of the AGN power-law model is
suppressed by a double absorption coefficient, one constant foreground and the other intrinsic,
resulting in a lot of galaxies with no soft AGN photons. In the hard X-ray band, only 10—20%
of galaxies have a dominant XRB component, and if so, mostly for » > 50. This means that
a quiescent AGN is required, in order for the XRB component to become dominant in the
hard X-ray band. The behaviour of the broad band can again be understood from the fact
that XRBs have their peak emission in the soft band, which increases the total photon count.



4.3. RATIO OF XRB, AGN AND GAS EMISSION

47

30

10—12

-2

10—13

rho/gcm

- 10—14

-30 -20 -10 0 10 20 30
x/kpc

Figure 4.6: Gas surface-density map of galaxy FID-13633. Overlaid is the projected
XRB emission of HMXB (green) and LMXB (red). The contour levels correspond to
photon counts of 15, 70, 140 and 300 from light to dark. Distances are in physical
units. Photon energies are in the range 0.1 — 50keV. Image created with pynbody v1.0.2
[Pontzen et al. (2013)].
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Figure 4.7: Stellar age map of galaxy FID-13633 given as the scale factor. Darker
colors correspond to older regions. Overlaid is the projected XRB emission of HMXB
(green) and LMXB (red). The contour levels correspond to photon counts of 15, 70, 140
and 300 from light to dark. Distances are in physical units. Photon energies are in the
range 0.1 — 50keV. Image created with pynbody v1.0.2 [Pontzen et al. (2013)].
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Figure 4.8: Photon counts of LMXB component as a function of HMXB photon counts

for all galaxies in Set 1 with reduced D4.

The dashed black line is the 1:1 ratio.

Colors are halo SFRs of the galaxies derived from simulation data. Left pointing arrows
aligned at the vertical line log ciyx p = 0.9 indicate galaxies with no HMXB photons and
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Figure 4.9: Fraction of galaxies in Set 2 as a function of the count ratio r between
XRB and GAS emission. Colors correspond to different emission bands in both panels.
The lower panel shows the cumulative version of the top panel histogram. Galaxies with
no photons coming from the gas component were placed into the highest ratio bin.
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Figure 4.10: Same as in figure 4.9 but for the AGN component.

4.4 Average galaxy spectra

In this section we present our results regarding the average spectra of galaxies and the relative
contribution of the three emission components, based on various galactic properties. In
particular, we show the effects of selecting by galaxy type, stellar mass and star-formation on
the average spectrum. Spectra will be given as normalized photons counts meaning that the
spectrum of each individual galaxy is normalized its total photon count. We do not take the
observing time 7,p,s and effective area A into account since they equal for every galaxy and do
not affecting the relative contribution of the emission components. Average spectra are then
calculated from the normalized height of each photon energy bin across all galaxies in the
sample. With that approach, we make sure that all galaxies can be fairly compared among
each other. This also guarantees that the sum of all energy bins of the resulting average
spectrum will be equal to one. Changes in the relative contribution can thus be more easily
identified by the relative height of each component.

4.4.1 Hubble-type Correlation

We use galaxies from Set 1 with combined XRB component and unaltered angular distance
D4 and produce the average spectra for late-type and early-type subsamples in the energy
range of 0.3 — 10keV, both of which can be seen in the upper panel of figure 4.11 and 4.12
respectively. The lower panel of each figure shows the relative contribution of the respective
component to the total spectrum. Spikes in the gas spectrum are caused by emission lines
of contributing metals. The XRB and gas component have similar relative contributions
in the soft band of 40% — 60%, with XRBs peaking at ~ 0.5keV and ~ 1.4keV, and gas
emission peaking at ~ 0.8keV. The AGN component becomes the dominant contributor at
energies higher than ~ 1.8 keV. Our observations complement the results obtained in section
4.3 and are equally true for the LTG and ETG case, since they appear to be congruent. We
expected more significant differences especially in the XRB part. But keeping in mind our
results from previous sections, the effects of star-formation on the HMXB contribution are
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Figure 4.11: Top panel: Cumulative average photon counts per energy bin of 135 LTGs
(black). Prior to taking the average photon count per energy bin, each spectrum was
normalized by the total photon count, which is the sum of each of the constituents (GAS:
blue, AGN: red, XRB: green). This gives equal weight to each contributing galaxy. Lower
panel: Relative contribution of the individual components to the total spectrum, with
the XRB contribution being solid for highlighting.

