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ABSTRACT
Be X-ray binaries (BeXRBs) consist of rapidly rotating Be stars with neutron star
companions accreting from the circumstellar emission disk. We compare the observed
population of BeXRBs in the Small Magellanic Cloud with simulated populations
of BeXRB-like systems produced with the COMPAS population synthesis code. We
focus on the apparently higher minimal mass of Be stars in BeXRBs than in the Be
population at large. Assuming that BeXRBs experienced only dynamically stable mass
transfer, their mass distribution suggests that at least ∼ 30% of the mass donated by
the progenitor of the neutron star is typically accreted by the B-star companion. We
expect these results to affect predictions for the population of double compact object
mergers. A convolution of the simulated BeXRB population with the star formation
history of the Small Magellanic Cloud shows that the excess of BeXRBs is most likely
explained by this galaxy’s burst of star formation ∼20–40 Myr ago.

1 INTRODUCTION

Be stars are classically defined as main-sequence (MS) stars
of spectral type B (e.g. Rivinius et al. 2013; Belczynski &
Ziolkowski 2009), although the so called Be phenomenon is
recognised to extend from early A to late O spectral types,
i.e., masses down to ∼ 3 M� (Rivinius et al. 2013 and ref-
erences therein). The Be phenomenon refers to the possibly
transient presence of Balmer emission lines in the spectrum
of a non-supergiant star (Rivinius et al. 2013). Therefore in
the Be nomenclature B stands for the most common spec-
tral type and e for the Balmer emission lines. These emis-
sion lines trace the presence of a surrounding decretion disk,
which is composed of material outflowing from the Be star,
and may appear and disappear together with the disk dur-
ing the star’s life. The decretion disk is strongly linked to
high rotational velocities: Be stars are among the most rapid
non-compact rotators, with an average velocity of & 75% of
the Keplerian limit at the equator (Rivinius et al. 2013).
Common explanations for such high rotational velocities are
initial rotation, evolution during the star’s MS lifetime to-
ward Keplerian velocity (Ekström et al. 2008), and inter-

actions with a companion including mass transfer episodes,
tidal locking and mergers (e.g. de Mink et al. 2013).

BeXRBs represent a high fraction of high mass X-ray
binaries (HMXRBs); they are composed of a compact object
and a Be star (Rappaport & van den Heuvel 1982; van den
Heuvel & Rappaport 1987; Reig 2011). The compact object
accretes from the decretion disk of the Be star. With the pos-
sible exception of the black hole (BH) in MWC 656 (Casares
et al. 2014; Munar-Adrover et al. 2014), only slowly rotat-
ing neutron stars (NSs)1 have been successfully identified as
compact objects in BeXRBs (Klus et al. 2014). The accre-
tion onto the NS predominantly occurs close to periastron
and is thought to be at the origin of the BeXRB outbursts
(Okazaki & Negueruela 2001; Okazaki et al. 2007).

These X-ray outbursts are observed from binaries in
the Milky Way and the Magellanic Clouds (Reig 2011 and

1 Two other objects have Be stars which interact with compact

objects, but do not show the same phenomenological X-ray be-

havior as the other BeXRBs. These are PSR B1259-63, which
has a fast radio pulsar, and LSI +61 303, the nature of which is

debated.
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references therein). The Small Magellanic Cloud (SMC) is
particularly rich in BeXRBs for its mass, with ∼ 70 con-
firmed systems (Coe & Kirk 2015) compared to ∼ 60 − 80
in the Galaxy (Reig 2011; Walter et al. 2015; Shao & Li
2014); indeed, all the classified HMXRBs in the SMC ex-
cept SMC X-1 (Haberl & Sturm 2016) are BeXRBs. As a
sub-population of HMXRBs, BeXRBs are characterised by
orbital periods in the range of tens to hundreds of days. Be
stars in BeXRBs are found at early spectral types (no later
than B5 in the Coe & Kirk 2015 SMC catalogue), suggesting
masses & 8 M� (Reig 2011; Shao & Li 2014), significantly
higher than for single Be stars.

Here we investigate the origin of BeXRBs, by comparing
observations from the SMC catalog by Coe & Kirk (2015)
against mock populations of BeXRB-like systems simulated
with the rapid binary population synthesis code COMPAS
(Stevenson et al. 2017; Barrett et al. 2018; Vigna-Gómez
et al. 2018; Neijssel et al. 2019). Rapid population synthesis
allows us to easily explore the physics of binary evolution.
We focus the comparison on the total number of systems
and their mass and orbital period distributions.

Our study suggests that the number of Be stars in in-
teracting binaries is enhanced by accretion-induced spin-up
during dynamically stable mass transfer. We conclude that
& 30% of the mass lost by the NS-progenitor donor should
typically be accreted by the B-star companion to match
the observed mass distribution. These findings impact other
interacting binary populations, including the formation of
double compact objects.

In section 2, we recap the properties and most relevant
selection effects impacting the BeXRBs reported in the SMC
catalogue of Coe & Kirk (2015). We briefly describe COM-
PAS and outline the parameters of our simulations in section
3. We describe the conversion of population synthesis results
into SMC predictions in section 4. We present our findings
in section 5 and discuss them in section 6. We conclude in
section 7.

2 OBSERVED SAMPLE

We use the 69 SMC BeXRBs listed in the catalogue Coe &
Kirk (2015) (CK catalogue hereafter).

The orbital period is reported for 44 of these systems
(see figures 3 and 5). To estimate the orbital period of the
remaining 25 BeXRBs, we use the Corbet relation between
the NS spin and orbital periods (Corbet 1984). We fit a
linear relationship between the logs of the measured orbital
and NS spin periods from the CK catalogue,

log10

(
Porb

days

)
= 0.4329 log10

(
Pspin

s

)
+ 1.043 (1)

and apply it to the listed BeXRBs with unknown orbital
periods.

The CK catalogue lists the eccentricity of only 7 bina-
ries. The eccentricities of BeXRBs have typically been esti-
mated using pulse timing data, with the Doppler shifts on
the pulsations at different orbital phases (Coe & Kirk 2015;
Townsend et al. 2011). The relatively long period and tran-
sient nature of BeXRBs make eccentricity measurements
quite challenging, particularly for the less eccentric orbits
(see e.g. upper limits in Townsend et al. 2011).

The uncertain eccentricities also prevent accurate dy-
namical measurements of the Be star masses. However their
spectral type distribution (Antoniou et al. 2009; Maravelias
et al. 2014) suggests that their masses do not extend to
the low values observed for the general population of other
Be stars (down to ∼ 3 M�). While the difference between
spectral types of Be stars as a population and Be stars in
BeXRBs is clear, the corresponding difference in Be star
masses is not straightforward to estimate. Mass estimates
from spectral and luminosity types are subject to several
uncertainties, concerning both the classification procedures
and the physics of the systems. Phenomena such as dust ex-
tinction and rotational mixing may bias the inferred prop-
erties of the star, and thus its spectral and luminosity clas-
sifications. Moreover, the dependence of the star’s spectrum
and luminosity on its mass is also partly degenerate with its
age and chemical composition. As a conservative estimate
for the minimum mass of BeXRBs in the CK catalogue, we
use the minimum value of 6 M� reported in table 4 of Hohle
et al. (2010).

In the following, we qualitatively present the main ob-
servational selection biases which likely affect the observed
population of BeXRBs.

2.1 A qualitative understanding of the selection
biases

The bulk of the SMC BeXRB NSs reported in the CK cata-
logue were found in RXTE scans. These scans typically mon-
itored the SMC on a roughly weekly basis for over a decade,
with typical exposure times of 104 seconds, but with con-
tinuous observations limited to about 3000 seconds due to
Earth occultations that occur on the satellite orbital period
of 96 minutes. Orbital periods have been found through a
mixture of pulse timing (e.g. Townsend et al. 2011), photo-
metric periodicities (Schurch et al. 2011), and periodicities
of the outbursts from the eccentric binaries’ periastron pas-
sages.

We note that there is a substantial bias against both
detecting wide systems and measuring their orbital periods.
Some of the key issues concerning this problem are discussed
in Laycock et al. (2010): the wider systems should be fainter
and their periastron passages less frequent. Beyond that,
in the pulsation searches, the long pulse period systems are,
again, much less likely to be discovered. All the systems with
spin periods longer than 500 seconds are indeed discovered
by imaging satellites like Chandra and XMM-Newton whose
SMC sampling is considerably poorer than that of RXTE
(Laycock et al. 2010). Given that BeXRBs show a strong
correlation between orbital period and spin period (Corbet
1984), this, in turn, leads to a bias against the long orbital
period systems. We can see this by splitting the sample of
63 BeXRB of Haberl & Sturm (2016) in two, according to
their NS spin period. Of the 32 binaries with NS spin peri-
ods equal to or below the median, 29 have measured orbital
periods; this is true only for 19 systems of the 31 binaries
with NS spin periods above the median. If the orbital period
measurement had a uniform success rate of 29/32, the bino-
mial probability of observing only 19 of 31 orbital periods
in the long spin period group would be 1.1×10−5.

Such a bias is to be expected, for a variety of reasons.
At long periods, the rates of change of spin frequency due to
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accretion torques typically seen during outbursts (e.g., Bild-
sten et al. 1997) are ∼ 1−2 orders of magnitude larger than
those due to Doppler shifts, preventing orbital period mea-
surements via Doppler shifts in pulse timing. Optical spec-
troscopic monitoring of very long period binaries has typi-
cally not been practical due to the challenges in scheduling
such observations. Photometric period estimation is notori-
ously susceptible to incorrect identification due to aperiodic
noise (e.g. Press (1978)), and furthermore, the longer period
systems are likely to have weaker photometric modulations
on the orbital period. We hope that in the new era of large
numbers of queue-scheduled telescopes, an efficient manage-
ment of the observing time will help fill in the missing orbital
periods.

