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A B S T R A C T 

We conduct binary population synthesis to investigate the formation of wind-fed high-mass X-ray binaries containing black holes 
(BH-HMXBs). We evolve multiple populations of high-mass binary stars and consider BH-HMXB formation rates, masses, 
spins, and separations. We find that systems similar to Cygnus X-1 likely form after stable Case A mass transfer (MT) from the 
main-sequence progenitors of BHs, provided such MT is characterized by low accretion efficiency, β � 0.1, with modest orbital 
angular momentum losses from the non-accreted material. Additionally, efficient BH-HMXB formation relies on a new simple 
treatment for Case A MT that allows donors to retain larger core masses compared to traditional rapid population-synthesis 
assumptions. At solar metallicity, our Preferred model yields O(1) observable BH-HMXBs in the Galaxy today, consistent with 

observations. In this simulation, 8 per cent of BH-HMXBs go on to merge as binary black holes or neutron star-black hole 
binaries within a Hubble time; ho we ver, none of the merging binaries have BH-HMXB progenitors with properties similar to 

Cygnus X-1. With our preferred settings for core mass growth, mass transfer efficiency, and angular momentum loss, accounting 

for an evolving metallicity, and integrating over the metallicity-specific star formation history of the Universe, we find that 
BH-HMXBs may have contributed ≈2–5 BBH merger signals to detections reported in the third gravitational-wave transient 
catalogue of the LIGO–Virgo–KAGRA Collaboration. We also suggest MT efficiency should be higher during stable Case B 

MT than during Case A MT. 

Key words: binaries: close – stars: evolution – stars: mass-loss – X-rays: binaries – black hole mergers – black hole–neutron star 
mergers. 
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1 In addition to these known BH-HMXBs, there are some tentative claims, 
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 I N T RO D U C T I O N  

igh-mass X-ray binaries (HMXBs) contain one compact object –
 neutron star (NS) or a black hole (BH) – and one massive star.
he compact object accretes matter from its companion, emitting 
-ray radiation in the process. HMXBs are distinguished from low- 
ass X-ray binaries by the mass of the companion star, which also

ictates the mode of mass transfer (MT): while LMXBs accrete 
rom their � 2 M � companion when the companion o v erflows its
oche lobe, MT in HMXBs is driven by stellar winds from the early-

ype companion. HMXBs containing black holes (BH-HMXBs) are 
f particular interest as potential progenitors of merging binary 
lack holes (BBHs), which are now routinely observed via their 
ra vitational-wa ve emission (Abbott et al. 2021a ). 
Of the 94 confirmed HMXBs (Chaty 2022 ; Fortin et al. 2023 ), only

hree are known to contain BHs. These are Cygnus X-1, a 40 . 6 + 7 . 7 
−7 . 1 

 � main-sequence star with a 21.2 ± 2.2 M � BH companion (Bolton
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972 ; Webster & Murdin 1972 ; Miller-Jones et al. 2021 ); LMC X-1,
 31.8 ± 5.5 M � main-sequence star with a 10.91 ± 1.54 M � BH
Mark et al. 1969 ; Wojdowski et al. 1998 ; Orosz et al. 2009 , 2014 );
nd M33 X-7, which has a main-sequence star of 38 + 22 

−10 M � and a
H of 11 . 4 + 3 . 3 

−1 . 7 M � (Long et al. 1981 ; Pietsch et al. 2006 ; Orosz et al.
007 ; Ramachandran et al. 2022 ). 1 Similarities between the observed
MXBs include the near-maximal Roche lobe volume filling factor 
f the main-sequence donor (between 0.899 and 0.997) and the 
pparently near-maximal spin of the BH accretor, with dimensionless 
pin magnitude measurements a ∗ = cJ / GM 

2 ranging from 0 . 84 + 0 . 05 
−0 . 05 

o > 0.9985, where c is the speed of light, J is the angular momentum
f the BH, G is the gravitational constant, and M is the BH mass (Gou
t al. 2011 , 2014 ; Duro et al. 2016 ; Qin et al. 2019 ; Miller-Jones
ncluding SS 433 (Seifina & Titarchuk 2010 ), Cygnus X-3 (Zdziarski et al. 
018 ), and MWC 656 (Grudzinska et al. ( 2015 ), refuted by Rivinius et al. (), 
D96670 (Gomez & Grindlay 2021 ), and HR 6819 (Rivinius et al. ( 2020 ), 

efuted by Frost et al. ( 2022 ). 
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t al. 2021 ; Zhao et al. 2021 ). 2 Note that the spins of the BHs have
een contested (see e.g. Miller & Miller 2015 ; Reynolds 2021 , for a
iscussion of the spin measurement methods and possible systematic
iases); for e xample, Ka wano et al. ( 2017 ) argue that observations
f the soft-state X-rays are better explained by BHs with a lower
pin. 

Although the BH in an HMXB is accreting from its companion,
his is not likely to cause the BH to spin-up. In order to drive the
H to high spins, the accreted matter would have to double the mass
f the BH, which is difficult to achieve through Eddington-limited
ccretion from short-lived massive companions (King & Kolb 1999 ;
odsiadlowski, Rappaport & Pfahl 2002 ). Additionally, natal spins of
Hs that formed from single stars, which do not experience spin-up

hrough mass transfer or tides, are expected to be small (e.g. Fuller &
a 2019 ; Gottlieb et al. 2023 ). Thus, the high spin is more likely to

ave been inherited from a BH progenitor that was spun about by
inary interactions, particularly tides (see Mandel & Fragos 2020 ,
or a brief re vie w of possible spin origins). 

Stars in tight binaries can be significantly spun up through tidal
ocking. If this rapid spin can be retained during the collapse into a
H, the BH can have high spins compatible with the observed values.
o we ver, as the progenitor star evolves, a significant fraction of the

ngular momentum can be transported to the outer layers through
trong core–envelope coupling and remo v ed from the star via binary
nteractions or winds. In order to prevent this, the binary interaction
eeds to happen early on during its evolution before most of the
ngular momentum is transported out of the core. Hence, it has been
roposed that Cygnus X-1 likely evolved via Case A MT, meaning
hat the BH progenitor transferred mass to its companion while on the

ain sequence (Qin et al. 2019 ; Neijssel et al. 2021 ). 3 The formation
f a BH-HMXB via Case A MT is illustrated in Fig. 1 . In these
odels, it is assumed that the MT is relati vely non-conserv ati ve, in

rder to maintain a tight orbit and therefore a rapid spin. It has been
rgued that if the mass transferred in the early stages of the MT
an spin-up the secondary close to critical rotation, the subsequent
aterial could not be retained due to the centrifugal barrier (Packet

981 ; Qin et al. 2019 ); ho we ver, see Popham & Narayan ( 1991 ) and
inciguerra et al. ( 2020 ). 
The observability of wind-fed X-ray binaries is determined by

he properties of the wind emitted from the donor and the binary
rbit. Traditionally, the X-ray luminosity from these systems has
een estimated from the mass accretion rate using a simple Bondi–
oyle–Lyttleton accretion model (Hoyle & Lyttleton 1939 ; Bondi &
oyle 1944 ). Ho we ver, the mass accretion rate alone is not sufficient

o predict whether the BH will emit X-rays. Efficient X-ray emission
equires the presence of an accretion disc, which in turn relies on
aving more angular momentum in the accreting material than at
he innermost stable circular orbit around the BH (e.g. Illarionov &
unyaev 1975 ). This can only be achieved when the donor star oc-
upies a significant fraction of its Roche lobe, where the companion
s located deep within the acceleration zone of the wind (Karino,
akamura & Taani 2019 ; Hirai & Mandel 2021 ; Sen et al. 2021 ). 
Hirai & Mandel ( 2021 ) recently investigated how the tidal force

rom the BH companion on a nearly Roche lobe filling wind donor
ill significantly affect the wind morphology due to gravity dark-
NRAS 524, 245–259 (2023) 

 The Roche lobe filling factor is the cubed root of the volume filling fraction; 
ee Neijssel et al. ( 2021 ) for the definition of this parameter. 
 Qin et al. ( 2019 ) conclude that chemically homogeneous evolution could 
roduce highly spinning BH accretors with stellar companions, but with 
rbital periods larger than observed. 
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ning and changes in the wind acceleration process. The resulting
ighly asymmetric wind velocity distribution ensures that the ac-
reted matter possesses large amounts of angular momentum, aiding
isc formation. They predict a steep transition between observable
nd dormant BH systems due to the strong separation dependence of
idal forces, with a threshold for disc formation at f crit � 80 per cent
oche lobe filling. Abo v e this, the av erage specific angular mo-
entum of the accretion flow exceeds that of the innermost stable

ircular orbit around the BH. Otherwise, the accretion will occur in
 radiatively inefficient manner. The exact bound weakly depends
n the properties of the binary, such as the mass ratio and wind
cceleration parameters. In Fig. 2 , we plot this critical Roche lobe
lling factor f crit as a function of the donor mass M d and orbital period
or a given set of binary parameters. We see that f crit is confined to
 narrow range between 86 . 5 per cent � f crit � 88 . 5 per cent o v er
he entire parameter range. Note that with the classical assumption
f a spherical wind (e.g. Illarionov & Sunyaev 1975 ), accretion disc
ormation is impossible for most of this parameter space. 