easily suppressed by averaging over a large SFR range, especially with the large scatter we
encounter in our SFR scaling relation.
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Figure 4.12: Same as figure 4.11, but for the 173 ETGs in our sample.

If we omit AGN emission, our relative contributions for the XRB and gas component are
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very similar to a study performed by Wik et al. (2014) on the starburst galaxy NGC 253 (see
their figure 14). They based their analysis on the galactic X-ray model of Persic and Rephaeli
(2003; 2002) which uses more sophisticated estimates for the hot gas and XRB component.
In fact, this results in a XRB component which is 10% weaker in the case of NGC 253 than
for our prediction. Given our simple model, however, we appreciate the achieved similarities.

4.4.2 Stellar Mass and Star-formation Binning

In order to study the dependence of the XRB binary contribution on galactic properties, we
use Set 2 and divide it into bins of roughly equal size for the respective property. In principle,
any property can be studied and with an arbitrary amount of property bins. We chose stellar
mass and star-formation rate as a showcase out of a multitude of possible studies since they
are related to the expected emission of the XRB component. The specific stellar mass and
SFR cuts are shown as dashed lines in figure 4.13, where we also illustrate the SFR — M,
relation of Set 2. The colour code is given by the count ratio cxp/ce between the XRB
and gas component in the energy range 0.1 — 50keV, with blue corresponding to an excess
in gas emission and red to an excess in XRB emission. We placed every galaxy with zero

star-formation on log(SFR) = —4 for illustrative purposes.
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Figure 4.13: SFR — M, relation of Set 2 colour coded by the emission ratio cxp/ca
between the XRB and gas component in the energy range 0.1 —50keV. The dashed lines
indicate the mass and SFR cuts used for the property binning in figure 4.14 and 4.15.
Galaxies with zero star-formation were placed at log(SFR) = —4.

In figure 4.14 we show the average spectra of the four chosen stellar mass bins. The number
of galaxies N, per bin as well as the cuts defining the bin are given in the gray boxes at
the top of the respective panel. We note, that the AGN component does not experience any
significant change across the different stellar mass bins. Because of that and the unreliable
contributions below 0.3keV due to absorption, we will mainly investigate the soft bands up
to 2keV The lowest mass bin shows a relative XRB contribution of 30 — 40% in the soft band
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above 0.3keV with the gas contribution at 60 — 70%. For the intermediate mass bins, the the
XRB and gas contribution is equal at 40 — 50% in the soft band, which is comparable to the
average contribution from section 4.4.1, and at the highest mass bin the XRB contribution
drops to 20 — 30% with the average gas spectra broadening up to energies of 2keV. This
behaviour is expected since with an increase in stellar mass, also the virial mass is expected
to increase resulting in higher gas temperatures due to a deeper potential. This is also seen
in the color gradient of the highest mass bin of figure 4.13 which shows no dominant XRB
component for any of the galaxies in that bin. Similarly, the increase in gas contribution for
the lowest mass bin is also seen in 4.13, though the average gas spectra is not as broad as
for the highest mass bin. This indicates that for the lowest mass bin, the XRB component is
comparatively weak, which we attribute to the scatter of the scaling relations of LMXBs and
HMXBs at low stellar masses and SFRs towards lower luminosities. The two intermediate
mass bins are similar to each other, since they contain masses of roughly the same order of
magnitude which makes little difference for the XRB scaling relations.