A further penalty impacting the widest BeXRBs con-
cerns the Be decretion disks, which in these cases may never
reach the Roche lobe of the NS, or may do so only intermit-
tently, near periastron passages (as is the case for the Galac-
tic system PSR B1259-63, which is a gamma-ray binary near
periastron and a radio pulsar binary near apastron – see e.g.
Chernyakova et al. 2014), significantly limiting the X-ray
emission. Pulsar searches with the Square Kilometer Array
likely represent the best path forward to discovering these
systems, but in some cases, the Be star lifetimes may exceed
the lifetimes of the systems as active pulsars, and in other
cases, the pulsar’s opening angle may not be pointed toward
Earth, so it is likely that only a statistical sampling of these
objects will be obtained with instruments available in the
next few decades. Moreover, according to Reig (2011), a sig-
nificant fraction of the widest Galactic systems are persistent
sources, generally characterised by weaker X-ray emission.
Similar statistics in the SMC could bias the observed sam-
ple of BeXRBs against long-orbital-period binaries. Finally,
instabilities in the Be decretion disks can also impact the
long-term detectability of BeXRBs (Rivinius et al. 2013).

3 POPULATION SYNTHESIS CODE: COMPAS

To study the evolution of massive stellar binaries we use the
population-synthesis suite of COMPAS (http://compas.
science). By rapidly evolving large populations of binaries
we can perform statistical studies on the physics of stellar
and binary evolution. Similarly to other rapid population-
synthesis codes (e.g. Portegies Zwart & Verbunt 1996; Nele-
mans et al. 2001; Hurley et al. 2002; Izzard et al. 2004; Bel-
czynski et al. 2008; Toonen et al. 2012; Giacobbo et al. 2018;
Breivik et al. 2019), we rely on analytic approximations of a
set of pre-calculated models of single stars and stellar winds
to reduce the computational cost (Hurley et al. 2000; Steven-
son et al. 2017 and references therein).

We Monte Carlo sample the initial parameters of the
binaries. The primary star, which we define to be the initially
more massive component of the binary, follows the initial
mass function (IMF) of Kroupa (2001), with a minimum
mass of 5 M� and a maximum mass of 150 M�. We draw
the secondary (hereafter the lighter companion at zero-age
MS) from a flat mass ratio distribution in the range q ∈ [0, 1]
(Sana et al. 2012). For the binary separation a, we assume a
uniform probability density in log a (Öpik 1924), although
Moe & Di Stefano (2017) more recently suggested coupled
initial distributions. We set the metallicity to Z = 3.5 ×

10−3 ∼ ZSMC (Davies et al. 2015). For each simulation, we
evolve a population of 3 × 105 binaries in order to obtain
a statistically accurate representation of the population of
interest.

We do not attempt to follow the evolution of stellar
rotation rates within COMPAS, given many uncertainties
regarding: spin-up during mass transfer, spin-down through
winds, and angular momentum transport within stars or, es-
pecially, through the decretion disk. Instead, we compare the
observed samples of BeXRBs in the SMC against all NS+MS
binaries in COMPAS models, without labelling stars as B or
Be (but see, e.g., Belczynski & Ziolkowski 2009; Grudzinska
et al. 2015 for a different approach). We qualitatively discuss
the impact of processes affecting spin evolution, including
mass loss and tidal effects, in section 6.

We generally follow the stellar and binary evolution pre-
scription of Vigna-Gómez et al. (2018); we summarise the
key assumptions and highlight exceptions below. Two par-
ticularly important sets of choices for BeXRBs are those
related to supernovae and mass transfer. In the following
we present our default assumptions and some relevant vari-
ations, which we use to compare against observations.

3.1 Supernovae

We determine the properties of the compact object remnant
according to the delayed prescription of Fryer et al. (2012).
The remnant gets a kick from the asymmetric ejection of
material. The magnitude of the kick depends on the type
of supernova (SN) and the mass of the pre-explosion core,
including the amount of stripping during the previous mass
transfer episodes (Vigna-Gómez et al. 2018 and references
therein). We follow Vigna-Gómez et al. (2018) in drawing
the natal kicks from a Maxwellian distribution, whose 1D
root mean squared velocity is set to σ1D = 265 km/s for
core-collapse (CC) SNe and σ1D = 30 km/s for electron-
capture (EC) and ultra-stripped (US) SNe (Lyne & Lorimer
1994; Hansen & Phinney 1997; Cordes & Chernoff 1998; Ar-
zoumanian et al. 2002; Pfahl et al. 2002; Podsiadlowski et al.
2004; Hobbs et al. 2005; Schwab et al. 2010; Suwa et al.
2015; Tauris et al. 2015; Janka 2017; Gessner & Janka 2018a;
Müller et al. 2019; Powell & Müller 2020). We then re-scale
the drawn velocity by a “fallback factor”, which depends on
the CO core mass of the progenitors. This factor effectively
introduces a difference between NS and BH natal kick ve-
locities, with reduced kicks for the latter.

When a star, already stripped of its hydrogen envelope,
overflows its Roche lobe, it initiates a further episode of
mass transfer. If this interaction removes the entire helium
envelope from the donor, the star may experience a SN with
reduced natal kicks, an USSN (Pfahl et al. 2002; Podsiad-
lowski et al. 2004; Tauris et al. 2015). One motivation for
this low-kick assumption is that this second episode of mass
transfer generally leads to a low core binding energy; this in
turn allows for a rapid SN explosion, during which aspheri-
cal instabilities that may be responsible for the SN kicks do
not have time to develop (Podsiadlowski et al. 2004). Our
implementation of USSNe differs from the one adopted in
Vigna-Gómez et al. (2018), where reduced natal kicks are
only applied if the NS progenitors has lost its helium enve-
lope while interacting with a NS. USSNe and mass transfer
initiated by stripped stars are active research topics, further
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investigations are therefore required to determine the con-
ditions for the validity of our assumptions (e.g. the stability
of such mass transfer episodes and the removal of the entire
helium envelope Tauris et al. 2015; Laplace et al. 2020).

Unlike Vigna-Gómez et al. (2018) and Hurley et al.
(2000), our binary evolution model assumes that a star un-
dergoes an ECSN if the mass of its core at the base of
the asymptotic giant branch ranges between 1.83 M� and
2.25 M� (Fryer et al. 2012). We follow Fryer et al. (2012)
in setting the maximum mass of a NS to 2.5 M�. Moreover,
compared to previous COMPAS versions, we are now al-
lowing stars with carbon-oxygen core masses at SNe above
1.38 M� to collapse into NSs or BHs.

3.2 Mass transfer

Mass transfer crucially influences the orbital period and
component masses. Mass transfer starts when a star over-
flows its Roche lobe. We determine the dynamical stability
of mass transfer by comparing the radial response of the
donor star and the response of the Roche lobe radius to
mass transfer (see section 2.2.4 of Vigna-Gómez et al. 2018
and section 3.2.3 below).

When the mass transfer is dynamically unstable, we as-
sume that the system experiences a common-envelope (CE)
event (for a review see Ivanova et al. 2013). The core of the
donor and the accretor orbit inside the donor’s former en-
velope, which is no longer co-rotating with the binary. We
adopt the α− λ parameterisation, based on the description
proposed by Webbink (1984) and de Kool (1990), to describe
the outcome of a CE event. In this formalism, λ parametrises
the binding energy of the envelope and α parametrises the
efficiency with which orbital energy can be used to expel the
envelope. We follow Vigna-Gómez et al. (2018) in assuming
that α = 1. We use fits by Xu & Li (2010a,b), as imple-
mented in StarTrack (Dominik et al. 2012), for the binding
energy parameter λ. Furthermore we assume that the com-
panion star does not accrete during the CE phase.

3.2.1 Accretion efficiency

According to our model, stable mass transfer proceeds on a
nuclear or thermal timescale, depending on the evolutionary
phase of the donor. The companion may therefore accrete a
significant amount of mass during this process. We denote
the ratio of accreted mass ∆Macc to mass lost by the donor
∆Mdonor with the efficiency parameter β:

β
def
= ∆Macc/∆Mdonor . (2)

Our default prescription for the accretion efficiency of
mass transfer prior to the current study, motivated by Hur-
ley et al. (2002), estimates the accretion efficiency β by com-
paring the mass loss rate of the donor Ṁdonor to the maximal
mass acceptance rate of the accretor Ṁacc,max

β = min

(
1, 10× Ṁacc,max

Ṁdonor

)
. (3)

The steady-state mass acceptance rate is set by the time re-
quired for the accretor to radiate away the energy carried by
the in-falling matter, and is therefore inversely proportional

to the accretor’s thermal or Kelvin-Helmholtz timescale:

Ṁacc,max ∼
(
εg,acc
Lacc

)−1

∝ Racc, (4)

where εg,acc is the specific gravitational binding energy at
the accretor’s surface, Lacc is the accretor’s luminosity and
Racc is its radius at the beginning of mass transfer. In equa-
tion 3 we include a factor of ten (Paczyński & Sienkiewicz
1972; Hurley et al. 2002) to approximately account for the
change in the accretor’s thermal timescale due to mass trans-
fer, including its expansion and increased luminosity. Here-
after we label this prescription for the accretion efficiency
parameter β as THERMAL.