In this paper, we conduct a binary population synthesis study to
nvestigate the formation rates of wind-fed BH-HMXBs. We vary key
arameters that influence the masses, separations, and rates of BH-
MXBs forming through Case A MT, and compare the resulting BH-
MXB populations to the Galactic binary Cygnus X-1. We identify
H-HMXBs as binaries that contain a BH and a main-sequence star
ith M d ≥ 10 M �, with the main-sequence star having a Roche lobe
lling fraction f ≥ f crit , where 80 per cent � f crit � 90 per cent . We
ompute expected yields of BH-HMXBs in our Preferred simulation,
nd discuss selection effects due to unfortunate positioning of
ources in the Galaxy. We discuss alternative formation pathways
or BH-HMXBs in our simulations, and argue against them. We
lso inspect the future evolution of BH-HMXBs in our Preferred
imulation, finding that a non-negligible fraction ( ≈ 8 per cent ) go
n to merge as compact binaries potentially detectable with ground-
ased gra vitational-wa ve detectors like Advanced LIGO and Virgo
Acernese et al. 2015 ; Abbott et al. 2018 ). 

The component masses of merging BBHs observed via their
ra vitational-wa ve emission are similar, although not entirely con-
istent with BHs in BH-HMXBs (taking the rele v ant selection ef fects
nto account; Fishbach & Kalogera 2022 ; Liotine et al. 2022 ).
o we ver, their spins are not: most merging BBHs contain BHs that
av e ne gligible spins (e.g. Abbott et al. 2021a ). While there are
ignificant uncertainties in the spin measurements for BHs in both
MXBs (e.g. Miller & Miller 2015; Kawano et al. 2017 ; Reynolds
021 ) and BBHs (e.g. Bisco v eanu et al. 2021 ; Tong, Galaudage &
hrane 2022 , Abbott et al. 2023) that could reduce this discrepancy,
e focus on formation channels that can plausibly give rise to rapidly

pinning BHs in HMXBs in this work. 
Several recent studies used rapid population synthesis to explore

he observed population of BH-HMXBs and their relation to the
erging BBH population detected with gra vitational wa ves. Liotine

t al. ( 2022 ) used the COSMIC population synthesis code (Breivik
t al. 2020 ) to investigate observational selection effects affecting
he populations of BHs observed in HMXBs and in merging BBHs.

isra et al. ( 2022 ) studied the influence of physical processes
nd assumptions on the X-ray luminosity function of all HMXBs
including those containing NSs) with the POSYDON population
ynthesis code (Fragos et al. 2023 ). Gallegos-Garcia et al. ( 2022 )
sed MESA simulations in combination with COSMIC to study the
ventual fates of BH-HMXBs formed via case A MT, comparing the
ields of merging BBHs from the BH-HMXB channel. 
In addition to using different population synthesis tools, our work

iffers from these three papers in several important ways, driven



Rapid population synthesis of BH-HMXBs 247 

Figure 1. Typical evolutionary stages of the BH-HMXBs produced through pathways involving dynamically stable Case A MT in our simulations. Values 
provided on this plot are taken from our Preferred simulation, which has MT efficiency β = 0.1, specific angular momentum loss f γ = 0.1, Wolf–Rayet wind 
mass-loss rate f WR = 0.1, metallicity Z = Z �, a minimum zero-age main-sequence mass of 10 M �, and increased core mass at the end of Case A MT. The 
primary and secondary masses M 1 and M 2 , time T , and orbital semilatus rectum distance ρ of an example evolving through stable Case AB MT are provided on 
the f ar left. Lik e the majority of the BH-HMXBs in our simulations, this binary undergoes a major episode of MT as a main-sequence star and a minor episode 
of MT as a Hertzsprung gap star. The first stages tidally lock the primary, spinning it up, and strip the majority of its envelope. This leaves little material to 
be further stripped during the short early Case B MT phase, and prevents the primary from expanding further and losing angular momentum from the core. In 
boxes on the right, we provide the percentage of the binaries in our Preferred simulation that proceed through each evolutionary stage for each pathway. As a 
guide, for stable Case A MT only, this can be read as follows: 17.01 per cent of all binaries undergo stable Case A MT from the primary; 1.99 per cent of all 
binaries see the primary collapse into a BH with no further MT; and 0.01 per cent of all binaries then proceed to fit our BH-HMXB selection criteria. 
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y the different aims of these projects, which makes it difficult 
o quantitatively compare the results. One important difference is 
he treatment of BH-HMXB observability: Liotine et al. ( 2022 ) 
reat any BH with a ≥5 M � stellar companion as a BH-HMXB,
nd estimate its luminosity assuming spherically symmetric wind 
ccretion; similarly, Gallegos-Garcia et al. ( 2022 ) designate any 
inary comprising a BH and a hydrogen-rich star as an HMXB.
n contrast, we use the prescription of Hirai & Mandel ( 2021 ) to
etermine the existence and duration of an observable BH-HMXB 

hase in a binary containing one BH and one ≥10 M � main-sequence
tar, an approach also taken by Misra et al. ( 2022 ). Secondly, while
iotine et al. ( 2022 ) use the default behaviour of Hurley, Tout &
ols ( 2002 ) to determine the core mass at the end of Case A
T, we allow a more massive core to be retained (e.g. Heger,
anger & Woosley 2000 , see the next section). Thirdly, different
ssumptions are made regarding stable mass transfer efficiency; in 
articular , we in vestigate a range of lo wer MT ef ficiencies that may
e consistent with nearly maximally spun up accretors (Qin et al.
019 ). Gallegos-Garcia et al. ( 2022 ) and this work focuses on BH-
MXBs formed via case A MT, assuming that this is the channel
ost likely to lead to highly spinning BH primaries, while Liotine

t al. ( 2022 ) do not distinguish between formation channels in their
ork. These studies make different choices of metallicity in the 

imulations: we consider four metallicities in this study, Misra et al.
 2022 ) explore just one, while Gallegos-Garcia et al. ( 2022 ) consider
ve metallicities, but focus on low metallicities given their interest 
MNRAS 524, 245–259 (2023) 
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M

Figure 2. The critical Roche lobe filling factor to create an accretion disc 
(colour scale) as a function of orbital period (horizontal axis) and donor mass 
(vertical axis) as predicted by the model of Hirai & Mandel ( 2021 ). The 
systems studied here have mass ratio q ≡ M BH / M d = 0.5, the wind force 
multiplier parameter α = 0.5, and Eddington factor � = 0.1. We assume the 
BH is maximally spinning prograde to the orbit. The white areas are regions 
of parameter space where either the donor star will o v erflow its Roche lobe 
at zero-age main sequence, or it will never reach the required f crit during 
its main-sequence phase. The white cross marks the binary parameters of 
Cygnus X-1 as reference. 
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n the formation of merging BBHs. Other differences include the
reatment of angular momentum carried away by non-conserv ati ve

ass transfer, supernova prescriptions, wind-driven mass-loss rates,
ass ranges explored, etc. 
Despite these differences, clear common trends emerge. Gallegos-

arcia et al. ( 2022 ), Neijssel et al. ( 2021 ) and previous work (e.g.
elczynski, Bulik & Bailyn 2011 ) all conclude that only small

ractions of BH-HMXBs will yield merging BBHs, which matches
ur conclusions. For example, Gallegos-Garcia et al. ( 2022 ) find
hat at most 12 per cent of BH-HMXBs form merging BBHs.
onv ersely, the o v erwhelming majority of merging BBHs observ ed
s gra vitational-wa ve sources (e.g. 93 per cent according to Gallegos-
arcia et al. 2022 ) did not form through the BH-HMXB channel,
hich is consistent with the observed differences in BH masses and

pins between the BH-HMXB and BBH populations (e.g. Fishbach &
alogera 2022 ). 
In this paper, we concentrate on using observations of BH-HMXBs

o constrain key uncertain parameters governing binary evolution,
articularly mass transfer physics. The paper is structured as follows.
n Section 2 , we re vie w the rapid binary population synthesis
erformed in this work. In Section 3 , we compare the properties
f the simulated BH-HMXB populations produced through Case A
T to observations. This motivates our Preferred settings, which

ield ≈1 observable BH-HMXBs per Milky Way-like galaxy today
hen accounting for selection effects. In Section 4 , we discuss the

ormation of merging compact-object binaries from BH-HMXBs. In
ection 5 , we consider alternative BH-HMXB formation pathways
ithin our Preferred simulation, and detail our reasons for regarding

heir predictions with scepticism. In Section 6 , we discuss our results
nd speculate on their implications for binary star evolution. 