In figure 4.15 we show the the average spectra for the four chosen SFR bins. The figure layout
is the same as for 4.14. Note, that it was not possible to create equal-sized SFR bins due to
the large number of zero star-formation galaxies. Instead we tried to have equal number of
galaxies for the other three remaining SFR bins. Immediately, we notice a non-monotonous
development of the XRB contribution with increasing SFR bins. For the zero SFR bin and
for the highest SFR bin, the XRB contributions are again similar to the values of 4.4.1 around
40 — 50% in the soft band above 0.3keV. The highest SFR bin additionally has a broader
gas emission profile indicating a significant contribution from massive halos. Furthermore,
the hard XRB spectrum show ~ 10% less contribution in the highest SFR bin compared to
the lowest, which comes from the slightly softer HMXB spectrum (I'y > I'z). Indeed, we
take from figure 4.13 that both the lowest and highest SFR bin contain galaxies of a broad
range of count ratios cxp/ce with the highest bin additionally containing the most massive
ones. The XRB contribution in the low SFR bin (top right panel of figure 4.15) is below 20%
in the whole displayed spectral range. This has mainly two reasons: 1) the HMXB content
is low from the SFR scaling and 2) the bin contains massive galaxies. The latter can also
be seen in figure 4.16, where we show the virial temperature distribution for the different
SFR bins. We normalized the distribution by the number of galaxies in each bin to have a
better comparison between the SFR bins. We see that the temperatures for the intermediate
SFR bins are similar with a secondary peak for high temperatures in the low SFR case. The
slightly increased SFR for the intermediate bin causes an average increase to the HMXB
content and thus a larger XRB contribution in the soft band compared to the low SFR bin.
Interestingly, the zero SFR bin has on average a emission ratio cxp/cg > 1, from which we
infer, given the absence of HMXB emission (see figure 4.8), that the gas content of those
galaxies is significantly lower than for star-forming galaxies with similar masses. The exact
reason is unclear, but we suggest some gas stripping event or feedback mechanism from the
cosmological simulation being responsible.
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Figure 4.14: Cumulative average photon counts per energy bin, split by stellar mass, in
the upper panels of each quadrant. Prior to taking the average photon count per energy
bin, each spectrum was normalized by the total photon count, which is the sum of each
of the constituents (GAS: blue, AGN: red, XRB: green). This gives equal weight to each
contributing galaxy. Lower panels in each quadrant show the relative contribution of
each component to the total spectrum. Mass splits were chosen such that each mass bin
is roughly equal sized (indicated by Ny). The grey boxes indicate the limits of the chosen
mass bin.

4.5 Estimates of the Cosmic X-ray background

In this section we will use the three components included in PHOX to model the cosmic
X-ray background of Magneticum Boz2. For that we construct a lightcone through the
simulation data and analyze the collective emission of the different redshift slices. Lightcones
are constructed by taking a certain line of sight (l.o.s.) direction from z = 0 and tracing
it through the simulation snapshots under a certain viewing angle and taking into account
the distribution of particle inside the snapshot. We sort the particles into discrete redshift
bins based on the redshift coverage and volume of the individual snapshots. From the l.o.s
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Figure 4.15: Cumulative average photon counts per energy bin, split by SFR, in the
upper panels of each quadrant. Prior to taking the average photon count per energy bin,
each spectrum was normalized by the total photon count, which is the sum of each of
the constituents (GAS: blue, AGN: red, XRB: green). This gives equal weight to each
contributing galaxy. Lower panels in each quadrant show the relative contribution of
each component to the total spectrum. SFR splits were chosen such that each SFR bin is
roughly equal sized (indicated by Ng). The grey boxes indicate the limits of the chosen
SFR bin.