Alternatively, we can account for the expansion of the
accretor up to the point of filling its Roche lobe (assuming
the mass transfer to be fully conservative until this point)
by using the accretor’s actual Roche lobe radius in place
of Racc in equation (4) and dispensing with the factor of
10 in equation (3). We observe no significant difference be-
tween these two approaches for BeXRB predictions. In the
last simplistic model we do not explicitly account for the
change in the accretor luminosity during mass transfer (see
e.g. Kippenhahn & Meyer-Hofmeister 1977).

In the following, we explore the impact of accretion ef-
ficiency by additionally testing different fixed β values. De-
spite the lack of physical foundation, these variations can
help us understand the impact of accretion efficiency dur-
ing mass transfer episodes preceding the BeXRB phase. We
vary the accretion efficiency of mass transfer by setting β to
0.5, 0.75, or 1. When these fixed β values are applied, mass
transfer episodes initiated by MS donors and post-helium
core burning stripped stars are, however, always assumed
fully conservative 2.

If the accretor is a compact object, we assume that the
accretion is Eddington-limited, regardless of the β model
assumed for other mass transfer episodes.

3.2.2 Specific angular momentum loss

When β < 1, i.e. the mass transfer is non-conservative, mass
is lost from the binary system, taking away some orbital
angular momentum. In COMPAS, this angular momentum
loss is parametrised by

γ
def
= hloss/hbinary , (5)

the ratio between the specific angular momenta of the
ejected material hloss and the binary hbinary. The specific an-
gular momentum (total angular momentum divided by total
mass) of a circular binary with mass ratio q, total mass M
and separation a is hbinary = q(1 + q)−2

√
MGa, where G is

the universal gravitational constant and we defined the mass
ratio q as q = Macc/Mdonor.

In our default model, we assume that the mass lost from
the binary during mass transfer instantaneously takes away

2 Stable mass transfer initiated by MS stars is commonly ac-
cepted to be close to conservative (Schneider et al. 2015); it is
similarly so also in our default model (see equation 3). The accre-

tion efficiency during mass transfer episodes initiated by evolved
stripped stars is less studied; we fix its value to 1 to be conserva-

tive in our conclusions (see section 5).
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Figure 1. A schematic representation of the most commonly used

angular momentum loss models and their underlying assumptions

in terms of where mass is lost from. In this plot, acc is an abbre-
viation for accretor. The colours of the matter leaving the sys-

tems for each specific angular momentum prescription match the
colours used to represent results in figure 5.

the angular momentum it had at the surface of the accretor
(Hurley et al. 2002; Stevenson et al. 2017). This mode of
mass loss is commonly referred to as isotropic re-emission
(ISO hereafter in equations and figures) and corresponds to
γISO = q−1.

Other common scenarios consider matter leaving from:

• the surface of the donor, fast or Jeans mode (JEANS
heareafter), according to which γJEANS = q;
• or a circumbinary ring (CIRC heareafter). In our set-

tings, the semimajor axis of the circumbinary ring aring is
fixed to twice the binary’s semimajor axis a (Artymowicz &
Lubow 1994), so that the specific angular momentum of the
mass lost by the system is γCIRC times the specific angular
momentum of the binary, with:

γCIRC =
(1 + q)2

q

√
aring
a

=
√

2
(1 + q)2

q
. (6)

In figure 1, we show a schematic representation of the three
different scenarios assumed for the angular momentum loss
during mass transfer. From left to right, we show the case of
matter leaving the binary from: the surface of the accretor
(as in our default and, as shown below, preferred models);
a circumbinary ring with semimajor axis twice that of the
binary; and the surface of the donor. The colours match
those used in figure 5.

3.2.3 Stability criteria

In COMPAS, the stability criteria are based on the stellar
type of the donor and on the response of the Roche lobe
to mass loss, which in turn depends on the values of β and
γ of the specific system. The stellar type of the donors is
an indicator for the star’s response to adiabatic mass loss.
This response can be parametrised by ζ∗, which is defined
in terms of the star’s radius R∗ and its mass m as:

ζ∗ ≡ d ln(R∗)

d ln(m)
. (7)

aaaaaa
γ

βHG 0 0.5 1

ISO ∼ 0.22 ∼ 0.24 ∼ 0.26

CIRC ∼ 0.59 ∼ 0.38 ∼ 0.26

JEANS all stable ∼ 0.14 ∼ 0.26

Table 1. Critical mass ratios for mass transfer initiated by HG
stars, depending on the assumed accretion efficiency β and specific

angular momentum loss γ. In our model, the stability threshold

is determined for each binary by comparing the responses of the
donor radius and the Roche lobe size to mass transfer. According

to our default model, the donor response to mass loss depends

on its stellar type and is fixed to a logarithmic derivative of 6.5
for a HG star. The response of the Roche lobe to mass loss is

determined by the specific angular momentum lost, the accretion

efficiency and the mass ratio of each binary, so the table lists
typical values. In the table we show that, assuming isotropic re-

emission, the critical mass ratio can vary between 0.22 and 0.26

depending on the choice of β. These values can be compared with
the fixed mass ratio of 0.25 adopted in (Claeys et al. 2014), who

also assumed isotropic re-emission from the surface of the accre-
tor.

For early phases of the donor’s evolution, we adopt fixed
values of ζ∗, based on the results of Ge et al. (2015); specif-
ically, we use ζ∗MS = 2.0 for MS donors and ζ∗HG = 6.5 for
Hertzsprung gap (HG) donors (hydrogen shell burning with
contracting helium core). For later evolutionary stages of a
star with a hydrogen envelope, we use fits to condensed poly-
trope models (Soberman et al. 1997). ζ∗ is then compared
to ζRL(β, γ), which represents the response of the radius of
the Roche lobe to mass transfer. The mass transfer episode
is considered dynamically stable if ζ∗ ≥ ζRL. Mass transfer
initiated after the end of core helium burning of a stripped
donor is assumed to always be stable (Vigna-Gómez et al.
2018).

As we show below, our models suggest that mass trans-
fer episodes initiated by HG stars are particularly impor-
tant for the formation of BeXRBs. In our default model,
our assumptions determine a critical mass ratio of ∼ 0.23,
compared e.g. to the Claeys et al. (2014) value of 0.253: only
systems with mass ratio above this value can experience sta-
ble mass transfer initiated by HG stars. In table 1 we report
the critical mass ratio for mass transfer episodes with HG
donors, assuming different models for the accretion efficiency
β and the specific angular momentum loss γ.

We also explore an alternative stability criterion, this
time based on the temperature of the donor, instead of
its stellar type. In this model, when a post-MS star fills
its Roche lobe, we approximate the response of the stel-
lar radius to mass loss with a constant logarithmic deriva-
tive for radiative envelopes, if its temperature is above
log10(T/K) = 3.73 (i.e., T & 5370 K), following Belczyn-
ski et al. (2008). For cooler surface temperatures we use
condensed polytrope models appropriate for stars with deep
convective envelopes (Soberman et al. 1997). The stability
of mass transfer is then again determined by comparing the
stellar response with the Roche lobe response. In contrast to
our default model, this variation for determining the stellar

3 COMPAS and the analysis in Claeys et al. (2014) share some
assumptions, such as stellar evolution fits (Hurley et al. 2000) to
the tracks of Pols et al. (1998).
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response allows early core helium burning stars to engage in
stable mass transfer for a broader range of mass ratios, and
so contribute to the formation of NS+MS systems.

4 MODELLING THE SMC POPULATION

To compare our results with observations, we convert COM-
PAS population synthesis results into a simulated SMC pop-
ulation of NS+MS binaries. The distribution of orbital pe-
riods Porb and companion masses MMS of current NS+MS
systems is given by

dN

dPorbdMMS
=

∫ 0

−∞

dMSF

dt
(−t) dN

dMSFdPorbdMMS
(t)dt . (8)

The first term in the integrand is the SMC star formation
rate history (measured at time t before the observing time
0). We use the SMC star formation rate (SFR) history of
Rubele et al. (2015) for this convolution. The second term is
the number of NS+MS binaries per unit orbital period per
unit companion mass per unit star-forming mass at time t
after star formation, as simulated by COMPAS. It can be
viewed as the efficiency function of converting a mass MSF

of star formation into a number density of NS+MS systems
per unit orbital period per unit mass of the MS star, for
systems still present after a time t since their formation.

In practice, this integral is evaluated through a Monte
Carlo approximation using our synthetic populations. The
minimal delay time from star formation to observation is
set by the time required for each binary of interest to evolve
from zero-age MS to the first SN.

We estimate statistical uncertainties from this integra-
tion to be of the same order as the ones due to the im-
perfectly known SMC SFR history as shown in figure 16 of
Rubele et al. (2015). Both sources of uncertainty are com-
bined to define the one-σ prediction range, indicated with
shaded areas in figures 3, 5, 7 and 6.

5 RESULTS

In this section we present our findings. We outline the most
likely formation channel in 5.1 and compare observations
with the properties of the simulated BeXRBs in 5.2.

We distinguish between: (i) the simulated intrinsic pop-
ulation, which comprises the binary samples directly pro-
duced by COMPAS evolutionary models and (ii) the simu-
lated SMC population, which is obtained by accounting for
the SFR of the SMC (Rubele et al. 2015) and the duration
of the NS+MS phase, set in our analysis by the duration of
the MS lifetime of the secondary (see section 4). Figures and
tables refer to the simulated SMC population, which is also
assumed throughout the text, unless otherwise specified.