 M E T H O D :  P OPULATION  SYNTHESIS  O F  

H - H M X B  C A N D I DAT E S  

e perform rapid binary population synthesis using COMPAS (Com-
as Development Team 2021 ; Team COMPAS 2022 ) v02.31.03.
apid population synthesis codes like COMPAS are useful for quickly
NRAS 524, 245–259 (2023) 
ssessing the impact of modelling assumptions on the outcomes
f binary evolution (see e.g. Belczynski et al. 2022 ; Broekgaarden
t al. 2022 ; Stevenson & Clarke 2022 ). In comparison to 1D stellar
volution codes [e.g. STARS (Eggleton 1972 ; Eggleton et al. 2011 ),
PASS (Eldridge & Stanway 2009 ; Stanway & Eldridge 2018 ),
nd MESA (Paxton et al. 2011 ; Jermyn et al. 2023 )], the speed
f rapid population synthesis relies on simplified prescriptions for
tellar evolution and binary e volution. Ho we ver, the use of such
rescriptions causes rapid population synthesis codes to have intrin-
ic limitations with respect to their detailed-evolution counterparts:
implified recipes, while computationally more efficient, may neglect
r o v ersimplify elements of stellar evolution. An e xample of this is
tellar evolution at high masses: like many other rapid population
ynthesis codes (e.g. COSMIC and STARTRACK ; Belczynski et al. 2008 ;
reivik et al. 2020 ), COMPAS relies on the single stellar evolution
rescriptions of Hurley, Pols & Tout ( 2000 ). These are calibrated
nly up to zero-age main-sequence (ZAMS) masses of 50 M �, but
xtrapolated to higher masses. 

For initial conditions, we assume a log-uniform initial distribution
f orbital separations between 0.01 and 1000 au (Abt 1983 ; Sana
t al. 2012 ), the Kroupa ( 2002 ) initial mass function for the primary
asses, and a uniform distribution of initial mass ratios. To impro v e

ur sampling efficiency for high-mass systems, we increase the
inimum secondary mass to M 2 = 10 M �. Since we enforce that M 1 

M 2 , the ZAMS mass range sampled for both components spans 10–
50 M �. We use the supernova kick and remnant mass prescriptions
f Mandel & M ̈uller ( 2020 ), with their default values. 
Our main focus is to explore the Case A MT channel, where the
T occurs when the primary is still on the main sequence. In the

riginal Hurley et al. ( 2002 ) formalism for Case A MT, the core is not
odelled during the main sequence and discretely jumps to a value

ased on the stellar mass at the terminal-age main sequence (TAMS).
his treatment may lead to significantly underestimated core masses

or donors that lose a significant amount of mass during late Case A
T. Here, we implement a new recipe for Case A MT similar to the
odel in Neijssel et al. ( 2021 ). When a donor engages in Case A MT,
e determine what its helium core mass at TAMS M c,TAMS would be

ccording to the Hurley et al. ( 2000 ) prescription if it evolved to this
tage with no further mass-loss. We then set a minimum core mass
 c,min equal to M c,TAMS , multiplied by the fraction of the donor’s
ain-sequence lifetime at the onset of MT, τMT , such that M c,min =

MT M c,TAMS . The minimum core mass M c,min is used as a lower limit
or the core mass of the donor when its evolution reaches TAMS. In
articular, if the total mass at TAMS M ∗,TAMS ≤ M c,min , the entire star
s considered to become a naked helium star. This treatment allows
s to qualitatively account for nuclear fusion prior to the MT phase,
eading to larger core masses at TAMS and the subsequent formation
f higher mass BHs (see Section 3.1 ). 
To identify BH-HMXB candidates, we implement a new option

n COMPAS that outputs the state of the binary if one component is a
H or NS and its companion has a Roche lobe filling factor f ≥ f crit 

Hirai & Mandel 2021 ). We further filter these systems to include
nly those binaries containing a BH and a main-sequence donor with
 d ≥ 10 M �. The Roche lobe filling factor is defined as f ≡ R d / R L ,
here R d is the donor stellar radius and R L is the Roche lobe radius.
or eccentric binaries, the Roche lobe radius is approximated by that
f a circular orbit with the separation equal to the periastron distance.
he exact value of f crit depends on the stellar and orbital properties,
ut generally take values in a relatively narrow range (0.8–0.9; see
igs 2 and A1 ). We set the default value as f crit = 0.8, but also quote
H-HMXB yields using f crit = 0.9 to quantify the impact of this
hoice (see Section 3 ). 
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We assume that the spin-up of a BH progenitor in a BH-HMXB
an only occur through tides during stable Case A MT from the
rimary, an argument put forth by, e.g. Valsecchi et al. ( 2010 )
nd Qin et al. ( 2019 ). This argument relies on efficient angular
omentum transport within stellar interiors, allowing the core to 

pin-up while the outer layers are stripped (Qin et al. 2019 ). There
re further uncertainties due to our neglect of the influence of tides
nd wind drag on the evolution of close binaries, which could be
mportant for systems like Cygnus X-1 (Schrøder et al. 2021 ). The
igh BH spins in observed HMXBs have significant measurement 
ncertainties and systematic errors (see Miller & Miller 2015 ; 
elczynski, Done & Lasota 2021 ; Reynolds 2021 , and references 

herein). Hence, calibrating our simulations using the requirement 
hat we obtain high BH spins can provide only tentative constraints
n the physics that we investigate. 
Most of the binaries that produce BH-HMXB candidates through 

table Case A MT in our simulations experience a brief subsequent 
pisode of stable MT while the primary is on the Hertzsprung gap
HG; Case AB MT), before the primary collapses to a BH. In our
referred simulation, there are ≈35 times as many BH-HMXBs 
orming through Case AB than pure Case A MT. Since the primary
oses most of its envelope during Case A MT, any subsequent Case
 phase is short-lived and early on the HG. In these binaries, Case B
T occurs at roughly the separation where the Case A MT ends, so

here is limited donor expansion, and the resulting mass and angular 
omentum loss during Case B MT is minor. Therefore, we treat 

ny BH-HMXB candidate forming via stable Case A MT – with or
ithout a subsequent Case B MT phase – as likely to contain a highly

pinning BH. We also note that the distinction between Case AB and
ure Case A systems is somewhat arbitrary, as it is strongly related
o how Case A MT is treated in our simulations. 

Noting that our results are likely to be sensitive to the assumptions
utlined abo v e, we assess the implications of the observ ed masses,
eparations, spins, and rates of known BH-HMXBs for the astro- 
hysics behind BH-HMXB formation. 
We vary four key parameters, detailed below, and evolve 0.5 
illion binaries per simulation. 

(i) Metallicity at birth ( Z ): The metallicity of the progenitor 
f Cygnus X-1 at formation is challenging to ascertain: Shimanskii 
t al. ( 2012 ) measure the donor to have surface abundances of ∼2 Z �,
hich may reflect its birth metallicity, but could instead be influenced 
y an earlier episode of accretion from the BH progenitor. Stars in
he vicinity of Cygnus X-1 ha ve ab undances slightly lower than Z �
Daflon et al. 2001 ). We vary Z between 1 

10 Z � and 2 Z �, where
 � = 0.0142. 
(ii) MT efficiency ( β): The MT efficiency, β, defines what fraction 

f mass lost from a donor is accreted by its companion. By default
n COMPAS , β = β th , a quantity determined by the ratio of the
hermal time-scales of the donor and accretor, with MT becoming 
ully conserv ati ve when donor thermal time-scales are no more than
0 times shorter than accretor thermal time-scales (Team COMPAS 

022 ). Ho we ver, if the accreting star (in this case, the secondary,
efore the primary evolves into a BH) is spun up by MT, β may be
ubstantially reduced (Packet 1981 ; Qin et al. 2019 ). We model this
ossibility by setting β to a constant value to e v aluate the impact of
T efficiency on BH-HMXBs binaries. We vary β between β = 0.5 

o β = 0.0, the latter representing completely non-conserv ati ve MT. 
(iii) Specific angular momentum lost in non-conser v ati v e MT 

 f γ ): When MT is non-conserv ati ve, f γ determines ho w much angular
omentum the non-accreted mass carries with it. By default, COMPAS 

reats ejected mass as carrying away the specific angular momentum 
f the accretor, which corresponds to f γ = 0 (‘isotropic re-emission’).
o we ver, MacLeod & Loeb ( 2020 ) argue that the ejected angular
omentum may be higher. At the other extreme, if material lost

rom the binary escapes from the L2 Lagrange point, f γ = 1. The
arameter f γ linearly interpolates in the distance from the binary 
entre of mass between the location of the accretor and the L2 point
Willcox et al., in preparation). We vary f γ between 0 and 0.4. 

(iv) Wolf–Rayet wind mass-loss efficiency ( f WR ): Following 
he removal of the primary’s hydrogen envelope, its evolution will 
epend on the wind mass-loss rate of stripped (Wolf–Rayet) stars 
e.g. V ink 2017 ; Sander, V ink & Hamann 2020 ; Sen et al. 2021 ).

e use a mass-loss prescription from Hamann & Koesterke ( 1998 )
ith a metallicity scaling from Vink & de Koter ( 2005 ) and an

dditional scaling parameter f WR allowing the wind strength to be 
odified (Barrett et al. 2018 ), yielding the mass-loss rate f WR ×

0 −13 ( L / L �) 1.5 ( Z / Z �) 0.86 M � yr −1 . Neijssel et al. ( 2021 ) showed that
 WR must be � 0.2 when Z = Z � in order to explain the observed
roperties of Cygnus X-1. Ho we ver, the metallicity of Cygnus X-
 at formation is uncertain (see abo v e). We vary f WR between the
OMPAS v02.31.03 default of 1 and a minimum of f WR = 0.05. 

