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Abstract

High-Mass X-ray Binaries (HMXBs) are important for the study of the evolution of massive
stars, the formation of compact objects such as black holes (BH) and neutron stars (NS), and
the binary evolution processes that govern these systems. Moreover, HMXBs are crucial for
understanding the accretion processes responsible for X-ray emission and are also potential
progenitors of gravitational wave (GW) sources. In this study, we explore the population of
HMXBs within simulated MW/M31-like galaxies by employing the IllustrisTNGS0 hydrody-
namical simulation in combination with the SEVN population synthesis code. We populate
these galaxies with HMXBs by selecting stellar particles based on spatial location, metallic-
ity, and age, accounting for the effects of varying metallicities and binary evolution processes.
Our results indicate that the number and luminosity of HMXBs are significantly influenced by
metallicity, confirming previous findings. Furthermore, we reproduce the expected slopes of the
X-ray luminosity function (XLF), as well as the orbital parameters and masses of these systems,
finding that the power-law slope o of the XLF is within the observed range and consistent with
Galactic observational data.

Keywords: X-rays: binaries, Galaxies: stellar content, Galaxies: evolution

1. Introduction

High-Mass X-ray Binaries (HMXBs) are binary systems consisting of a compact object,
either a black hole (BH) or a neutron star (NS), and a high-mass companion star with a mass
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greater than 8 M. These systems emit X-rays due to the accretion of material from the com-
panion star, which heats up as it falls onto the compact object. The material transfer can occur
via stellar winds or Roche-lobe overflow (RLOF), producing X-ray luminosities ranging from
10% to 10% erg/s. HMXBs are generally found in regions of recent star formation (Grimm
et al., 2003) and are expected to be more luminous in low-metallicity environments (Dray,
2006; Lehmer et al., 2021). Furthermore, the X-ray luminosity function (XLF) of these sys-
tems correlates with the star-formation rate (SFR) of their host galaxies (Mineo et al., 2012)
and these objects tend to be more numerous in metal-poor galaxies than in metal-rich ones (see,
e.g., Mapelli et al., 2009; Douna et al., 2015).

HMXBs are considered potential progenitors of binary compact object mergers and pre-
cursors of gravitational wave events (van den Heuvel, 2019). However, observational selection
effects complicate the interpretation of this comparison, and their connection remains poorly es-
tablished (see, e.g., Fishbach and Kalogera, 2022). In this scenario, population synthesis mod-
els serve as valuable tools for elucidating their connection. Furthermore, studying the observed
Galactic HMXB population alongside results from population synthesis models can provide
valuable insights into their formation and evolution.

In this work, we model the population of HMXBs in Milky Way- and M31-like galaxies.
We investigate how metallicity affects the HMXB population generated by our model using a
population synthesis code. This influence is particularly evident in characteristics like X-ray
luminosity and the total number of systems. We then compare our results with the literature.
After populating the galaxies with simulated HMXBs, we examine the properties of the latter,
including the masses of the binaries, orbital parameters, and the slope of their X-ray luminosity
function, and contrast these results with observational data from the Milky Way.

In Sect. 2, we present the methodology. We provide a description of the HMXBs model
and galaxy catalogs. In Sect. 3, we present the results and compare them with the observational
data. We summarize the main conclusions in Sect. 4.

2. Methodology
2.1. SEVN - Initial Conditions

We use the population synthesis code SEVN (Stellar EVolution N-body; Spera et al. 2015;
Iorio et al. 2023), which employs stellar tracks computed with PARSEC (Bressan et al., 2012;
Nguyen et al., 2022) to generate the catalogs of HMXBs. The parameters of our binary sim-
ulation are based on the fiducial model used in lorio et al. (2023). However, we adopt the
following modifications: i) we employ the delayed supernova model from Fryer et al. (2012);
ii) we increase the accretion efficiency during RLOF, fyr, from 0.5 to 1; iii) we set the com-
mon envelope efficiency ocg = 0.5, as this value provided the best match to observational data
after conducting multiple tests aimed at simulating HMXB systems; iv) we apply the RLOF
formalism by Hurley et al. (2002) but including the propeller effect to limit the accretion on NS
following Campana et al. (2018) and implemented by Sgalletta et al. (2023) in SEVN; and v) we
adopt a maximum mass for NS of 2.3 M, instead of 3.0 M., (Nathanail et al., 2021). Table 1
outlines the changes made in comparison to the fiducial model of lorio et al. (2023).
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Table 1: Parameter comparison between this work and the fiducial model in Iorio et al. (2023).