5.1 Formation channel

We compare observations of BeXRBs in the SMC against the
predicted properties of BeXRB-like systems in the synthetic
populations of binaries evolved with COMPAS. Unlike some
other stellar population synthesis studies (e.g. Belczynski &
Ziolkowski 2009; Grudzinska et al. 2015), we avoid a pri-
ori cuts on orbital periods based on BeXRB observations.

We instead investigate the origin of the observed systems by
exploring the key predictions for different formation chan-
nels, expanding on the approach proposed for general Be
stars by Shao & Li (2014). In this subsection we present the
characteristics of the simulated systems containing an inter-
mediate or high mass MS star orbiting a NS. We do not a
priori assume any prevalent formation channel for Be stars
in BeXRBs.

According to our simulations, systems that avoid mass
transfer can only marginally contribute to the observed sam-
ple of BeXRBs. Indeed the orbital periods which characterise
non-interacting binaries are typically much longer than ob-
servations (& 10 years). The absence of very long orbital
period systems in observations is entirely consistent with se-
lection effects (see section 2.1). Therefore, observations do
not constrain the possibility of forming Be stars in BeXRB
systems by means of initial rotation or evolution toward crit-
ical velocity in the absence of interactions with a binary
companion.

Our simulations also suggest that binaries whose first
mass transfer episode was dynamically unstable do not
match the observed companion masses in BeXRB. Ac-
cording to our evolutionary model, dynamical instability
is favoured for high mass ratio systems; for the case of
BeXRBs, this implies low-mass MS accretors. Moreover
we expect minimal accretion during the short-duration CE
phase. Therefore, in most NS + MS star systems that
evolved through a CE episode, the MS companions are too
light to match the observed distribution of Be star masses
in BeXRBs ( & 6 M�). Even when there is a second episode
of stable mass transfer following the re-expansion of the
stripped primary after the helium main sequence (Laplace
et al. 2020), its short duration is unlikely to allow for signif-
icant accretion onto the MS star. These findings are consis-
tent with the conclusions of Shao & Li (2014), who similarly
considered and discarded stable mass transfer following a
common envelope phase as a possible formation channel for
Be stars in BeXRBs. Moreover, systems experiencing a CE
phase are significantly hardened by it and are therefore char-
acterised by orbital periods that are too short (mostly below
∼ 20 days) compared with observations.

This leaves stable mass transfer as the most likely chan-
nel for producing BeXRBs, which is consistent with, e.g.,
Pols et al. (1991); Portegies Zwart (1995); van Bever & Van-
beveren (1997); Shao & Li (2014).

5.1.1 BeXRB-like systems

Motivated by these considerations, we define BeXRB-like
systems in our simulations as binaries:

(i) composed of a NS and a MS star with mass MMS &
3 M�. This mass cut roughly selects stars of B & O spectral
types 4 (Belczynski & Ziolkowski 2009; Grudzinska et al.
2015);

(ii) where the MS star is not overflowing its Roche lobe,

4 Late B stars can actually extend to slightly lower masses,
& 2 M� (Martayan et al. 2007a; Huang et al. 2010)); however,

extending the MS mass range to such low values is irrelevant for

our investigation.
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Figure 2. Schematic representation of our preferred BeXRB for-

mation channel. All the mass transfer episodes are stable. The
symbols represent the evolutionary stages of each star in the bi-

nary: main-sequence (MS); Hertzsprung gap (HG); Helium main-

sequence (HeMS); Helium Hertzsprung gap (HeHG) and neutron
star (NS). After the mass transfer episode from a Hertzsprung-gap

primary, the accreting secondary spins up and becomes a Be star
in our model. The reduced-contrast sketches refer to evolutionary

phases (Case A and Case BB mass transfer) experienced by only

a fraction (percentages above the sketch) of the total BeXRB-like
population.

as this would likely destroy the decretion disk (Panoglou
et al. 2016);

(iii) whose secondary accreted during dynamically stable
mass transfer from a hydrogen-rich primary (see above).

These conditions do not explicitly require the formation of
a Be star in the system. Our current lack of understanding
of the mechanisms which generate the decretion disk pre-
vents us from identifying such systems. We therefore limit
our definition of BeXRB-like systems to the points listed
above. We later discuss the occurrence of Be versus B stars
by comparing our simulated population with the observed
BeXRB sample.

5.1.2 The history of BeXRB-like systems

In this section we present in more detail the sequence of
SNe and mass transfer episodes which lead to the formation
of BeXRB-like systems. Hereafter mentions of mass transfer
always refer to Roche lobe overflow from the primary before
its collapse into a neutron star. We will indicate these mass
transfer episodes preceding the BeXRB stage by the stellar
type of the primary at the time of mass transfer, an arrow
toward the secondary, and the stellar type of the secondary,
e.g., HG→ MS for mass transfer from a HG primary onto a
MS secondary.

In figure 2 we show our preferred BeXRB forma-
tion channel, indicating the fraction of the simulated SMC
population of binaries undergoing multiple mass transfer
episodes. Similarly to Pols et al. (1991), we find that all se-
lected binaries have experienced mass transfer initiated by
the primary after hydrogen exhaustion (case B mass trans-
fer). In particular, according to our default model, the pri-
mary of BeXRB-like systems always overflows its Roche lobe
at the HG stage (HG→ MS). More evolved donors are ruled
out by our stability criteria, which favour dynamically un-

stable mass transfer for giants that develop a deep convective
envelope (Soberman et al. 1997).

About . 10% of our simulated intrinsic population
of BeXRBs start mass transfer while the primary is burn-
ing hydrogen in its core (case A mass transfer) at the MS
stage (MS→ MS). However, after re-weighting by the SMC
SFR history to obtain the currently observable population
(according to equation 8), this fraction becomes negligible
(<2%).

In stellar evolution codes based on the fitting formu-
lae of Hurley et al. (2000), a star acquires a core only at
the beginning of the HG. The mass of this core is estimated
from the current total mass of the star and it is therefore
lighter for stars which already lost a significant amount of
mass during the MS. The core mass, in turn, is one of the
key parameters which determine the fate of a star. There-
fore, in order to retain a sufficiently massive core to form a
NS after engaging in MS→ MS transfer, the primary must
have been quite massive, and likely had a similarly massive
companion given the uniform distribution of the initial mass
ratio. The high masses, in turn, lead to short lifetimes; mas-
sive systems born during the peak of the SMC SFR would
no longer be detectable as BeXRBs. This explains the rarity
of such systems in the simulated SMC population.

A considerable fraction of binaries in our simulated
BeXRB populations (in our default model: ∼ 20% of the
intrinsic population and ∼ 50% of the SMC one) experi-
ence a second mass transfer episode after the primary has
been stripped by its hydrogen envelope (case BB mass trans-
fer). Our analysis may even underestimate the actual inci-
dence of case BB mass transfer. Recent simulations (Laplace
et al. 2020) suggest that the radial expansion of partially
stripped stars is greater than assumed in codes based on the
Hurley et al. (2000) fitting formulae, like COMPAS. This
case BB mass transfer episode, which in the case of BeXRB
formation always involves a MS accretor, happens during
the primary’s helium Hertzsprung gap (HeHG) stage, after
the primary completes its helium main sequence evolution
(HeHG→ MS). In these cases, we assume that the primary
becomes an ultra-stripped star and if it explodes in a SN,
it experiences lower natal kicks (USSN). Together with the
typically low orbital separations, these reduced kicks make
the disruption of the binary during a SN very unlikely, in
contrast to the general population of SNe, leaving behind
low-mass remnants (Renzo et al. 2019; Eldridge et al. 2011).
Therefore, these systems are prominent in the simulated in-
trinsic population of BeXRBs. Systems experiencing case
BB mass transfer are also favoured by re-weighting by the
SMC SFR according to equation 8. Relatively low initial
mass ratios qHG = Macc/Mdonor . 0.4 allow the systems to
tighten during the first mass transfer, making subsequent
case BB mass transfer more likely. This difference between
the masses of donors and accretors yields lighter MS com-
panion stars (due to both their initially lower masses and
generally less efficient accretion). In turn this entails a longer
duration of the BeXRB phase and larger formation time,
which matches the time since the peak of the SMC SFR.
However, the predicted orbital period and MS star mass dis-
tributions depend only very weakly on the details of case BB
mass transfer. This is mostly because of the short time scales
and the relatively small amount of mass loss/exchange.
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Figure 3. The impact of mass transfer efficiency: mass (top

panel) and orbital period (bottom panel) distributions in our sim-
ulated SMC BeXRB-like systems. Different colours correspond to

different mass transfer models; shading indicates 1 σ uncertain-

ties. The grey areas indicate the observed mass range and orbital
period distribution of Be stars in SMC BeXRBs. The dark (light)

grey in the top panel corresponds to the common (conservative)

threshold of MBe inBeXRBs ≥ 8M� (≥ 6M�). The dark (light)
grey in the bottom panel corresponds to the 44 (25) systems listed

in the Coe & Kirk 2015 catalog with a measured (inferred from

the spin period via equation 1) orbital period.