 RESULTS:  C O M PA R I S O N  O F  SIMULATED  

H - H M X B  POPULATI ONS  TO  OBSERVAT IO NS  

.1 Effects of new treatment for core growth during Case A MT

e assess the impact of the new Case A MT treatment in Fig. 3 . The
H-HMXBs formed via the new Case A MT treatment (plotted in
ark grey and dark pink) exhibit a wider range of BH masses than
hose without this change (lighter dots). With the Default settings 
pink dots), the maximum BH mass with the new Case A MT
reatment reaches ∼12 M �, while the maximum under the traditional
reatment is ∼5 M �. Meanwhile, the maximum BH-HMXB donor 

ass shrinks with the new treatment. With our Preferred settings, 
onor masses are lighter than in the Default case because of the
educed MT efficiency (see Section 3.3 ). 

We compare the history of one typical example system, evolved 
ith and without this updated prescription for core mass growth, in
ig. 4 . The system starts as a m 1 ∼ 100 M �, m 2 ∼ 45 M � binary with
 separation of ∼60 R �. In both models, Case A MT commences at
2.5 Myr. In the updated model, the minimum primary core mass
 c,min is at least as large as its total mass at TAMS, so the entire

rimary becomes a He star at TAMS. In the other model, a rapid
hase of Case B MT occurs instead; after the star is striped to a
e star, it has a much lower mass. This phase of rapid mass-loss

n the no-minimum-donor-core model drives the binary apart, and 
he system ends up as a wide NS + MS binary, before eventually
erging after the secondary evolves on to the HG. In the updated
odel, the system becomes an observable BH-HMXB. This example 

ighlights the two-fold impact of our new Case A MT treatment that
s fa v ourable for creating Cygnus X-1-like systems: increasing the
nal BH mass and reducing mass-loss, leading to tighter orbits. 
An additional new treatment in this work is identifying observable 

H-HMXBs as BH–MS pairs where the MS fills its Roche lobe
y more than a critical fraction f crit , which is between 0.8 and 0.9.
pplying this criterion does not strongly influence the distribution 
f system properties shown in Fig. 3 . The strongest consequence 
f applying the Roche lobe filling factor condition is to change the
uration of the observable BH-HMXB phase for a given binary, 
hich directly impacts the number of BH-HMXBs we would expect 

o be visible in a Milky Way-like galaxy today. The yield of BH-
MXBs decreases as f crit increases because some donors evolve on 
MNRAS 524, 245–259 (2023) 
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Figure 3. Comparison of BH-HMXB candidates produced through stable 
Case A and AB MT using four different set-ups. The first two set-ups assume 
the new prescription for core mass growth following Case A MT: with our 
Preferred settings (MT efficiency β = 0.1, specific angular momentum loss 
f γ = 0.1, Wolf–Rayet wind mass-loss scaling parameter f WR = 0.1, metallicity 
Z = Z �; dark grey points) and with the COMPAS v02.31.03 Default settings 
( β = β th , f γ = 0, f WR = 1.0, Z = Z �; dark pink points). The other two 
populations are evolved without our new prescription for core mass growth 
following Case A MT: using Preferred settings (light grey points); and using 
the Default settings (light pink points). The masses of three observed BH- 
HMXBs (from lightest to heaviest median donor and BH mass: LMC X-1, 
M33 X-7, Cygnus X-1) are indicated with black-encircled white points and 
black 1 σ error bars. The retention of a larger core and other choices in the 
Preferred settings produce more massive BHs, consistent with observations. 
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o the HG before expanding to fill more than 90 per cent of their
oche lobe. We discuss this further in Section 3.5 . 

.2 Choice of Pr eferr ed model 

he BH-HMXB populations produced with varying Z , β, f γ , and f WR 

re plotted in Figs 3 and 5 . Reducing Z results in larger masses for
oth binary components and reduces their orbital separation in the
MXB phase (see Fig. 6 ). Increasing β leads to more massive and
ore distant stellar companions for systems evolving via stable MT

rom the primary, since more mass is transferred to the secondary
uring MT episodes. MT hardens the binary more efficiently as f γ
ncreases, reducing the yield of HMXBs for larger values of f γ as
 greater fraction of binaries merge during MT (Willcox et al., in
reparation). The thin line of systems dominating the yield of BH-
MXBs when f γ = 0.4 are actually a different ZAMS population

han those that become BH-HMXBs with lower f γ , starting life as
enerally more widely separated and equal-mass binaries. When
 γ � 0.5, no BH-HMXBs are formed through stable Case A

T. Increasing f WR reduces the number of BH-HMXB candidates
volving through Case A MT and decreases the maximum BH mass
roduced in our simulations. 
NRAS 524, 245–259 (2023) 
Our Preferred model settings are β = 0.1, f γ = 0.1, f WR = 0.1, and
 = Z �. These parameters yield a BH-HMXB population similar

n masses and separations to those observed, through a channel
ikely to give rise to highly spinning BH primaries. However, it
hould be noted that these are not the only parameters that produce
inaries consistent with the observed population; for example, as
hown in Fig. 5 , several variations on these parameters can produce
inaries through Case A MT with component masses observed in
H-HMXBs. 
While lower metallicities produce BH-HMXBs with smaller sepa-

ations more consistent with observations, we use solar metallicity in
ur Preferred simulation because Cygnus X-1 is thought to have Z �
 � (see discussion in Neijssel et al. 2021 ). In all of our simulations,

he distribution of binary age at the onset of the BH-HMXB phase
s strongly peaked around 5 Myr, and the typical duration of the
hase is short, � 0.2 Myr. Therefore, any BH-HMXBs observable in
he local Universe today are young systems whose metallicities are
etermined by those in local star-forming regions. Finally, it is likely
hat separations during the BH-HMXB phase are o v erpredicted by
OMPAS ; see Section 3.4 for further discussion of this. 
Fig. 1 shows a typical evolutionary pathway for a BH-HMXB

orming via dynamically stable Case A MT in our Preferred simula-
ion. At each illustrated step in the evolution, we provide the fraction
f binaries that reach that stage in our Preferred model. In Fig. 3 ,
e show how the BH-HMXB masses produced in our Preferred

un compare to those produced when we use the COMPAS v02.31.03
efault settings: β = β th , f γ = 0, f WR = 1.0, Z = Z �. Unlike the
efault model, the Preferred model contains binaries with masses

nd separations similar to those observed. 

.3 Masses 

ygnus X-1 contains a main-sequence wind donor of ∼40 and
21 M � BH accretor (Miller-Jones et al. 2021 ). To obtain similar
asses, we find that it is crucial to retain a higher core mass at

he end of Case A MT than is retained by the default treatment
n COMPAS v02.31.03, as described in Section 2 and illustrated in
ig. 3 . While we form a wide range of BH masses through Case A
T in all simulations, the mass range of main-sequence wind donors

s sensitive to model assumptions. We do not directly restrict mass
ccretion efficiency for accretors with high rotational velocities, as
n Qin et al. ( 2019 ); instead, we study the effect of varying the
xed value of β between different runs. We find that we produce
ompanions in the correct mass range via stable Case A MT from
he primary only when β is low ( β � 0.2), representing largely non-
onserv ati ve MT, consistent with expectations for rapidly spinning
ccretors. 