direction and angle we calculate what particles would be in our view for a specific redshift
bin and geometrically stack them onto the previous bin, essentially approximating a real
observation of continuous redshift with finitely many thick slices obtained from simulation
snapshots. In particular, we trace a lightcone through Magneticum Box2 data from z 2 0 to
z ~ 2 and viewing angle of 5deg in right-ascension and declination. We assumed a column
density Ny = 10?0 cm ™2, observing time Tobs, fid = 10%s and effective area A fia = 1000 cm?.
From the construction we also obtain information about virial mass and virial radius (in units
of the viewing angle) of halos in our field of view. We apply PHOX unit 2 with a suitable
patch for lightcones, accounting for the reordering of particle data within the redshift slices
of the lightcone to generate appropriate photon projections. The resulting raw image of the
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Figure 4.16: Virial temperature distribution for each of the SFR splits from figure 4.15
indicated by different colors. The distributions have been normalized by the number
of galaxies in each SFR bin, in order to see differences in the width of the distribution.
Notice the log —log scale of the image. The symbols indicate the temperature bin centers
and serve as a viewing aid.

lightcone in the energy range of 0.1 — 50keV is shown in figure 4.17

Figure 4.17: Full view of the 5deg? lightcone produced from Magneticum, Box2 with
photon energy range of 0.1 — 50keV using gas, AGN and XRB emission. The color-bar
indicates photon counts in each pixel. One pixel corresponds to 0.00244 deg2.



56 CHAPTER 4. ANALYZING SPECTRA OF SIMULATED GALAXIES

4.5.1 Background & Source removal

The raw X-ray spectrum of the lightcone in the 0.3—10keV band is shown in figure 4.18 where
we compare to the extra-galactic X-ray background (CXB) measurements from Cappelluti et
al. (2017), specifically their power law models from removing detected X-ray sources (uCXB,
for unresolved CXB) and from additionally removing faint galaxies with magnitude iap ~
27 — 28 (nsCXB, for non-source CXB) in the spectral range of 0.3 — 7keV. We do not take
into account their galactic thermal X-ray models considering that we do not model a galactic
foreground emission for our lightcone view. We find that neither of the two considered power
law models are in good agreement with the full lightcone spectrum. The disagreement can
have a multitude of reasons, from modelling differences especially at low energies as well as
the considered redshift depth, for instance. A more in depth comparison would be necessary
in the future. Nevertheless, our analysis shows that AGN are the largest contributors to the
lightcone spectrum, which is as expected from AGN synthesis models [see e.g. Ueda et al.
(2014) and Gilli et al. (2007)]. The XRB component is completely negligible with a peak
contribution of < 4% at .3keV.
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Figure 4.18: Spectrum of the full lightcone view (figure 4.17)in the energy range 0.3 —
10keV. Included are the power-laws of Cappelluti et al. (2017) for the uCXB (cyan) and
the nsCXB (magenta) with their 1-o uncertainty (shaded area) in the top panel. The
lower panel shows the relative contribution of each component to the total spectrum.
Included in the lower panel is also the absolute deviation of the power law models from the
total spectrum normalized to the error of the power law model. By error we specifically
mean the absolute difference between the upper an lower 1-o bounds.

Since we know the position, angular radius and their mass of halos in our field of view, we can
mask the emission of these halos to better match the approach used in Cappelluti et al. (2017).
First we determine the position and virial radius of the halos in our view and subsequently
remove all photons from every redshift slice coming from the region of the lightcone encircled
by the virial radius of that halo. In this way, we emulate the masking of these sources from
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an observational perspective using telescope data. The resulting masked lightcone view for
halos more massive than 2 - 10" My can be seen in figure 4.19. We take the spectrum of
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Figure 4.19: Same as in figure 4.17. The black patches in the field of view correspond
to masked halos of a specific mass. In this case, all photons within the virial radius Ry,
of a halo with virial mass M,;. > 2 - 10'3 M were removed from each redshift slice of
the lightcone.

the masked lightcone and compare it to the same power-laws as for figure 4.18. Note, that
the mass cut for the halo masks was chosen such that the normalization of our spectrum at
1keV is the same as for the power-law normalization of the nsCXB from Cappelluti et al.
(2017). Nevertheless, we find excellent agreement between the spectrum and the power-law
model for the nsCXB, especially for the power law slope. The absolute deviation of the
uCXB is well outside our chosen range due to a four time higher normalization. The relative
contribution of the individual components remains almost unchanged, with only the gas
component contributing < 5% less, which is expected, since we specifically remove massive
halos with hot gaseous components.