5.2 Comparisons with observations

We compare observations to our simulated SMC population
of BeXRBs in figures 3 to 6 and in table 2. When we plot
MS mass and orbital period distributions, we label our vari-
ations showing the assumed models for accretion efficiency
and specific angular momentum loss. We also explicitly high-
light our default model (see section 3.2) and preferred varia-
tion. Our preferred model assumes fixed accretion efficiencies
(β = 0.5, for all mass transfer phases, except for the fully
conservative case A and BB mass transfer and the Eddington
limited accretion onto a compact object, see section 3.2.1)
and isotropic re-emission of non-accreted material from the
surface of the accretor, as justified below. This model is also
identified as β : HG0.5 MS1 BB1; γ : ISO.

5.2.1 Be star mass distribution

The distributions of MS star masses in BeXRB-like systems
are shown in the top panel of figure 3; we also show the
orbital period distribution associated to each of these simu-
lated SMC populations in the bottom panel. In figure 3, we
show the impact of the accretion efficiency β, by varying it

from the THERMAL prescription to different fixed values:
0.5, 0.75, and 1 (CONSERVATIVE), as described in 3.2.1
(hereafter shown as β : HG).

For the formation of our BeXRB-like systems, the rel-
evant mass transfer phases are: MS→ MS, HG→ MS and
HeHG→ MS, with HG→ MS as the most significant mass
transfer phase. Because our results only very weakly depend
on MS→ MS and HeHG→ MS mass transfer episodes, they
are always assumed to be conservative when a fixed β value
is applied. This is shown by the labels β : MS1 and β : BB1.
These assumptions allow us to be conservative in our infer-
ence over the accretion efficiency during the HG→ MS mass
transfer when comparing the predicted Be star mass distri-
butions with the observed ranges.

All populations of simulated SMC BeXRB-like in figure
3 assume that, during the mass transfer episodes preceding
the BeXRB-like phase, any material lost from the binary
was ejected from the surface of the accretor (γ : ISO). This
isotropic re-emission model better predicts the orbital dis-
tribution of BeXRBs (see below). However we also report a
single case where β : THERMAL and γ : CIRC, to show how
increasing the angular momentum loss leads to heavier MS
stars, independently of the assumed accretion efficiencies.

The blue and dark green lines in figure 3 show our de-
fault and preferred models. Dark and light grey in the top
panel mark the common and conservative ranges for Be star
masses in BeXRBs MBe inBeXRBs ≥ 8 M� and ≥ 6 M�, re-
spectively. Dark and light grey in the bottom panel mark the
directly measured orbit periods of observed BeXRBs in the
CK catalog and those inferred from spin periods by assum-
ing the Corbet relation, equation 1 in section 2, respectively.

According to our default SMC model, most of the de-
tected BeXRBs should have a MS companion MMS < 6 M�.
This low peak mass clearly contradicts observations. Because
synthetic BeXRBs with low-mass companions do not cluster
toward high orbital separations, selection effects are unlikely
to resolve this incompatibility.

Figure 4 displays the joint probability distribution of
MS companion masses and mass transfer efficiencies of
Hertzsprung-gap donors for BeXRB-like systems formed in
our default model. This clearly shows that the main deter-
mining factor for the companion mass distribution is the
accretion efficiency β during the HG→ MS mass transfer.

For the simulated intrinsic BeXRB-like systems, our
THERMAL assumption generates two peaks in the distri-
bution of the HG→ MS accretion efficiency βHG: a nar-
row peak at ∼ 1, and a broad peak concentrated at values
βHG . 0.2. This second peak is the cause of the inconsis-
tency between the predictions of our default model and the
observed Be star masses in BeXRBs. Lower βHG values re-
duce the accretion of the primary hydrogen envelope onto
the secondary, leaving the MS mass of initially light stars
almost unchanged. Binaries containing low-mass MS stars
then dominate our simulated SMC population (see top panel
of figure 3) because they are favoured by both the IMF and
the re-weighting for the lifetime of the BeXRB stage.

As shown in the top panel of figure 3, applying pro-
gressively higher accretion efficiencies during the HG→ MS
mass transfer gradually moves the MS star mass distribution
toward higher masses that better match the observed range.
In particular, imposing half-conservative HG→ MS mass
transfer already shifts the entire mass distribution above
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Figure 4. Simulated main-sequence companion (Be star) mass
MMS versus the efficiency of mass transfer for a Hertzsprung-gap

donor βHG. The colour bar shows the intrinsic probability, for

BeXRB-like systems, of obtaining a specific combination of MMS

and β according to our default model. As in figure 3, the grey

area shows the range of observed Be star masses, according to

our conservative interpretation (Hohle et al. 2010).

6 M�. This result is consistent with figure 4, which suggests
that to match observations, the overwhelming majority of
BeXRBs must have experienced a post-MS→MS mass trans-
fer with accretion efficiency above & 0.3.

The β : THERMAL; γ : CIRC model (lightest-green
line in the top panel of figure 3) confirms the findings of
Portegies Zwart (1995), who proposed high angular momen-
tum loss to explain the Be mass distribution in BeXRBs.
Portegies Zwart (1995) suggested matter leaving from the
second Lagrangian point or, similarly, with a specific angu-
lar momentum 6 times higher than the binary’s one (γ = 6).
In our simulations, this last case qualitatively resembles
the results obtained for the circumbinary ring mass-loss
mode, which yields γ = 6 for q ∼ 0.6. In these mod-
els, the high angular momentum loss disfavours low mass
ratio systems, which are now very likely to merge. Con-
sequently, the masses of the MS companions in the sur-
viving binaries of our high angular momentum loss model
(β : THERMAL; γ : CIRC) match well the observed mass
range of Be stars in BeXRBs.

5.2.2 Orbital period distribution

In the previous subsection, we showed that the MS mass
distribution in BeXRB-like systems is primarily determined
by the mass transfer efficiency. Here, we analyse the orbital
period distribution of these systems, and demonstrate its
sensitivity to the angular momentum carried away during
non-conservative mass transfer.

Figure 5 shows the dependence of the Be star masses
(top panel) and binary orbital periods (bottom panel) of
BeXRB-like systems in simulated SMC populations. We as-
sume constant accretion efficiencies β : HG0.5 MS1 BB1 and
explore different angular momentum models. With this as-
sumption for the accretion efficiencies, the masses of the MS
companion at the BeXRB stage are consistent with the ob-
served range and depend only slightly on the angular mo-
mentum loss models. For comparison, we also plot the or-

Figure 5. The impact of angular momentum loss: mass (top

panel) and orbital period (bottom panel) distributions in our sim-
ulated SMC BeXRB-like systems. Different colours correspond to

different mass transfer models; shading indicates 1 σ uncertain-

ties. The grey areas indicate the observed mass range and orbital
period distribution of Be stars in SMC BeXRBs. The dark (light)

grey in the top panel corresponds to the common (conservative)

threshold of MBe inBeXRBs ≥ 8M� (≥ 6M�). The dark (light)
grey in the bottom panel corresponds to the 44 (25) systems listed

in the Coe & Kirk 2015 catalog with a measured (inferred from

the spin period via equation 1) orbital period.

bital period distribution for fully conservative mass transfer
(black line) and for our default model (dashed blue line). In
dark grey we show the distribution of the 44 observed orbital
periods reported in the CK catalogue. In light grey we show
the orbital period distribution obtained by applying the Cor-
bet relation fit from equation (1) to the 25 systems in the
CK catalogue which only have measured spin periods. The
width of the shaded regions around the curves again indi-
cates combined 1-σ uncertainties from the SMC SFR history
and COMPAS sampling; the sizes of the spikes in the plots
are consistent with these statistical fluctuations.

The orbital period distribution from our default model
(dashed blue line) considerably differs from observations.
The predicted overabundance at long orbital periods can be
explained by observational selection effects (see section 2.1).
However, the predicted but unobserved peak of BeXRBs at
short orbital periods indicates a failure of this model. This
peak is mostly due to the population of systems experienc-
ing USSNe (see e.g. figure 7). As mentioned above, these
binaries are very likely to survive the SN and are charac-
terised by small separations and low masses. In our default
model, this population is only partially suppressed by the
stability criteria (Podsiadlowski et al. 1992), which allow all
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systems with qHG & 0.23 to engage in stable HG→ MS mass
transfer.

In purple we show the orbital period distribution
under the assumption of fixed mass transfer efficiency
β : HG0.5 MS1 BB1 and isotropic re-emission from the sur-
face of the accretor (our preferred model). Both the preferred
and fully conservative mass transfer (black) models display
orbital period distributions which range and peak at values
similar to the observed ones. Neglecting for now the total
number of predicted BeXRB-like systems, represented by
the area below the curve, both these models predict orbital
period and MS mass distributions in general agreement with
observations.

The orange curves in figure 5 describe the population
of simulated SMC BeXRB-like systems which experienced
mass transfer with matter leaving the binary from a cir-
cumbinary ring, γ : CIRC (see equation 6). The expected
orbital period distribution in this model peaks at a few
days, in disagreement with observations. This shift toward
shorter separations relative to our preferred model is due to
the greater loss of angular momentum during mass trans-
fer. High angular momentum losses are therefore unlikely
to be responsible for massive MS stars in BeXRBs. These
considerations also strongly disfavour more extreme angular
momentum losses, as would be the case for matter leaving
the binary from L2 or L3. Similar conclusions can also be in-
ferred from the circumbinary ring mode combined with the
THERMAL prescription as shown in the bottom panel of
figure 3.