There is a distinct subpopulation of low-mass BHs visible in the
ass distributions in all panels of Fig. 5 . This is a consequence

f the stochastic remnant mass and kick prescription of Mandel &
 ̈uller ( 2020 ), as low-mass BHs can be produced through either

omplete fallback with no kicks from progenitors with lower mass
arbon–oxygen cores or through partial fallback with natal kicks
rom progenitors with more massi ve cores. Equi v alently, progenitors
ith the same carbon-oxygen core mass between 3 and 8 M � can
ive rise to more massive BHs through complete fallback or lower
ass BHs through partial fallback (or even yield NSs). 
In our Preferred simulation, binaries that evolve through only

ase A MT have high-mass primaries at birth ( M 1,ZAMS � 70 M �),
nitial mass ratios q ZAMS = M 1,ZAMS / M 2,ZAMS ≈ 2, and small initial
eparations a ZAMS ≈ 0.2–0.5 au. The primary loses ≈15 per cent of
ts ZAMS mass in winds before commencing Case A MT. This MT
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Figure 4. Evolution of the binary masses (top row) and separations/radii (bottom row) for one example system, evolved using the Preferred model including 
our new prescription for core mass growth during the MS (left-hand column) and the Preferred model without this change (right-hand column). In the updated 
model, the minimum helium core mass M c,min of the primary following Case A MT (see Section 2 ) exceeds its total mass at TAMS, so the star becomes a 
stripped helium star. In comparison, the model without the update forms a much smaller helium core at TAMS following Case A MT, and the mass-loss drives 
the binary to higher separations. In the model with the update, this system becomes a BH-HMXB, while in the no-minimum-core-mass model, the system 

becomes a wide NS–MS binary and merges while the secondary crosses the HG. 
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pisode happens relatively late on the main sequence, and depletes 
he majority of the primary’s envelope (and ≈60 per cent of its 
AMS mass), preventing further MT from the primary. The systems 

hat do undergo a subsequent early Case B MT phase have a wider
ange of primary masses at birth ( M 1,ZAMS � 15 M �), mass ratios
 ZAMS ≈ 1.25–2, and a slightly larger range of initial separations 
 ZAMS ≈ 0.1–0.6 au. 
As shown in the leftmost panel of Fig. 7 , BH-HMXB candidates

orming through only stable Case A MT, when plotted at their point
f smallest semilatus rectum, follow two distinct trends in mass ratio 
 = M BH / M d : q ≈ 0.5 and q ≈ 1. In fact, the systems at q ≈ 1 are
oing through their second BH-HMXB phase. All BH-HMXBs that 
volve via only stable Case A MT have their first BH-HMXB phase
s the secondary is in the process of expanding to overflow its Roche
obe. Subsequently, after the secondary loses mass through Roche 
obe o v erflow, it may detach and engage in a second BH-HMXB
hase with a donor that has lost ∼50 per cent of its mass, just before
he donor e volves of f the main sequence. While these binaries going
hrough a second BH-HMXB phase only appear once in Fig. 7 – on
he q = 1 branch, since this is when their point of smallest semilatus
ectum occurs – these binaries previously experienced a BH-HMXB 

hase on the q = 0.5 branch. Once q ≈ 1, the secondary becomes
etached, as expected (Podsiadlowski et al. 2002 ; Podsiadlowski, 
appaport & Han 2003 ). Ho we v er, v ery massiv e ( M ZAMS � 50 M �)
ain-sequence donors may detach from MT before this point: once 

hese stars are stripped, the exposed core is ef fecti vely chemically
omogeneous, and therefore smaller in size than we are accounting 
or here. As a consequence, they detach from MT even though the
inary has been driven closer together. If this is the case, some of
he more massive Case A and Case AB binaries close to q = 1
ould be pushed to slightly more extreme mass ratios at their point
f smallest semilatus rectum while in an observable BH-HMXB 

tate. 

.4 Separations 

he orbital period of Cygnus X-1 is 5.6 d and its near-circular orbit
eccentricity e ∼ 0.02) has a semimajor axis of a ∼ 0.24 au (Miller-
ones et al. 2021 ). Here, we take the semilatus rectum ρ ≡ a (1 −
 

2 ) as a proxy for binary separation because this value should be
pproximately conserved as the binary circularizes through tides. 

In Fig. 6 , we plot ρ against M d for binaries forming through stable
ase A or AB MT in our Preferred simulation, as well as simulations
ith lower metallicity. The observed BH-HMXB separations are on 
MNRAS 524, 245–259 (2023) 
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M

Figure 5. BH mass versus companion mass for BH-HMXB candidates evolving through stable Case A or Case AB MT from the primary. The simulations are 
split into four panels by the physics that is varied in each run (from left to right: β, f γ , f WR , Z ). All unspecified settings match the Preferred settings. Each scatter 
point represents the BH-HMXB at its point of smallest semilatus rectum. Increasing β tends to shift the binary to higher donor masses (and wider separations). 
Increasing f γ increases the angular momentum losses during non-conserv ati ve MT, which reduces the yield of BH-HMXBs. Increasing f WR only reduces the 
maximum BH mass, while increasing Z reduces both the maximum donor and BH masses. 

Figure 6. Smallest BH-HMXB semilatus rectum [ ρ = a (1 − e 2 ), where a is the semimajor axis and e is the eccentricity] as a function of donor mass (left-hand 
panel) and BH mass (right-hand panel) for the three simulations that produce systems with the closest matches to the observ ed BH-HMXBs. Observ ed BH- 
HMXBs are plotted in black, with horizontal lines denoting the uncertainty on their mass and vertical lines (so small as to be unresolv able) sho wing uncertainty 
on their separations. Lower metallicities enable tighter and more massive BH-HMXBs with settings otherwise matching our Preferred run. Alternatively, the 
tight observed binaries could point to stellar radii being lower than in COMPAS models. 
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he lower edge of those predicted by our Preferred model, and within
he range predicted by the simulation with Z = 

1 
10 Z �. The location

f the lower edge of the semilatus rectum distribution is determined
argely by the radial evolution of main-sequence donors, which must
t within their Roche lobes for a given binary separation. Since lower
NRAS 524, 245–259 (2023) 
etallicity stars have smaller radii (and also experience reduced wind
ass-loss, which widens binaries), reducing the metallicity allows

or smaller binary separations at the same masses. 
Ho we ver, some simplifying assumptions in the evolution of close

inaries in COMPAS are likely to lead to predicted binary separations
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Figure 7. BH versus donor mass for BH-HMXB candidates produced through all evolutionary pathways in our Preferred simulation. We show BH-HMXB 

candidates that evolve through pure stable Case A MT (left-hand panel), stable Case A followed by stable Case B MT (middle panel), and pure stable Case 
B MT (right-hand panel). Only the point with the smallest separation (measured at the semilatus rectum) is plotted. The masses of observed BH-HMXBs are 
shown with white circles and black error bars. BH to donor mass ratios q of 1 and 0.5 are indicated with faint grey lines. 
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hat are too wide. First, wind interactions are not modelled in COMPAS .
he loss of orbital energy via wind drag on the companion may lead

o smaller separations than are currently predicted (see Brookshaw & 

avani 1993 ; Schrøder et al. 2021 ). Secondly, we do not account for
idal dissipation of orbital energy in COMPAS . The increasing moment 
f inertia of an expanding, tidally locked donor extracts angular 
omentum from the orbit, causing the orbital separation to shrink. 
eglecting this effect leads our current orbital separation predictions 

o be too large. For q = M BH / M d = 0.5, the donor has a Roche lobe of
.44 a , where a is the separation. If the donor is ∼90 per cent Roche
obe filling, a = 2.5 R d , where R d is the radius of the donor. The an-
ular momentum ratio is then I d /I binary ∼ ( M d R 

2 
d / 10) / ( M d a 

2 / 3) ∼
 . 05. A 10 per cent increase in the stellar radius through homologous
xpansion increases the star’s moment of inertia by ∼20 per cent . 
f the star’s moment of inertia is indeed ∼5 per cent of that of
he binary, this would remo v e ∼1 per cent of the binary’s angular

omentum, causing the binary to spiral in by ∼2 per cent . We 
herefore estimate that the orbital separation is o v erpredicted by a
ew per cent due to neglecting tidal driving of the orbit. Ultimately,
o we ver, reducing the separation while a v oiding Roche lobe o v er-
ow requires decreasing the radius of the optical companion, e.g. 

hrough reduced metallicity or corrections to single-star evolutionary 
odels. 

.5 Rates 

hree confident BH-HMXBs are known observationally, with only 
ne – Cygnus X-1 – in the Milky Way. In order to convert yields
rom our simulations to observable rates in the Milky Way today, we
ake into account the time spent by each candidate as an observable
MXB, T HMXB . To convert our simulated yield to an observable 
umber N of BH-HMXBs in the Galaxy, we use the conversion 
unction 

 = 

n ∑ 

i 

T HMXB ,i × Ṁ new 

M rep 
, (1) 

here the assumed (constant) Milky Way star formation rate is 
˙
 new = 2 M � yr −1 , T HMXB, i is the observable lifetime of the i th
H-HMXB produced in the simulation, and M rep is the total star-

orming mass represented by a COMPAS simulation, in this case 
 rep = 2.65 × 10 8 M �. We use this conversion function to compute

he expected number of observable Galactic BH-HMXBs from our 
referred simulation with β = 0.1, f γ = 0.1, f WR = 0.1, Z = Z �, and
 minimum core mass retained after Case A MT. 

Since the precise value of f crit is system-dependent, we quote 
xpected yields of BH-HMXBs using both f crit = 0.8 and 0.9.
hanging this value does not strongly influence the masses or 

eparations of binaries. A lower value of f crit naturally leads to a
onger observable BH-HMXB phase for the same binary, while a 
igher value of f crit filters out some systems with MS stars that never
ll their Roche lobes to this higher fraction. In many cases, donors
volve to become HG stars before they fill more than 90 per cent
f their Roche lobe, so no longer meet our stringent BH-HMXB
dentification criteria (which require that the donor is an MS star).
he observable numbers of binaries per Milky Way-like galaxy today 

dentified as BH-HMXBs with Roche lobe filling factors ≥0.8 ( ≥0.9)
volving through stable MT are as follows (for Stable Case A MT
nly, all donors are ≥0.9 Roche lobe filling): 

(i) Stable Case A MT only : Median average T HMXB = 0.17 Myr,
 = 0.07 BH-HMXBs observable in the Milky Way today. 
(ii) Stable Case AB MT : Median average T HMXB = 0.13 (0.17)
yr, N = 2.46 (2.01) BH-HMXBs observable today. 