Parameters Fiducial model Model used in this work
Supernova model Rapid® Delayed?

Accretion efficiency during RLO fmr=0.5 fmr=1.0

Common envelope efficiency ocg =0.5,1,3,5 acg =0.5

RLOF formalism Ref. b Ref. b + propeller effect on NS
Maximum NS mass [M ] 3.0 2.3

References: ? Fryer et al. (2012); b Hurley et al. (2002)

We perform a set of runs using SEVN for 18 different metallicities Z ranging from 0.0002
to 0.04, each with a total of 107 binary systems. The primary mass is drawn from a Kroupa
initial mass function (Kroupa, 2001), while the secondary mass, period and eccentricity dis-
tribution are obtained from Sana et al. (2012). The initial stellar spin for the stars is set to 0.
The lower limit primary and secondary masses are set to 8 M, this to ensure that most of the
population meets the selection criteria for HMXBs. This allows for a broader representation of
the population across the simulated parameter space. We account for this incomplete sampling
of the IMF, that goes from M,;, = 8 M, to Myax = 150 M, with a correction factor, feor.

2.1.1.  Selection of HMXBs

We identify HMXBs from the simulation outputs using a criterion similar to that of Misra
et al. (2023), and impose an X-ray luminosity threshold for the events.

The bolometric luminosity of each HMXB, Lg,, is calculated as

: M
Lo = nM02 when —— <1.0,
Mgqq
where M is the mass-accretion rate from the donor to the compact object via stellar winds and/or
RLOF, Mgqq is the Eddington mass-accretion rate, ¢ is the speed of light, and 7 is the radiative
efficiency. For NSs, the radiative efficiency is calculated as

. GMys
- RN562 ’

where G is the gravitational constant, and Mns and Rng are the mass and radius of the NS re-
spectively. The radiative efficiency for BHs is calculated following Podsiadlowski et al. (2003)
as:

M 2
n=1- 1—< BH) for Mgy < V6MYy,

0
3Mgy
where MgH is the initial mass of the BH, and Mgy is the mass of the BH during the HMXB
phase.

We turn the bolometric luminosity into X-ray luminosity within the 0.5 to 8 keV range of
the Chandra band by applying the bolometric correction estimates provided by Fragos et al.
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Figure 1: X-ray luminosity distribution of HMXBs of three different
metallicities. The black dashed vertical line marks the maximum lumi-
nosity reached in the run with the lowest metallicity.

(2013) and Anastasopoulou et al. (2022):
Lx 0.5-gjkev = 0.5 X Lpo1 -

Figure 1 shows X-ray luminosity distributions for HMXB systems at three different metal-
licities: Z = 0.0002, 0.004, and 0.04. A decrease in both the population size and maximum
luminosity of HMXBs is observed as metallicity increases. The reduction in the number of
HMXB systems at high metallicity occurs for several reasons, primarily affecting black holes,
which are responsible for the highest luminosities. Stars with higher metallicity have a larger
radius than those with lower metallicity, making them more prone to experiencing episodes of
RLOF and/or CE (Linden et al., 2010). This leads to a decrease in the chances of surviving
a dynamically unstable mass-transfer phase. Stronger stellar winds in these high-metallicity
environments cause stars to retain less mass by the time they reach the supernova stage, leading
to the formation of less massive compact objects. Additionally, these winds carry away angular
momentum, leading to wider orbits on average. Consequently, the supernova kicks are more
effective at disrupting binaries and reducing the population of HMXBs (Dray, 2006). Figure 2
presents the age distribution of HMXBs, again comparing systems across three different metal-
licities. The decrease in the number of systems older than 30 Myr in the high-metallicity case is
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Figure 2: Age distribution of the HMXBs as a function of three differ-
ent metallicities. As expected, no HMXBs form within the first 2 Myr,
as this is insufficient time to produce the compact object from the more
massive star in the system. After approximately 35 Myr, all systems
have either become double compact objects, merged, or been disrupted.

mainly due to the significant mass loss these systems experience over their lifetimes, preventing
the formation of persistent systems. This figure also shows that we do not expect to observe
HMXB systems before approximately 2.5 Myr or beyond about 35 Myr; this will be important
in Sect. 2.2.