In yellow, we plot the orbital period distribution for the
BeXRB population obtained assuming the Jeans mode of
mass loss. During the first mass transfer episode γJEANS is
always less than one, meaning the binary increases its spe-
cific angular momentum by losing matter and so it typically
widens. Contrary to isotropic re-emission from the accretor
surface, the more unequal the component masses, the less
angular momentum is assumed to leave the system. This
scenario is therefore appealing for moving the short period
systems found in our default model toward higher separa-
tions. However, according to our stability criteria, this com-
bination of β and γ values allows binaries with mass ratio as
low as 0.14 (at the onset of mass transfer) to engage in stable
HG→ MS mass transfer. Most of these low q systems end
up contributing to the short orbital period tail after their
primaries experience an USSN, leading to an orbital period
peak around ∼ 20 days, too low to match the observations.

Alternatively, matter lost during mass transfer episodes
could leave the binary with the specific angular momen-
tum of the system. This assumption corresponds to fixing
γ to 1 and is applied in other population synthesis codes,
such as StarTrack (e.g. Belczynski & Ziolkowski 2009; Do-
minik et al. 2013). In combination with the accretion ef-
ficiency β : HG0.5, MS1, BB1 (or similarly β = 0.5 for all
mass transfer), this angular momentum loss model produces
similar results to Jeans mode mass loss, with orbital periods
peaking at ∼ [10−30] d, too short compared to observations.

For both Jeans mode and γ = 1 mass loss, applying re-
duced USSN kicks only to stars whose helium envelope was
stripped by a NS (Vigna-Gómez et al. 2018) rather than the
broader range of stars discussed in section 3.1, mitigates the
inconsistencies between the predicted orbital period distri-

bution and observations. We discuss these findings in the
context of USSNe and case BB mass transfer in section 6.3.

Many of our simulated SMC populations of BeXRB-like
systems over-predict the number of binaries with orbital pe-
riod longer than ∼ 500 days. This tail is currently difficult to
test observationally, as observational selection effects work
strongly against the detection of these systems (see section
2.1). Systems at large separation may however be partially
probed through radio pulsar observations. Our models pre-
dict 20–40 BeXRB-like systems in the SMC at orbital pe-
riods longer than the maximum measured of ∼ 520 days.
At these large separations, we expect NSs to rarely (at pe-
riastron passage for highly eccentric orbits) or never accrete
from the decretion disk of the companion, and so to possi-
bly remain radio active for most of the typical pulsar life-
time of ∼ 107 yrs (e.g. Lorimer 2008). According to our
models, these long orbital period BeXRBs typically survive
as NS+MS star systems for ∼ 7 × 106 yrs. This suggests
that all our predicted long period BeXRB-like systems may
currently host radio pulsars, which could be detected by in-
struments such as the Square Kilometer Array (e.g. Welt-
man et al. 2020). The number of foreseen detections should
nonetheless account for the beaming angle, which may re-
duce the observable pulsars to a few (only ∼20% of pul-
sars are detectable according to Lorimer 2008), and possible
intermittence of the radio activity for systems in eccentric
orbits. Indeed a subpopulation of these systems may be in-
termittent radio pulsars, similarly to PSR B1259-63, which
has a 3.4 year orbital period and shows gamma-ray flares at
periastron passages (e.g. Miller-Jones et al. 2018).

From the point of view of our binary evolution mod-
els, the long orbital period systems could be suppressed by
increasing the overall distribution of natal kick velocities as-
signed to NSs born in ECSNe (see figure 7). This approach,
however, would also considerably affect other predictions. Of
particular relevance in this context are predictions concern-
ing binary neutron stars (BNSs), whose progenitors often
experience a BeXRB-like phase with relatively long orbital
periods (Vigna-Gómez et al. 2018).

The imperfectly known relationship between the
carbon-oxygen core mass and the post-supernova remnant
mass (and natal kick, see, e.g., Mandel & Müller 2020) will
affect the orbital period distribution inferred in our study.
However, the relatively limited range of NS masses means
that the impact on individual orbital periods should not ex-
ceed a ∼

√
2 level. This is an active topic of ongoing research

and is further discussed in Vigna-Gómez et al. (2018); Man-
del et al. (2020) in the context of COMPAS.

5.2.3 Estimated number of simulated SMC BeXRB-like
systems

In table 2 we report the number of SMC BeXRB-like systems
in our simulations with orbital period below ∼ 520 days (the
longest orbital period in the CK catalogue), as a function
of the different accretion efficiency β (columns) and angu-
lar momentum loss γ (rows) models. There are three main
effects that influence the predicted number of BeXRB-like
systems as a function of β and γ: (i) the growth in accre-
tor masses, which impacts the duration of the BeXRB-like
phase, (ii) the difference in orbital evolution and (iii) the
stability of HG→ MS mass transfer (see table 1).
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The first row in table 2 shows the expected number of
BeXRBs, assuming isotropic re-emission from the surface of
the accretor (γ : ISO). Increasing the typical accretion effi-
ciency from the THERMAL prescription to the fully conser-
vative case, we notice a gradual drop in the expected number
of simulated SMC BeXRB-like systems. This is also shown
in figure 3, where the area below the curve, representing
the total number of BeXRB-like systems in our simulated
SMC population, shrinks for progressively more conserva-
tive mass transfer. There are several reasons which explain
this trend. First, the growth in the mass of the MS secondary
star through accretion reduces the duration of the BeXRB
stage. Secondly, more conservative mass transfer leads to
larger typical separations, so the binaries are more likely to
be disrupted by the SN kicks. Larger separations after the
HG→ MS mass transfer also imply that fewer binaries en-
gage in case BB mass transfer. In turn, this leads to fewer
primaries experiencing the reduced USSN kicks and so fewer
systems surviving the SN explosion. Finally, assuming the
isotropic re-emission model for the specific angular momen-
tum loss, the response of the Roche lobe to mass transfer
favours more unstable interactions for higher β values. For
these reasons, our preferred model predicts fewer BeXRBs
than the default and shows a drastic decrease in the number
of systems with orbital periods below ∼ 30 days.

As mentioned in section 5.2.1, high angular momentum
losses could effectively explain the high masses of Be stars
in BeXRBs (Portegies Zwart 1995). However, as shown in
figures 3, 5 and in the second row of table 2, the expected
number of BeXRB-like systems drops considerably below the
69 observed BeXRBs listed in the CK catalogue. This is both
due to the increased number of mergers and our stability cri-
teria, which in the circumbinary ring mode disfavour stable
HG→ MS mass transfer, especially if the mass transfer is
highly non-conservative, as is often the case for our default
THERMAL β model (see table 1). Together with the orbital
period distributions, the low numbers of predicted BeXRB-
like systems therefore rule out the circumbinary ring mode
(if located at twice the binary’s separation) for HG→ MS
mass transfer.

The third row of table 2 shows the expected number
of BeXRB-like systems assuming that the matter lost dur-
ing mass transfer leaves the system from the surface of the
donor. The high predicted numbers mostly stem from the
stability criteria applied for HG→ MS mass transfer. Ta-
ble 1 shows that for accretion efficiencies . 0.5, the Jeans
mode assumption allows systems with very unequal masses
(qcrit . 0.14) to experience stable mass transfer. This in-
creases the number of binaries which experience the re-
duced kicks of USSNe, and therefore populates the bina-
ries at short orbital periods. As mentioned in section 5.1,
binaries which experience these reduced kicks are also of-
ten characterised by lower MS star masses (this is also
visible for β : HG0.5, MS1, BB1 in the top panel of fig-
ure 5, by comparing the distributions obtained for Jeans
mode vs. isotropic remission mass transfer). Lower masses
for the MS companions then affect the overall number of pre-
dicted BeXRB-like systems, by extending the lifetime of the
BeXRB-like phase. If we assume the THERMAL prescrip-
tion for the accretion efficiency, the contribution of binaries
experiencing USSNe is, however, less prominent than for the
case of isotropic re-emission. This is due to the orbital evo-

aaaa
γ β THERMAL HG0.5 MS1 BB1

CONSER-
VATIVE

ISO 200 ± 20 85 ± 10 45 ± 5

CIRC 19 ± 2 40 ± 5 45 ± 5

JEANS 130 ± 15 135 ± 15 45 ± 5

Table 2. The table reports the number of BeXRBs with orbital
period under 520 days (longest period listed in the CK catalogue),

predicted in the SMC according to our synthetic populations of

binaries. According to the CK catalogue there are at least 69
BeXRBs in the SMC, of which at the very least 44 (all systems

with observed orbital periods) have period below 520 days. The

rows correspond to different modes of angular momentum loss,
while the columns represent different accretion efficiency models.

lution, which tends to bring low mass ratio binaries closer
together for γ : ISO. Moreover, within the THERMAL pre-
scription, the advantage of the Jeans mode coming from the
lower critical mass ratio is almost negligible. For example,
if q = 0.15 and the secondary has a mass above 3M�, the
primary donor would be more massive than 20M�, i.e., may
be too heavy to produce an NSs and hence a BeXRB-like
systems.