Despite the distinction abo v e, we treat BH-HMXBs evolving 
ia Case A only or Case AB MT as ef fecti vely coming from the
MNRAS 524, 245–259 (2023) 
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ame channel, since the distinction between them is sensitive to
light changes to our prescription for the core versus envelope mass
ollowing Case A MT. 

To assess the influence of employing the Hirai & Mandel ( 2021 )
dentification criterion for BH-HMXBs ( f crit ≈ 0.8), we compare
hese observable yields to those we would expect for f crit = 0. In this
ase, we ef fecti vely designate as BH-HMXBs all BH–MS binaries
ith m 2 ≥ 10 M � which evolved through Case A MT. When we

educe f crit to 0, BH-HMXBs have a median average observable
ifetime of ≈0.9 Myr. Folding this into equation ( 1 ), we would expect
o see ≈137 observable BH-HMXBs per Milky Way-like galaxy
oday. This yield is obviously far too high given the low observed rate
f BH-HMXBs in the Galaxy, even when accounting for the selection
ffects that we consider below . Clearly , the higher f crit calculated
y Hirai & Mandel ( 2021 ) – based on the requirement of having
ufficient angular momentum in the accreted material to form a disc
is more in line with observations. 
We estimate the selection effects for BH-HMXBs in the Galaxy as

ollows. We consider an X-ray source with the same X-ray spectrum
nd luminosity as Cygnus X-1, as observed by the Monitor of All-sky
-ray Image ( MAXI ; Matsuoka et al. 2009 ). For this purpose, we first

onverted MAXI ’s recorded daily count rates from August 2009 to
ebruary 2023 for Cygnus X-1 (to account for variability of Cygnus
-1) to X-ray luminosity using an absorbed power-law spectral
odel with a photon index of 2.2 and a hydrogen column density

f 6 × 10 21 cm 

−2 (based on the modelling of the X-ray spectrum
f Cygnus X-1 by, e.g. Schulz et al. 2002 ), then transformed the X-
ay luminosities back to MAXI count rates, using the PIMMS (Mukai
993 ) software (which considers detector sensitivities), assuming a
istance of 8.5 kpc (the distance to the Galactic bulge/centre, where
n o v erabundance of X-ray binaries is e xpected), and a conserv ati ve
ydrogen column density corresponding to that distance at Galactic
id-plane (based on estimates of extinction and hydrogen column

ensity by, e.g. HI4PI Collaboration 2016 ; Green et al. 2019 ). The
ffect of this on the X-ray observability in the 2–4 and 4–10 keV
ands is shown in Fig. 8 . 
While Fig. 8 indicates that an unfortunately placed Cygnus X-

 would still be detected by MAXI most of the time, this may
e o v eroptimistic. The X-ray background is significantly ele v ated
n the Galactic bulge, both due to extended X-ray emission and
rowding, which particularly impacts all-sky monitors with large
oint-spread functions (e.g. FWHM of ∼1.5 ◦ for MAXI /GSC; Hori
t al. 2018 ). An unfortunately placed Cygnus X-1 will, at best, be
 relatively faintly detected MAXI source, which may or may not
e identified as an XRB immediately. Since detection of optical
nd UV emission would be hampered by the interstellar medium,
ass and distance measurements would be difficult and have large

ncertainties, making such a source hard to identify as a BH-HMXB.
f the source was a factor of 10 less luminous than Cygnus X-1
as is common in XRBs outbursting in the hard state), it would
e completely undetectable by MAXI at 8.5 kpc, although it could
e picked up by hard-band monitors such as Swift /BAT (Barthelmy
t al. 2005 ), or pointed surv e ys with Swift /XRT (Burrows et al. 2005 ).
iven these results, we may expect that O(50 per cent ) of Cygnus
-1-like systems in the Galaxy would be detected and confidently

dentified as BH-HMXBs. Therefore, the total of N ∼ 2 predicted
alactic BH-HMXBs from the stable Case A only and Case AB

hannels is a good match to one observed Galactic BH-HMXB,
ygnus X-1. 
The observable duration [ O(0 . 1) Myr] of BH-HMXBs formed

hrough stable Case A and AB MT in our Preferred simulation agrees
ith observational constraints (e.g. Mineo, Gilfanov & Sunyaev
NRAS 524, 245–259 (2023) 
012 ). We note that, since we do not account for tidal driving of
rbital evolution, these time-scales may be slightly o v erestimated:
he increasing moment of inertia of the expanding, tidally locked
onor will extract angular momentum from the orbit, causing the
rbital separation to shrink and hastening Roche lobe o v erflow
y O(10 per cent ). Moreo v er, rapid rotation induced by tides will
mpact both the evolutionary time-scale and the radius of the optical
ompanion, further complicating more precise estimates of the
uration of the BH-HMXB phase. 

 F O R M AT I O N  O F  M E R G I N G  

O M PAC T-O B J E C T  BI NARI ES  F RO M  

H - H M X B S  

 non-negligible fraction of BH-HMXBs forming through stable
ase AB MT proceed to merge as BBHs or neutron star-black holes

NSBHs) within a Hubble time in our simulations. In our Preferred
imulation, the fraction of BH-HMXBs evolving through Case AB

T that go on to merge as either BBHs or NSBHs is 8 per cent.
hen the metallicity is reduced to 1 

2 Z �, the fraction rises to 12
er cent. At the lowest metallicity we consider, Z = 

1 
10 Z �, 21

er cent of BH-HMXBs formed through Case AB MT yield BBH
r NSBH mergers within a Hubble time. In the Preferred simulation,
.1 per cent of BH-HMXBs become NSBH mergers and 7 per cent
ecome BBH mergers; in the Z = 

1 
2 Z � simulation the respective

ractions are 1.5 per cent and 10 per cent, and when Z = 

1 
10 Z � the

espective fractions are 1.7 per cent and 19 per cent. In Fig. 9 , we
lot the distribution of primary and secondary masses for BBH and
SBH mergers subsequent to a BH-HMXB phase in the Preferred

imulation and simulations with lower metallicity. When Z = Z �,
he merger masses are lower than the (selection-biased) peak of
ra vitational-wa ve observations, with both M 1 and M 2 � 18 M � in
ur Preferred simulation; the upper limit of the mass range increases
o 25 M � for Z = 

1 
2 Z �. When Z = 

1 
10 Z �, the range of masses

s more consistent with GW observations of merging BBHs and
SBHs. 
Binary compact mergers forming in isolation are expected to have

lose-to-aligned spins that are nearly aligned with the orbital angular
omentum, and negligible orbital eccentricity at detection (e.g.
apelli 2020 ). Ho we ver, a natal kick associated with core collapse

upernova of the secondary can tilt the binary’s orbit, misaligning it
ith the spin axis of the first-born BH. This will cause the BH spin and
rbital plane to precess around the total angular momentum vector,
eaving a characteristic imprint on the gravitational-wave signal
f the merging binary (Apostolatos et al. 1994 ). Our simulations
nclude a few NSBH systems with spin-orbit misalignments up to

100 ◦, typically when the secondary produces an NS which receives
 significant natal kick. Supernova natal kicks can also impart a
ignificant eccentricity, e � 0.8 in some simulated binaries. Ho we ver,
he eccentricity imparted by the second supernova will be damped
o undetectable levels by the time the binary’s gra vitational-wa ve
mission is observed by ground-based instruments (Lower et al.
018 ; Romero-Shaw, Lasky & Thrane 2019 ). 
The Preferred model yields Galactic BBH (NSBH) merger rates of

re viously observ able BH-HMXBs of 1.8 (0.2) Myr −1 , assuming a
ilky Way star formation rate of 2 M � yr −1 . Without accounting for
etallicity variations, and assuming a Milky Way equivalent galaxy

ensity of ∼10 7 Gpc −3 (Abadie et al. 2010 ), this corresponds to local
erger rates of ∼18 BBH Gpc −3 yr −1 and ∼2 NSBH Gpc −3 yr −1 . 
In fact, the stellar progenitors of the mergers we observe today

ould have been born with a range of metallicities, mostly lower
han in our Preferred simulation. We perform another simulation
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Figure 8. Observability of an XRB as bright as Cygnus X-1 in the X-rays detected by MAXI /GSC. Dark blue, light blue, and pink solid lines represent the 
cumulative distribution of weighted averages of MAXI daily count rates (averaged per source) for non-detections, 1 σ , and 3 σ detections, respectively for all 
X-ray sources recorded by MAXI since its science phase began in August 2009. These distributions map approximate MAXI sensitivity to its observed count 
rates: for example, a source with a count rate of 0.01 (in either 2–4 or 4–10 keV bands) has never been detected at 3 σ . The vertical lines represent Cygnus X-1’s 
observed absorbed count rate under different assumptions, while the shaded intervals represent the range of variability that Cygnus X-1 shows in brightness 
(day-to-day/week-to-week). The vertical orange dash–dotted line and the faded orange band represent the true average count rate of Cygnus X-1 and the extent 
of the source v ariability, respecti v ely, as observ ed by MAXI o v er the last 14 yr. Vertical yellow dotted line and the faded yellow band represent the average and 
the variable count rate of Cygnus X-1 placed 8.5 kpc from Earth and in the Galactic plane (assuming a hydrogen column density of 5 × 10 22 cm 