4.5.2 Redshift dependence of relative XRB contribution

As an additional study, the redshift dependence of the three different emission components
will be analyzed. In particular, the relative contribution of each component will be extracted
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Figure 4.20: Spectrum of the masked lightcone view (figure 4.19)in the energy range
0.3 — 10keV. Included are the power-laws of Cappelluti et al. (2017) for the uCXB
(cyan) and the nsCXB (magenta) with their 1-o uncertainty (shaded area) in the top
panel. The lower panel shows the relative contribution of each component to the total
spectrum. Included in the lower panel is also the absolute deviation of the power law
models from the total spectrum normalized to the error of the power law model. By error
we specifically mean the absolute difference between the upper an lower 1-o bounds.

for each redshift slice separately which we show in figure 4.21. The XRB binary component
has its strongest contribution for low redshifts with < 10% in the soft band up to 1keV
and < 5% in the hard X-ray band. The strongest contribution in the soft band up to 1keV
for low redshifts comes from the gas component with 50 — 60%. For increasing redshifts, the
contribution of XRBs and gas declines in the soft-band due to more of the AGN emission being
redshifted into the soft energy regimes. Gas contribution shrinks to < 20% for the highest
redshift slices, while XRB contribution notably decreases in the hard band and retains a < 5%
contribution in for very low photon energies. Independent of redshift, the AGN component
always dominates the hard X-ray band and increases its contribution in the soft band from
20 —30% at the lowest redshift to > 80% at the highest redshift. All of this is to be expected,
since the AGN population size should increase with an increasing redshift and dominate
the X-ray emission with their large luminosities. Note, that we do not show the redshift
dependence by accounting for the frame of reference for the observed photon energies. This
is due to the fact, that we produce photons down to 0.05keV for which we would have to
account for our assumed absorption coefficient. We have to revisit the proper analysis of this
issue in a future study due to time constraints.
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Figure 4.21: Relative contribution of gas (top panel), AGN (middle panel) and XRB
emission to each redshift slice of the lightcone for the energy range 0.3 — 10keV. The
redshift of each slice is given by the colour gradient.
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Chapter 5

Discussion

In this work we presented the implementation of a new X-ray emission model for the stel-
lar component of cosmological simulations in the form of X-ray binary emission within the
framework of the virtual photon simulator PHOX. We confirmed the validity of our model
by reconstructing X-ray luminosity functions of local galaxies and confirming X-ray scaling
relations. We then analysed the relative contribution of XRB emission for a set of simulated
galaxies of the Magneticum Pathfinder Simulation set over a broad range of energies, with
respect to their ISM and AGN emission. Lastly, we compared the X-ray emission within
a lightcone view build from data of the Magneticum Pathfinder simulation with the unre-
solved cosmic X-ray background and find reasonable agreement for the power law behaviour
in the hard X-ray band (E > 2keV). In the following we will summarize our main findings
and provide an outlook on possible future investigations and improvements to the approach
presented here.