2.2. IlustrisTNG50: MW/M31-like galaxies

Our methodology utilizes the [llustrisTNGS50 (hereafter TNGS50) simulation, which has the
highest resolution in comparison to the other IllustrisTNG simulations. In particular, we use
the selection of Milky Way- and Andromeda-like (MW/M31-like) galaxies from Pillepich et al.
(2024). The TNG50 has a resolution for dark matter particles of 4.5 x 10° M., and initial gas
cells of 8.5 x 10*M.. The catalog from Pillepich et al. (2024) contains 198 MW/M31-like
galaxies at Z = 0. From the 198 MW/M31-like galaxies, we select 151 galaxies with sufficient
stellar particles (from 100 to approximately 8000 stellar particles per galaxy) to trace the star
formation regions, such as the spiral arms. To assign HMXB events to each simulated galaxy,
we first identify stellar particles that meet the following criteria: (1) they are within 65 Kpc from
the galaxy center; (2) they have metallicities between 0.0002 and 0.04; (3) they have stellar ages
of less than 40 Myr. The first criterion arises from the fact that galaxy cut-outs include all stellar
particles within a cube of £400 cKpc from the galaxy’s center, and we want to avoid populating
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these particles. The second criterion comes from the fact that the HMXBs simulated are limited
to Z < 0.04 due to the stellar tracks provided by PARSEC. The third criterion is because we do
not expect any HMXBs after 40 Myr of the initial starburst. In the following section, we outline
the process for populating the galaxy catalogs with HMXBs computed using SEVN.

2.3. Populating Galaxies: combining SEVN with TNG50

For each MW/M31-like galaxy, we estimate the number of HMXBs that correspond to each
selected stellar particle (see Section 2.2) following a modified approach based on Artale et al.
(2019a) (but see also, Mapelli et al. 2017 and Artale et al. 2019b):

~asoy _ NN (14, Z.)

1

NHMXBS(t*uz*7m* ) = mSTN(Z*) m}:NGsofcorr Foin
where t,, Z, and mINO0 are the age, metallicity, and mass of a stellar particle from TNGS50,
respectively, Nl-SEVN (t«,Z,) is the number of HMXBs in the age bin corresponding to the age 1.
of the stellar particle with metallicity Z,, mSEVN (Z,) is the total mass of the SEVN simulation
closest to the metallicity of the stellar particle Z,. The correction factor f.or = 0.172 accounts
for the fact that we do not include the entire range of masses from the initial mass function in
the simulation. We assume that the fraction of binaries is f;, = 0.5.

Some stellar particles have Ngvxps < 1 , meaning they contain fewer than one HMXB.
In this case, the value obtained for Nygnyxps is added to the value Nygvxgs of the subsequent
stellar particle. This summation continues until the cumulative Ngvxps value exceeds one.
The HMXB is assigned to the first stellar particle where Nyvxss exceeds one, after which the
Numxags value is reset.

Figure 3 shows the results of populating one galaxy from the sample; the panels display var-
ious properties of the stellar particles, which inherit the characteristics of HMXBs. In the top-
left panel, we observe that the selection aligns with the regions of high star formation within the
galaxy, where we expect HMXBs to be located. The bottom-left and top-right panels show the
stellar age and X-ray luminosity, respectively. Although these do not display any clear patterns,
further examination of the sample reveals that X-ray luminosities greater than 1037 ergs™!
only originate from stellar particles with ages of less than 25 Myr and with the lowest metallici-
ties. The bottom-right panel shows that particles with higher metallicities (red) tend to be more
concentrated in the inner regions of the galaxy, while those with lower metallicities (blue) ex-
tend further towards the outskirts. This is consistent with expectations from galactic evolution

and the way we populate stellar particles with HMXBs.

3. Results

The first comparison to perform is with the estimated ages since the first supernova event
for 15 HMXBs associated with a birthplace (either an Open Cluster or a Spiral Arm) as reported
by Fortin et al. (2022) shown in Fig. 4. These ages largely fall within the range of our simula-
tions, with only two systems near the boundary: HD 259440 at 381“1 Myr and SS 433 with an
estimated age of less than 60 Myr. For SS 433, Fortin et al. (2022) identify two potential ages
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Figure 3: Face-on spatial distribution of the stellar particles of a sam-
ple galaxy. The colored points represent stellar particles populated
with HMXBs, with each color indicating the specific property being
analyzed. (Top left) Stellar particles in the galaxy that meet require-
ments (1), (2), and (3) of Sect. 2.2; these particles could potentially
contain HMXBs. (Top right) X-ray luminosity of the stellar particles.
(Bottom left) Ages of the stellar particles. (Bottom right) Metallicity
of the stellar particles. The galaxy shown has SubfindID = 342447,
SFR = 15.392 M, yr—! and Stellar Mass = 9.12 x 10'9M,, at redshift
Z=0.
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Figure 4: Density distribution of HMXB ages across three simulated
metallicities and observational age estimates since the first supernova
for 15 observed HMXBs. Ages are inferred based on the secondary
mass following Eq. (3) from Fortin et al. (2022), with birthplaces deter-
mined using Gaia EDR3 data.