−2 ). The vertical 
light green dashed line and the faded green band represent the average and the variable count rate of a source 10 per cent as luminous as Cygnus X-1, at 8.5 kpc 
away in the Galactic plane. This last example is included because many BH-HMXBs are likely to be at lower luminosities than Cygnus X-1, so can be easily 
missed by current all-sky monitors. 
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f 0.5 million binaries with β = 0.1, f γ = 0.1, f WR = 0.1, and
 log-uniform distribution of metallicities, ranging between the 
OMPAS default minimum and maximum of 0.007 Z � and 2.11 Z �.
e then compute the observable merger rate of BBH and NSBH 

y convolving the COMPAS models with a metallicity-specific star 
ormation rate (MSSFR), which we choose to be the preferred model 
escribed by Neijssel et al. ( 2019 ). We use detector sensitivities
onsistent with the third observing run (O3), set a single-detector 
ignal-to-noise ratio threshold to 8 as a proxy for detectability by a
etwork and set a hard detection limit at a horizon redshift of z = 2.
ithout filtering for binaries that experienced a BH-HMXB phase, 
e estimate that we would expect to observe 330 BBHs per year or
.3 per week of continuous observing at O3 sensitivity. If filtering 
or binaries that experienced a BH-HMXB phase we would expect to 
etect 26 BBH mergers per year (0.5 per week), assuming continuous 
bserving with a 100 per cent duty cycle. 
These detection rates are clearly o v erpredictions: the actual rate of
BH observations per observing week was ∼1.82 in the first half of
3, which ran for 6 months with two or more detectors observing 81.9
er cent of the time (Abbott et al. 2021b ), and ∼1.95 detections per
eek in the second half of O3, which ran for a little under 5 months
ith two or more detectors observing 85.3 per cent of the time. These
 v erestimates could be due to a broad range of uncertainties in the
reatment of binary evolution, including chemically homogeneous 
volution, common-envelope modelling and natal kick prescriptions, 
s well as in the low-metallicity end of the MSSFR (e.g. Neijssel et al.
019 , 2021 ; Stevenson & Clarke 2022 ; van Son et al. 2023 ). 
Previous BH-HMXBs form 7.9 per cent of the expected COMPAS 

BH yield. If we assume that causes of o v erprediction influence the
opulation uniformly, and that all BBH observed by the LVK form
rom field binaries rather than, e.g. through dynamical interactions 
n densely populated environments or field triples, then our estimate 
MNRAS 524, 245–259 (2023) 
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M

Figure 9. Histograms of primary (left) and secondary (right) masses of the merging BBH and NSBH that evolve from BH-HMXBs formed in the Preferred 
simulation and its lower metallicity variants. All masses represented in the left-hand panel are BHs, while those plotted in orange in the right-hand panel are 
NSs. 
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eans that 7.9 per cent of the BBH mergers observed by the LVK
hould come from binaries that previously underwent a BH-HMXB
hase. Since there are 69 BBH mergers in GWTC-3 with a false alarm
ate lower than 1 yr −1 (Abbott et al. 2021a ), we estimate that ≈5 of
hese may have come from previous BH-HMXBs, if we take f crit =
.8. Using the higher f crit of 0.9, the fraction of BBHs from previously
bservable BH-HMXBs decreases to 3.4 per cent, contributing ≈2
VK detections. 
In order to predict the final fate of Cygnus X-1, we consider only

he BH-HMXBs with masses inside the uncertainty range of Cygnus
-1 in our Preferred simulation. None of the 210 sampled binaries

hat fall into this range become compact object mergers, consistent
ith previous works. Instead of merging as double compact objects,

hese binaries either merge following the BH-HMXB phase before
he companion collapses into a BH, or end their lives as wide BH–
H binaries. We note that our estimates are sensitive to models of

he evolution of these binaries after the BH-HMXB phase, including
ssumptions about the natal kicks received by the secondary. For
xample, Neijssel et al. ( 2021 ) found that Cygnus X-1 only has a
.1 per cent probability of merging as an NSBH unless higher core
ass at the end of Case A MT is taken into account, in which case

t forms a BBH that is too wide to merge without natal kicks, but
ill merge ∼4 per cent of the time if the Fryer et al. ( 2012 ) BH
ick prescription is used. We discuss further differences between our
redictions and those of other works in Section 6 . 

 A LT E R N  ATIV E  E VO L U T I O N  A RY  RECIPES  

O R  B H - H M X B  C A N D I DAT E S  

ur Preferred model simulation produces many BH-HMXB candi-
ates via stable Case B MT from the primary to the secondary in
ddition to the systems that evolve via stable Case A or AB MT.
H-HMXB candidates evolving through Case B MT have primaries

hat only expand sufficiently to instigate Roche lobe o v erflow after
ore hydrogen depletion. These binaries start at wider separations
han those that go through Case A MT, with a ZAMS ≈ 0.2–4 au, and
ypical initial masses M 1,ZAMS � 110 M � and M 2,ZAMS � 30 M �.
hese binaries require significant hardening from MT in order to
ecome BH-HMXBs, so q ZAMS is typically greater than 2. 
NRAS 524, 245–259 (2023) 
In our Preferred simulation, the predicted rate of BH-HMXBs
dentified with the Roche lobe filling factor threshold f crit ≥ 0.8
 ≥0.9) is as follows: 

(i) Stable Case B MT only : Median average T HMXB = 0.91 (1.09)
yr, N = 20.77 (20.18) BH-HMXBs observable today. 

When a BH-HMXB evolves through stable Case B MT only,
e expect the BH to be non-spinning: since the compact core is

ikely decoupled from the extended envelope at the onset of MT,
here is no spin-up of the BH progenitor through tidal locking. The
MXB observability criterion of Hirai & Mandel ( 2021 ) slightly

ncreases the value of f crit when the BH is not spinning (see Fig. A1
n the appendix). Furthermore, while an accretion disc can be formed
round a non-spinning BH, the X-ray luminosity can be up to a factor
f 6 lower than for prograde accretion on to a maximally spinning
H due to the larger radius of the innermost stable circular orbit

n the non-spinning case. Moreo v er, BH-HMXB candidates forming
hrough purely stable Case B MT typically have lower donor masses
han those formed through Case A MT. These will have lower wind

ass-loss rates, reducing the observability of BH-HMXBs evolving
hrough Case B MT. 

Nevertheless, the predicted yield from the Case B channel is far
igher than e xpected giv en the single observed BH-HMXB in the
alaxy and the o v erall lack of observations of HMXBs with non-

pinning BHs. Additionally, as shown in Fig. 7 , the donor masses
redicted from this channel are at odds with the observed BH-
MXBs. This suggests that Case B MT rarely produces BH-HMXB

ystems after all. 
One possible explanation for the o v erproduction of Case B BH-

MXBs in our simulations is the treatment of MT efficiency. While
e assumed a fixed MT efficiency of β = 0.1 for all stable MT in

he Preferred model, MT efficiency is very likely different between
ase A and Case B MT. During Case B MT, the accretor fills
 smaller fraction of its Roche lobe than it does during Case A
T, and hence the angular momentum of the accretion stream

an lead to the formation of an accretion disc instead of directly
mpacting the surface of the accretor. The disc can cool the accreting
atter through viscous dissipation, possibly reducing the entropy of

ccreted material compared to direct accretion which can only cool
hrough shocks. 
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There is also more space around the accretor to expand into 
or Case B MT. When the size of the Roche lobe around the
ccretor is relatively small, as in typical Case A MT, the accretor
an quickly o v erflo w its o wn Roche lobe, spilling the remaining
ransferred matter out of the system. With more space, the star can
elay o v erfilling its Roche lobe or a v oid it altogether. We speculate
herefore that stable Case B MT could have a higher β value than in
table Case A MT. 