5.1 Conclusions

X-ray luminosity functions of point sources like X-ray binaries have been used to study their
abundance and distribution in local galaxies. It was found, that the population size of the two
distinct types of XRBs follow observationally well constrained scaling relations which we used
to provide estimates for the luminosity output of simulated coeval stellar populations [see e.g.
Mineo et al. (2012a), Zhang, Gilfanov, and Bogdan (2012), Gilfanov (2004), and Grimm et al.
(2003)]. In particular, we converted the cumulative XLFs into a pseudo CDF, which we sta-
tistically sampled to produce XRB populations distributed according to the underlying XLF
within the SSP. With this approach we self-consistently derived XRB populations for stellar
resolution elements in cosmological simulations by assuming linear scaling with stellar mass
for the LMXB component, according to Gilfanov (2004), and using a star formation proxy
based on Shtykovskiy and Gilfanov (2007),2005 for the scaling of the HMXB component. We
embedded the spectral modelling of the XRB component into the photon simulator PHOX
in order to compare the synthetic X-ray emission caused by the XRB component with the
spectral models already included (Chapter 4). Using simulated galaxies from Magneticum,
we attempted to reconstruct the underlying cumulative XLF for each binary type (see 4.1)
and achieved good agreement in the LMXB case for luminosities > 1036 ergs™! at z = 0.01
(Section 4.2.1). For luminosities < 103 ergs~! we find that we underestimate the analytic
model by a factor of ~ 1.5 and notice a significant flattening of the reconstructed XLF. The
latter behaviour is also seen in reconstructed HMXB XLF's for which we generally report a
strong deviation, attributed to significant scatter of the SFR scaling relation for low SFR due
to low number statistics. The reconstructed XLFs also show evidence for some XRBs in the
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ultra-luminous regime > 103 ergs™!

luminosity end of the XLFs.

supporting a connection between ULXs and the high

The recovered stellar mass scaling relations for LMXB emission in local galaxies (Section
4.2.2) is in excellent agreement with the expected model of Zhang, Gilfanov, and Bogdan
(2012) for stellar masses > 5 - 10'? M, and shows some scatter for stellar masses below that
limit. The slightly lower luminosities compared to the model prediction by Zhang, Gilfanov,
and Bogdan (2012) is connected to the flattening of the recovered XLF's still affecting the
number prediction of LMXBs at luminosities > 5- 1037 ergs™'. In the HMXB case, the SFR
scaling relation appears to follow a different relation than the one presented in Mineo et al.
(2012a). We show that this is caused by (a) a different underlying model assumed by the
authors and (b) significant scatter of the relation for low SFRs due to low number statistics.
We note, that the relation in Mineo et al. (2012a) does not experience the same scatter seen in
the reconstructed SFR relation due to a selection bias in their observations favouring galaxies
with a bright HMXB component with sufficient numer counts.

We showed that our implemented XRB model nicely reproduces expected spatial relations,
namely that LMXB emission preferentially correlates with the position of old stars, and
HMXB emission traces the star-formation regions and cold gas of a star-forming galaxy. We
compared the relative strength of the two XRB components using our Set 1 of simulated
galaxies with log(M,/Mg) > 10.3 (Section 4.3) at a redshift of z = 0.01 in figure 4.8. It
shows that the LMXB component is more prominent for 81% of the galaxies in our sample
and the HXMB component only dominates for highly star-forming galaxies. The former
observation is in line with theoretical predictions of binary synthesis models [Madau and
Fragos (2017) and Fragos, Lehmer, Tremmel, et al. (2013)] claiming a LMXB dominance for
low redshifts. Observations of Lehmer, Basu-Zych, et al. (2016) using the Chandra telescope
came to similar conclusions of LMXBs dominating below redshift z < 2. From comparing the
combined XRB component to the other two components already included in PHOX, we find
that AGN emission dominates the XRB emission in the hard X-ray band 2 — 10keV in 80%
of the galaxy sample, while XRBs are dominant in the soft band (0.5 — 2keV) in 50 — 60%.
This is expected as the AGN model employed here has similar spectral properties and is
much more luminous. The additional intrinsic absorption shipped with the AGN emission
strongly suppresses the soft emission of AGN compared to XRB. For the gaseous component
we find, that it dominates the XRB emission in the soft band in 55% of galaxies and is getting
dominated in the hard X-ray band in 80 — 90% of galaxies. This, too, is not surprising given
that thermal Bremsstrahlung is soft for plasma temperatures < 10°K and has an additional
temperature dependent cut-off in the hard part of the spectrum.