that could correspond to an encounter with the Sagittarius arm: 15+ 1.5 Myr based on the mass
estimation by Bowler (2018) or 58 +7 Myr based on the estimation by Picchi et al. (2020). Both
estimates are consistent with our results.

Figure 5 (top panel) shows the relationship between the companion star mass and the com-
pact object mass for the HMXBs population in simulated galaxies, in comparison with the
catalog presented by Fortin et al. (2023). Our results indicate that the simulated HMXBs cover
the masses around each of the 17 observed systems. One system with a companion star of mass
6.8 M, is not accurately modeled, as it falls below our selection criterion of > 8 M, for the
companion star. We note that our model successfully includes one of the most massive systems,
Cygnus X-1, which has a black hole mass of 21.2 +2.2 M, and a companion star with a mass
of 40.6™7-7 M, (Miller-Jones et al., 2021).

In Fig. 5 (bottom panel), we compare the eccentricity and orbital period of the simulated
HMXBs with the data from the catalog of Fortin et al. (2023). In addition to the initial period
distribution of the population that we choose, the luminosity cut (> 103 erg s~!) also affects the
sample of systems with long periods (> 10? days), as these systems will not be able to accrete
sufficient material unless they have high eccentricities.

Considering this, our results show a good agreement with the observations for HMXBs
with BHs and NSs.

We next compute the XLF from HMXBs for each simulated MW/M31-like galaxy and
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Figure 5: (Top) The companion star mass and compact object mass dis-
tribution of the HMXB population. Grey points represent the population
of HMXBs in the simulated galaxies. Red and blue points indicate the
mass measurements from the catalog of Fortin et al. (2023) for NS and
BH, respectively. Red/blue shaded regions correspond to the NS/BH
regions adopted in SEVN. The horizontal black line represents our cut
in the companion stars of the HMXBs. (Bottom) Orbital parameters of
the simulated HMXB population. compared the catalog of Fortin et al.
(2023). In the panels, points represent our simulation (BH: black; NS:
grey) and observations (BH: blue; NS: red), whereas magenta symbols
indicate compact objects with an unknown remnant type.
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Figure 6: Slopes of the power law fit to the XLF for the populated
galaxies. The grey band indicates the range of the slope values expected
(1.3 < ax < 1.7) for the MW according to Fornasini et al. (2024). The
color code represents the stellar mass of the MW/M31-like simulated
galaxies.

fit them with a power-law. In Fig. 6 we compare the slopes (@) obtained from the XLF fits
with the values from observations. Our findings indicate that the slopes obtained from our
simulations generally fall within the observed range of o ~ 1.3—1.7 from Fornasini et al. (2024),
demonstrating consistency with the observational data.

4. Summary

In this study we investigate the population of HMXBs in simulated MW/M31-like galax-
ies using the IllustrisTNGS50 hydrodynamical simulation (Pillepich et al., 2024; Nelson et al.,
2019) in combination with the SEVN population synthesis code (Iorio et al., 2023; Spera et al.,
2015) and PARSEC stellar tracks (Bressan et al., 2012; Nguyen et al., 2022). The methodology
involved the selection of stellar particles from galaxies based on spatial location, metallicity,
and age, and populating these particles with HMXBs. Our model represents a modified ap-
proach based on Mapelli et al. (2017); Artale et al. (2019a,b). The results show a clear decrease
in both the population and luminosity of HMXBs as the metallicity increases. This behavior
is consistent with previous findings (Dray, 2006; Linden et al., 2010). Our simulations prop-
erly reproduce the X-ray luminosity function slope, orbital parameters, and masses of HMXBs,
consistent with the observations of the current Milky Way catalog by Fortin et al. (2023). We
will further examine how changing key parameters in SEVN, such as common envelope and
accretion efficiency, will impact the population properties of simulated HMXBs. This extended
analysis will be detailed in a subsequent article.
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