The requirement for a higher mass retention rate for Case B MT is
lso in line with findings based on the mass distribution of Be X-ray
inary donors (Vinciguerra et al. 2020 ). A COMPAS simulation with 
= 1.0 (0.5) produces ≈0.6 (2) observable BH-HMXB candidates 

n the Milky Way today that evolved through stable Case B MT,
sing an f crit of 0.8. This is a significant reduction compared to the
20 systems when β = 0.1, and more consistent with the lack of

bserved HMXBs with non-spinning BH primaries. 
We note that highly efficient accretion during stable Case B MT

s unlikely to change our predicted yields of BH-HMXB candidates 
hat evolve via Case AB MT: since our argument depends on the
oche lobe filling fraction of the accretor, early Case B MT likely
roceeds similarly to Case A MT in this scenario. 
We also produce BH-HMXB candidates through common en- 

elope ( CE ) evolution in our Preferred model. Ho we ver, since CE

rescriptions in population synthesis are notoriously uncertain, we 
reat the predictions of this channel with extreme scepticism. The 
wo-stage CE model of Hirai & Mandel ( 2022 ) suggests that the CE

hannel would lead to wider separations than observed BH-HMXBs; 
t is also likely to lead to non-spinning BH primaries (see Bavera et al.
020 , and references therein). We check our intuition by changing 
he value of αCE in COMPAS from the default value (1 in COMPAS

02.31.03) to a value (50) more in line with the prescription of
irai & Mandel ( 2022 ) for high-mass binaries with comparable mass

atios. This drastically reduces the expected observable yield of BH- 
MXBs from CE evolution to < 0.6 per Milky Way-like galaxy. 

 DISCUSSION  A N D  C O N C L U S I O N  

e carry out a binary population synthesis study of the formation 
f wind-fed BH-HMXBs similar to Cygnus X-1. We explore the 
mpact of the MT efficiency β, the Wolf–Rayet wind mass-loss 
ate parametrized with f WR , the specific angular momentum loss 
arametrized with f γ , and the metallicity Z on the yield of BH-
MXBs. We find that accounting for the build-up of helium during 

he main sequence prior to mass transfer, thereby increasing the 
ore mass retained by donors following Case A MT, is essential for
roducing massive BHs in BH-HMXBs. With this modification, we 
nd that we are able to produce binaries with masses, spins, and
eparations like those of Cygnus X-1 when our simulation involves 
ignificantly non-conserv ati ve MT, lo w specific angular momentum 

oss, and low Wolf–Rayet wind mass-loss. Employing the Hirai & 

andel ( 2021 ) criterion for identifying observable BH-HMXBs as 
H–MS pairs with Roche lobe filling factors f crit � 0.8 leads us to
xpect ∼1 −2 observable BH-HMXBs per Milky Way-like galaxy for 
ur Preferred model, consistent with observed rates. Our Preferred 
odel for producing BH-HMXBs via dynamically stable Case A 

T at a rate that is consistent with observations has MT efficiency
= 0.1, specific angular momentum loss f γ = 0.1, Wolf–Rayet wind 
ass-loss rate f WR = 0.1, and metallicity Z = Z �. We find that most
H-HMXBs undergo both Case A and early Case B MT from the
H progenitor, although the fraction of BH-HMXBs that evolved 

hrough Case AB MT is sensitive to our treatment of Case A MT. 
The expected yield of high-mass BH–MS pairs per Milky Way- 
ike galaxy that have rapidly spinning BH primaries but are not
bservable as BH-HMXBs is about ≈135 in our Preferred simulation 
see Section 3.5 ). There are plenty of observations of binaries that
ay fit into this category. Binaries consisting of likely BHs with

robable MS companions have been identified via both spectral 
tudies (e.g. Thompson et al. 2019 , 2020 ; Price-Whelan et al. 2020 ;
l-Badry & Burdge 2022 ; Mahy et al. 2022 ; Saracino et al. 2022 ,
023 ; Shenar et al. 2022a , b ) and astrometrically (e.g. Andrew et al.
022 ; Andrews, Taggart & F ole y 2022 ; El-Badry et al. 2022 , 2023 ;
anikawa et al. 2023 ). The companion star has not been confidently

dentified as MS in all of these pairs, and any binaries within globular
lusters (e.g. Giesers et al. 2018 , 2019 ) may have distinctly different
volutionary histories than the isolated field evolution simulated with 
OMPAS . Nonetheless, some of these systems could be dormant BH–
S pairs. If these dormant BH-MS binaries evolved via Case A MT,

hey only differ from visible BH-HMXBs due to the Roche lobe
lling criterion identified by Hirai & Mandel ( 2021 ). 
In our Preferred simulation, 8 per cent of BH-HMXBs end their

ives as BBH or NSBH mergers. Using a log-uniform distribution 
f metallicities and employing the CosmicIntegrator class in 
OMPAS , we predict that ≈2–5 of the BBH detections made by the
VK in O3 should come from binaries that were previously BH-
MXBs. Comparing these results to other previous work is not 

imple, since there are many differences between our simulations 
nd these studies. Qualitatively, our results are similar to those of
iotine et al. ( 2022 ), Gallegos-Garcia et al. ( 2022 ), and Neijssel
t al. ( 2021 ): all find that BH-HMXBs rarely lead to observable
erging BBHs. 
There are discrepancies between the predicted number of likely 

on-spinning BH-HMXBs evolving through purely stable Case B 

T or CE in our model and the observations. There are several
ossible reasons for the o v erproduction of BH-HMXBs through these 
hannels. We suggest in Section 5 that mass transfer efficiency may
e higher in Case B MT than in Case A MT for massive stars, while
Es will leave behind very wide binaries o v er the rele v ant parameter

pace (Hirai & Mandel 2022 ). If these two proposals hold, then rates
f BH-HMXBs produced via these channels are suppressed close to 
ero. 

Low-luminosity BH-HMXB candidates have been discovered in 
adial velocity surveys of bright stars; HD96670 is one such example
f a Galactic BH-HMXB candidate ∼10 6 times fainter than Cygnus 
-1, with a similar orbital period (Gomez & Grindlay 2021 ) and
asses ( M d ∼ 23 M �, M BH ∼ 6 M �) consistent with the BH-
MXBs evolving via Case AB MT in our simulations. There are three

dditional unconfirmed candidates for BH-HMXBs in the Galaxy: SS 

33 (Seifina & Titarchuk 2010 ), Cygnus X-3 (Zdziarski et al. 2018 ),
nd MWC 656 (Grudzinska et al. 2015 ). HD 130 298 is a non-
ass transferring Galactic binary whose components are strongly 

uggested to be a main-sequence star and a BH, and is therefore a
ossible BH-HMXB progenitor (Mahy et al. 2022 ). Our estimates 
or the number of in-principle observable BH-HMXBs in the Milky 

ay, with only a fraction of these confidently identifiable depending 
n their location, are consistent with these observations. 
Lehmer et al. ( 2021 ) find that the number of high-luminosity

MXBs increases with decreasing metallicity, while the number 
f lower luminosity ( L < 10 38 erg s −1 ) sources is insensitive to
etallicity. While we explore only BH-HMXBs, and do not model 

uminosities, our results are broadly consistent with a trend of weakly
ncreasing BH-HMXB abundance with decreasing metallicity. With- 
ut accounting for selection effects, we predict ≈2 BH-HMXBs per 
MNRAS 524, 245–259 (2023) 
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ilky Way-like galaxy at Z = Z �, ≈3 at Z = 

1 
2 Z �, and ≈4 at

 = 

1 
10 Z �. 

The collapse of rapidly spinning stellar cores to BH has been
roposed as a progenitor for long gamma-ray bursts (LGRBs;
oosle y 1993 ; P aczy ́nski 1998 ; van den Heuv el & Yoon 2007 ;
etmers et al. 2008 ; Chrimes, Stanway & Eldridge 2020 ; Bavera

t al. 2022 ). If this is the case, then the observed BH-HMXBs may
ave powered LGRBs when the BH formed. Our Preferred model
roduces ∼2 BH-HMXBs with a rapidly spinning BH in the Milky
ay, observable for a median lifetime of ∼0.1 Myr. Assuming a

eaming fraction of f B = 0.05, our model yields an LGRB rate from
H-HMXB formation of O(10) Gpc −3 yr −1 at z = 0, far abo v e

he observed rate of less than 0.6 Gpc −3 yr −1 . This implies that the
ollapse of rapidly rotating primaries into the spinning BH seen in
H-HMXBs is not responsible for the observed set of LGRBs, unless

he beaming fraction is an order of magnitude lower than assumed or
nless only a fraction of rapidly spinning BHs power an LGRB. This
s consistent with the fact that Cygnus X-1 has a low eccentricity ( e ∼
.02) and a low velocity relative to its host association ( � 10 km s −1 ),
mplying that little to no mass-loss occurred upon the collapse to a
H. On the other hand, estimates of beaming angles range broadly
cross GRBs, with some beaming fractions possibly being as low as
 B ≈ 0.001 (e.g. Goldstein et al. 2016 ). 
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PPENDI X  A :  NON-SPI NNI NG  BLAC K  H O L E  

BSERVABILITY  CRI TERI A  

n Fig. A1 , we show the equivalent of Fig. 2 for identical binary
arameters but with a non-spinning BH accretor. Although the radius 
nd specific angular momentum of the innermost stable circular orbit 
re larger in this case, requiring a larger f crit , it is possible to produce
ccretion discs around even non-rotating BH using the prescription 
f Hirai & Mandel ( 2021 ). 

igure A1. The critical Roche lobe filling factor to create an accretion disc
s a function of orbital period and donor mass as predicted by the model of
irai & Mandel ( 2021 ) for a non-spinning BH; otherwise, the notation is the

ame as in Fig. 2 . 
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