We analyzed the average composition of broad galaxy X-ray spectra and the relative contri-
bution of the gaseous, XRB and AGN component over the whole spectral range:

e We did not find a clear difference in the average X-ray composition of early and late-
type galaxies. For one, we attribute this observation to our choice of the projected
halo volume being to small to capture extended hot gas halos of ETGs (see Fabbiano
(1989)). Secondly, the hot gas component in the ISM of simulated galaxies may be
overheated by insufficiently calibrated feedback mechanisms. Moreover, the effects of
SFR on the XRB spectrum are lost by averaging over a large range of SFRs.

e We find that our average composite galaxy spectra are in good agreement with similar
studies on star-burst galaxies from Wik et al. (2014) and Lehmer, Basu-Zych, et al.
2016, figure 4(a). Wik et al. (2014) also observe relative contributions of gas and XRB
emission in agreement with our findings.

e We find a monotonous decrease in the relative contribution of the XRB component in



5.2. FUTURE INVESTIGATIONS 63

galaxies form intermediate to large stellar masses connected to an increase in hot gas
emission resulting from deeper potential wells of the galaxies. Unexpectedly, we also
find a slight decrease of the XRB component for low mass galaxies which is connected
to a strong scatter seen in the LIMXB — SF R relation (Figure 4.3) and moderate scatter
for the LMXB — M, (figure 4.2) relation for small values of SFR and M, respectively.

e We find a non-monotonous behaviour in the XRB contribution with increasing SFR:
the contribution is equally largest for non star-forming and highly star-forming galaxies
but smallest for intermediate star-formation. This is connected to contamination of
massive galaxies in the high star-formation bin, and LMXB contamination in the non
star-forming bin. The reason for the relatively strong LMXB component in the non
star-forming galaxies might be the inset of different feedback processes in the simulation
disturbing the gas content which needs to be analyzed in more detail.

By constructing lightcones from Boz2 of Magneticum data, we show good agreement with
measurements of the non-source cosmic X-ray background (nsCXB) in the 0.3 — 7keV band
[Cappelluti et al. (2017)] (Section 4.5). We find that the majority of the background is
comprised of AGN emission analogous to AGN population synthesis studies [Ueda et al. (2014)
and Gilli et al. (2007)]. However, we fail to reproduce the normalization of the unmasked,
full CXB spectrum of Cappelluti et al. (2017) by a factor of ~ 4 — 5. This is probably due
to the lightcone only extending to z = 2 with a great fraction of more unresolved AGN
missing from higher redshifts and a inconsistent treatment of AGN absorption. The latter
has been corrected for future work. The contribution of the XRB component to the CXB is
insignificant with less than 3% in the soft X-ray band and less than 1% in the hard X-ray
band. We also show the redshift dependence of the relative contribution for each component
where we find the XRB component decreasing for energies > 0.5 keV with increasing redshift,
which is expected since we do not account for the frame of reference when processing photon
energies for the individual redshift slices. Also, Lehmer, Basu-Zych, et al. (2016) strongly
argue for a redshift dependence in scaling relations of Npyxp — My and Npvxs — SFR.