5.2.4 Stability criteria: impact on synthetic BeXRB
populations

The stability criteria adopted for the post-MS→ MS mass
transfer play a crucial role in the formation of our BeXRB-
like systems. With our default settings only HG donors con-
tribute to the population of BeXRB-like systems, and as-
suming isotropic re-emission, this implies a critical mass ra-
tio between ∼ 0.22 and ∼ 0.26 (see table 1). The stability
of mass transfer is, however, highly uncertain. In particular,
when rapid accretion causes the accretor to swell and over-fill
its Roche lobe, producing a co-rotating envelope, the orbit of
the binary may shrink due to angular momentum loss from
the system without leading to a classical CE spiral-in. In-
stead, stable mass transfer may commence (see figures 3–5 in
Podsiadlowski et al. 1992). This idea was originally applied
to stars with convective envelopes. However Pols (1994) and
Wellstein et al. (2001) have shown that a similar behaviour is
also expected for most massive HG donors if the mass ratio
is less than ∼ 0.7 (see e.g. figure 5 in Pols 1994). These sys-
tems are all expected to form a contact phase with at least
a temporary CE in which they lose a lot of angular momen-
tum and may therefore merge. HG stars may nonetheless be
able to avoid a runaway plunge-in (Pavlovskii et al. 2017).
The details of this process are not well understood and it is
therefore possible that some of the systems that we assume
can successfully reach a BeXRB stage, should instead have
merged. Figure 6 shows the systems that would survive this
mass transfer phase under more stringent conditions on the
mass ratio. It indicates that, in order to match the observed
number of SMC BeXRBs, only a small fraction of binaries
can merge prematurely through this channel.

The critical mass ratio not only determines how many
simulated systems can become BeXRB-like, but also their
distribution in MS masses and orbital periods (e.g. Shao &
Li 2014; Portegies Zwart & Verbunt 1996). This is shown in
figure 6, which also indicates that the typical critical mass
ratio for HG→ MS stability should range between 0.2 and
0.3 for our treatment of USSNe.
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Figure 6. The effect of different critical mass ratios (in differ-
ent shades of blue) on the predicted SMC BeXRB orbital pe-

riod distribution and total number of BeXRBs. We focus on

mass transfer episodes from HG primaries, as this is the cru-
cial episode in our preferred BeXRB formation channel. We show

results for the preferred model: constant accretion efficiencies

(β : HG0.5 MS1 BB1) and isotropic re-emission from the surface
of the accretor (γ : ISO). Under these mass transfer assumptions,

our stability criterion for Hertzsprung gap stars (ζ∗HG = 6.5)

would normally correspond to a mass ratio of qHG & 0.24. The
meaning of shaded areas is the same as in figure 5.

In figure 7 we show the orbital period distribution of
BeXRB-like systems obtained by assuming a temperature
based stability criterion (see section 3.2.3). This variation
for determining the stellar response allows early core he-
lium burning stars to engage in stable mass transfer onto
a MS star and so to contribute to our synthetic population
of BeXRBs. The simulated SMC population of BeXRB-like
systems in figure 7 has been evolved by applying our pre-
ferred model of specific angular momentum loss and accre-
tion efficiency (β : HG0.5 MS1 BB1; γ : ISO), under which
stable mass transfer from core helium burning donors also
has constant β = 0.5. We find the results obtained under
this assumption to be in good agreement with observations.

6 DISCUSSION

In the previous sections, we compared the observed BeXRBs
listed in the SMC CK catalog against populations of
BeXRB-like systems evolved by the rapid population syn-
thesis code, COMPAS. We identify BeXRB-like systems
only based on the evolutionary phase of their components
(NS+MS stars) and their binary interaction history (see sec-
tion 5.1.1). We do not evolve the rotational velocity of the
binary components and we therefore do not define Be stars
in terms of the MS stars’ spin. We constrain the formation
channel of BeXRB-like systems and learn about binary evo-
lution by comparing observations with predictions, based on
different treatments of mass transfer. Here, we discuss our
most relevant findings.

Figure 7. Orbital period distribution of BeXRB-like systems as-
suming the alternative stability criterion based on temperature,

described in section 3.2.3. Shaded grey areas follow the descrip-

tion of figure 3. Our synthetic BeXRB-like systems are divided
into three sub-populations, based on the supernova experienced

by the NS progenitor: the magenta curve tags USSNe, the pink

one CCSNe and the orange one ECSNe.

6.1 Accretion efficiency during stable mass
transfer

The comparison between observations and our synthetic
population of BeXRB-like systems suggests that our de-
fault model underestimates the accretion efficiency during
HG→ MS mass transfer. Meanwhile, the simplified fully
conservative and half conservative variations allow the simu-
lated Be-star mass distribution to match the observed range.
According to our study, fully conservative mass transfer is
however disfavoured by the low predicted number of syn-
thetic SMC BeXRB-like systems (see also Shao & Li 2014).
Higher angular momentum losses can also explain the Be
mass distribution, but they are unable to reproduce the or-
bital period distribution and the high number of BeXRBs
observed in the SMC.

Our findings on accretion efficiency during HG→ MS
mass transfer are supported by other studies of massive X-
ray binaries (e.g., Shao & Li 2014; Kaper et al. 1995). On the
other hand, Wolf-Rayet stars in binaries with a MS compan-
ion strongly suggest highly non-conservative mass transfer
(Shao & Li 2016; Petrovic et al. 2005a). Interestingly, de
Mink et al. (2007) point out a weak correlation between or-
bital period and the efficiency of mass accretion, possibly
due to tides and rotationally limited accretion. However, as
pointed out by Shao & Li (2014), rotationally limited ac-
cretion entails highly non-conservative mass transfer, which
would leave most of the MS star masses in BeXRB-like sys-
tems below 6 M�, in contradiction with observations (see
figure 4). This conclusion highlights the importance of stud-
ies based on rapid population synthesis, where key but still
uncertain parameters, such as the accretion efficiency dur-
ing mass transfer, can be easily varied and tested. Indeed,
although the increase in available computing power is gradu-
ally facilitating detailed evolution of binary grids (e.g Langer
et al. 2019), studies based on fitting formula still make it pos-
sible to explore a wider set of possible physical assumptions.

In our default model, very low accretion efficiencies oc-
cur if, at the beginning of the mass transfer episode, the
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donor mass loss timescale and the timescale of the thermal
response of the accretor differ by almost two orders of mag-
nitude (as shown by equation 3), i.e., if their evolutionary
stage is very different. The need to reduce the rate of oc-
currence of these low accretion-efficiency events in order to
match observations could indicate that such mass transfer
events lead to dynamical instability when the accretor over-
flows its Roche lobe (e.g., Nariai & Sugimoto 1976; Dewi
et al. 2006; Ivanova et al. 2013). However, a more conser-
vative stable mass transfer than predicted by the simplistic
default model is likely required to reproduce both the ob-
served number of systems and the Be-star mass distribution.

6.2 Metallicty or age as the driver of the SMC
BeXRB excess?

According to our preferred formation channel, the recent
peak of the SMC SFR (∼20–40 Myr ago) matches the typical
time necessary to form BeXRB-like systems in our simula-
tions, as shown in figure 8. Similar formation times have been
observationally confirmed for HMXRBs (Williams et al.
2013, 2018). This, together with the strong observational
selection effects which impact X-ray detections in the Milky
Way, might explain why the number of detected BeXRBs
is so similar in the SMC and the Galaxy, despite the very
different masses and current SFRs (see also Antoniou et al.
2019, 2010).

In the general framework of the Be phenomenon, metal-
licty has also been proven to be a crucial parameter (Mar-
tayan et al. 2007a). In the case of BeXRBs, our results sug-
gest that all stable HG→ MS mass transfer episodes, at and
below the SMC metallicity, may generate a Be star, which
remains rapidly rotating until the end of its MS stage. As-
suming this is true, i.e. assuming for simplicity that all MS
stars in BeXRB-like systems are Be stars, the effect of metal-
licity reduces to its impact on binary evolution.

In terms of the formation of BeXRB-like systems, the
major impact of metallicity is on stellar expansion during
the HG and HeHG phases. Greater expansion during the
HG phase allows HG→ MS mass transfer for systems whose
components are further apart and so increases the popu-
lation of BeXRB-like systems with longer orbital periods.
Meanwhile, greater expansion of post-helium main sequence
stars that were stripped earlier in their evolution increases
the population of BeXRB-like systems experiencing and sur-
viving USSNe.

To test the sensitivity of our synthetic BeXRB popula-
tion to metallicity, we repeated the same analyses assuming
either half the SMC metallicity or the Galactic metallicity.
The overall change in the predicted number of BeXRB-like
systems is . 15% assuming fully conservative mass trans-
fer and . 25% for our default model. According to our de-
fault model higher metallicity results in a larger population
of synthetic BeXRBs. Conversely, the highest numbers of
BeXRBs-like systems are reached at the lowest metallicities
if assuming fully conservative mass transfer.

Finally metallicity may influence the lifetime of the
BeXRB-like systems through wind and decretion disk mass
loss of the MS star. Our results however strongly suggest
that most of the MS companions in BeXRB-like systems, at
metallicities . ZSMC, should maintain rotational velocities
which allow them to exhibit the Be phenomenon from the

Figure 8. In teal, we plot the SMC star formation rate as a
function of time in Myr, as reported in Rubele et al. 2015 (y-axis

on the right). In violet we show the formation time distribution

for BeXRB-like systems in our default simulation, weighted by
the duration of the BeXRB-like phase and normalised to 1. The

formation time distribution peaks around the time of the recent

SMC starburst.

accretion episode throughout most of their MS life (see also
section 6.5). At higher metallicities, the angular momentum
loss through winds and decretion disks may shorten the du-
ration of the Be phenomenon, and so decrease the number
of BeXRBs. Moreover, metallicity may impact mass trans-
fer efficiency (though its impact on the stellar radius, see
equations 3 and 4), and therefore the amount of mass and
angular momentum accreted during the mass transfer phase.
Given the strong link between the surface rotation and the
Be phenomenon, this may in turn impact how many Be stars
are formed and for how long they may live.