5.2 Future Investigations

While we showed that our newly implemented model for XRB emission in SSPs is able to
reasonably reproduce X-ray properties of local galaxies in agreement with observations, there
is still room for improvement especially in the modelling of the HMXB component. Foremost,
we want to update the implemented models based on more recent studies of Lehmer, Eufrasio,
Basu-Zych, et al. (2021), Lehmer, Ferrell, et al. (2020), Lehmer, Eufrasio, Tzanavaris, et al.
(2019), and Lehmer, Basu-Zych, et al. (2016) on the subject of XLFs and their scaling
relations which were in part published during the course of this thesis. Additionally, the
formation efficiency of HMXB in our model needs to be revisited due to it possibly being a
badly constrained star-formation estimator. More recent studies on the formation efficiency
of HMXB for different normalizations are presented in Antoniou et al. (2019) for the Small
Magellanic Cloud and in Lehmer, Eufrasio, Markwardt, et al. (2017) for M51, which we want
to test for compatibility. Furthermore, it is a known fact that low metallicity environments
enhance the high-luminosity end of the HMXB XLF [Lehmer, Eufrasio, Basu-Zych, et al.
(2021) and Garofali et al. (2020)]. Since most modern cosmological simulation track the
metallicity evolution of baryonic matter [see e.g. Dolag, Mevius, et al. (2017)], it would
be interesting to address this possibility in the future. Another interesting study that can
be conducted with higher resolution simulations of galaxies are radial profiles of the XRB
distribution or X-ray emission in general [see e.g. Fabbiano (2006)]. A general performance
improvement might be the inclusion of a hard-coded luminosity limit. The main bottleneck
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for a more sophisticated model, as proposed above, would be the repeated system call to
XSPEC for every stellar element. Thus, we discard elements with total luminosity smaller
than the luminosity limit, avoiding an unnecessary call to XSPEC. Of course, the limit has to
be chosen such that the expected photon count is far below IV, = 1 in order to not distort
the results.

Regarding the results acquired in this thesis, some of the correlations between galactic prop-
erties like stellar mass or SFR binning need to be revisited and investigated in more detail
to explain the unexpected behaviour in some of the bins. Since we proposed that feedback
mechanisms in the simulation might be involved, it would be interesting to follow up on this
subject. Of course, influences of other galactic properties on the XRB contribution can be
investigated, e.g. for their morphological b-Value [Teklu et al. (2015)], BH accretion rate,
metallicity, etc. Also, the influence of the projected volume on galactic scaling relations re-
quires additional investigation to reduce potential systematic errors. Furthermore, it would
be interesting to analyze the simulated CXB up to higher redshifts to see if the observed
turnover at 30keV can be recreated. With respect to the redshift dependence of the XRB
component, a different approach can be used to avoid having to deal with absorption when
shifting the spectrum into the rest-frame. Namely, we would shift each snapshot to a common
low redshift and produce the spectra at that redshift. In this way, we simulate an observer
being at roughly the same redshift as the snapshot such that we can compare differences in
the relative contribution more accurately and can make predictions of the emissivity (total
luminosity per cosmic volume in units of erg s—* Mpc_3) for the different components [see e.g.
Madau and Fragos (2017) and Lehmer, Basu-Zych, et al. (2016)].
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Additional Figures
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Figure A.2: Similar to figure 4.13 with color bar depicting XRB emission strength. We
see a diagonal color gradient which is expected from the scaling relations.

85



86

APPENDIX A. ADDITIONAL FIGURES

120 1 —— 1.5e10>Mx+>9.e9
—— 3.e10>Mx >1.5e10
—— 1l.ell1>Mx >3.el0
100 1 — M:>1.el1
80 A -
7]
=]
-
&
60 ]
H*
40 A
20 A
T T 4—’1 —l
10° 108 107

Tvir [K]

Figure A.3: Virial temperature distribution for each of the stellar mass splits from

figure

norm. counts

norm. counts

4.14 indicated by different colors.

log(sSFR) < —.14.3, Ny=921 | -14.3<log(sSlfR* <-11.2,N,=109 |

le-02 le-02 4

le-03 4§ le-03 4

norm. counts

0.1 1 10 0.1 1 10

Epp [keV] Epp [keV]
| -11.2<1og(ssi‘R1 <-10.5,Ny=178 | | -10.5<1og(sspR1 <-7.0, N, =216 |
1e-02 4 1e-02 4
[}
a
5
=]
o
o
1e-03 1 E 1e-03 4
IS)
IS
le-04 1e-04

0.8 1;

1,06
©1 04

0.2 4l"

1
Epn [keV]

1
Epn [keV]
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Figure A.5: Zoomed image of a portion of the lightcone in 0.1-50 keV band.
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Figure A.6: Same as figure 4.20 but as photon flux per bin normalized by bin width.
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