6.3 What can the absence of BeXRBs with short
orbital period imply?

Most of our simulated SMC BeXRB populations over-
predict the number of systems at short orbital periods. As
mentioned above, this overabundance is closely connected to
USSNe. According to our model, USSNe are characterised by
low NS natal kicks and short separations, and are therefore
unlikely to disrupt the binary (assuming σ1D = 30 km s−1,
the binary survival rate is ∼ 98.5%). We can reconcile ob-
servations with predictions with two different approaches.
Firstly, we can change our assumptions and so suppress this
sub-population. In the following we list four possible exam-
ples:

• We could change the stability criteria, allowing only
systems with higher mass ratio to experience stable mass
transfer (see e.g. qHG > 0.3 of figure 6), assume a different
initial mass ratio distribution or a different stellar response
to mass loss.
• Alternatively we could assign higher natal kick veloci-

ties to NSs born through USSNe. This, however, may con-
tradict observations (Tauris et al. 2015; Vigna-Gómez et al.
2018).
• We could assume a higher accretion efficiency. As dis-

cussed in section 5.2.2, the contribution of binaries whose
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primary has experienced a USSN decreases when assuming
higher accretion efficiency.
• It is possible that only a fraction of the primaries in

BeXRB-like systems that engage in case BB mass transfer
lose their entire He envelopes and experience USSNe (Tau-
ris et al. 2015). Then only a fraction of these systems should
have reduced natal kicks. Similarly, assuming a different sta-
bility criterion for case BB mass transfer may also suppress
the population of short-period BeXRB-like systems (but see
Vigna-Gómez et al. 2018 and Romero-Shaw et al. 2020 for
the impact on BNS observations). A different treatment of
case BB mass transfer and USSNe could make it possible
to explain the orbital period distribution of the observed
BeXRBs with different models of angular momentum car-
ried away during non-conservative mass transfer, which are
otherwise ruled out by the predicted peak at short orbital
periods. These include the StarTrack assumption of γ = 1
and Jeans mode mass loss (which, however, is strongly dis-
favoured by other observations, see section 6.4).

However, the overall number of predicted BeXRBs provides
an additional constraint (see section 6.5); for example, set-
ting qHG > 0.3 without further modifications lowers the
overall number of BeXRB-like systems below the 69 obser-
vations reported in the CK catalogue.

Additional selection effects may also explain the absence
of short orbital period BeXRBs in the observed sample. MS
stars in binaries with orbital period below a week may be
unable to create a decretion disk because of tidal interactions
(Panoglou et al. 2016). Tidal locking, relevant at periods
. 10 − 15 days, could slow down the rotation of MS stars
(van den Heuvel 1967) and so possibly prevent the formation
of a surrounding decretion disk.

6.3.1 Kinematics of BeXRB-like systems

Our predictions for kicks and for the number of systems ex-
periencing USSNe could in principle be tested by measuring
the space velocities of BeXRBs in the SMC, particularly
those with short orbital periods (Brandt & Podsiadlowski
1995; Verbunt et al. 1990). We expect about half of the sys-
tems with period shorter than ∼ 30 d to have projected ve-
locities below ∼ 20 km/s (the majority of which due to the
low USSN kicks), and the other half to have projected ve-
locities distributed between 20 km/s and 100 km/s (due to
the high CCSN kicks).

At the ∼ 60 kpc distance of the SMC, 20 km/s corre-
sponds to ∼ 70µas/yr of proper motion, while 100 km/s cor-
responds to ∼ 350µas/yr. BeXRBs in the SMC should have
end-of-mission proper motion precision of about ∼ 20µas/yr
with Gaia (van Leeuwen et al. 2018); the proper motions of
the fastest BeXRBs will therefore be detectable, while mean-
ingful upper limits could be placed for the slowest systems.
Our assumptions on case BB mass transfer and USSNe are
thus likely to be testable in the near future with proper mo-
tion measurements.

6.4 Impact of accretion efficiency on double
compact objects (DCOs)

Adjusting mass transfer prescriptions to match the Be star
mass distribution in BeXRBs affects the rate of formation

DCOs. Here we discuss the impact of the various prescrip-
tions on the formation of DCOs at the metallicity of the
SMC.

According to our default (preferred) model, the forma-
tion rate of binary black holes (BBHs) merging within 14
Gyr per unit star forming mass is ∼ 3.5 (2.1) × 10−5 M−1

� .
Our default model also yields ∼ 1.5×10−5 M−1

� neutron star
– black hole binaries (NSBHs) merging within 14 Gyr. This
drops by a factor of ∼ 1/3 for our preferred model. In general
the contribution of BeXRB-like systems to the population of
NSBH binaries merging within 14 Gyr strongly depends on
the prescription for angular momentum loss. Around ∼ 20%
(∼ 24% for our default model and ∼ 18% for our preferred
one) of merging NSBHs passed through a BeXRB phase, if
we assume isotropic re-emission of the ejected material from
the surface of the accretor.

The formation rate of BNSs is sensitive to the assumed
accretion efficiency. It is equal to ∼ 1.7 (1.2) × 10−5 M−1

�
per unit star forming mass for our default (preferred) model
and rises to ∼ 2.5 × 10−5 M−1

� for fully conservative mass
transfer. The percentage of BNSs merging within 14 Gyr
varies from ∼ 65% for the default model to ∼ 83% for the
preferred model to ∼ 93% when non-accreted material is
assumed to carry away the specific angular momentum of
a circumbinary ring. A general exception to this are mod-
els that assume that non-accreted material leaves the bi-
nary from the surface of the donor (Jeans mode), which
always predict rates for merging compact binaries 1–2 or-
ders of magnitude lower compared to all other models. Our
BeXRB study, as well as current gravitational-wave obser-
vations, strongly disfavour this mode of angular momentum
loss. Our models also demonstrate that a significant frac-
tion of the BNS population (generally & 1/3) experienced a
BeXRB-like phase. In particular, in our preferred model, al-
most all BNSs (∼ 96% of the overall population and ∼ 98%
among those merging within 14 Gyr) experienced a BeXRB-
like phase. These results are consistent with Vigna-Gómez
et al. (2018), where the authors study BNSs in the Galaxy
and conclude that the main formation channel begins with
stable mass transfer from a HG donor onto a MS secondary.

For comparison, we briefly describe the number of com-
pact binaries obtained assuming γ = 1. The overall predicted
number of NSBHs per solar mass evolved, is about half the
one predicted by our preferred model, while the number of
BBHs remains almost unchanged. The number of BNSs is
also very similar to our preferred model. However, the frac-
tion of all types of compact object binaries merging within
14 Gyr is around a factor of two smaller for γ = 1 than
for γ = q−1 (isotropic re-emission). This is mostly due to
decreased binary hardening during the first mass transfer
episode when γ = 1, leaving wider binaries behind.

Quantifying the impact of these variations on the DCO
merger rates for gravitational-wave observations would re-
quire an integration over the cosmic star formation history
(see e.g. Neijssel et al. 2019), which is beyond the scope of
this paper.

6.5 On the predicted number of BeXRB-like
systems

The low yield of our simulations suggests that the major-
ity of B stars in binary systems with a NS are Be stars.

MNRAS 000, 1–18 (2019)



15

The enhanced ratio of Be stars to B stars in these interact-
ing systems is consistent with the hypothesis that the Be
phenomenon originates from accretion, or is boosted by it
(de Mink et al. 2013). On the other hand, the challenge of
producing more BeXRB-like systems in simulations suggests
that the existing census of BeXRBs in the SMC is already
close to complete for orbital periods below a year, assuming
negligible selection effects for this orbital period range.

There are, however, several uncertainties/complications
which may affect our estimated number of BeXRB-like sys-
tems.

• The key uncertainty is related to the Be star spindown:
for how long will the companion star rotate rapidly enough
to remain a Be star in the presence of wind-driven mass
loss? Observations suggest that Be stars can last for rela-
tively long times at low metallicities; indeed in the SMC Be
stars have been identified at the end of their MS lifetime
(Martayan et al. 2007b). Under the simplifying assumption
of rigid body rotation, uniform winds from a thin spherical
shell carry away a fractional angular momentum

dJ

J
∼ 2

3k

dM

M
, (9)

where dM/M is the fraction of mass lost and k is the radius
of gyration (Claret & Gimenez 1989; de Mink et al. 2013).
Provided that ∼ 10 M� Be stars lose less than 0.2 M� solar
masses through winds, they can remain maximally rotating
for their entire MS lifetime once spun up. Estimates of Be
star mass loss point to the ‘weak-wind problem’, and in-
dicate that the mass loss should be well within this range
(Vink et al. 2000; Smith 2014; Krtička 2014). This is consis-
tent with results of detailed studies (e.g. Heger & Langer
2000; de Mink et al. 2013), which suggested that the angu-
lar velocity of a rotating 10 − 20 M� star naturally evolves
toward the Keplerian limit during the MS phase. Of course,
there are multiple complications to this simple story:

– How efficiently is angular momentum transported
through the star, and how close is the star to rigid rota-
tion (Packet 1981; Zahn 1992; Spruit 2002; Petrovic et al.
2005b)?

– How does the moment of inertia of the MS star change
as it evolves?

– How much mass and angular momentum is lost
through the decretion disk? The decretion disk may be
a key regulator of the star’s angular momentum (Rivinius
et al. 2013): even if only a small fraction of the total mass
loss is through the disk, the ∝

√
r scaling of Keplerian

angular momentum with radius ensures that the disk can
make a significant contribution to the angular momentum
loss. Recent estimates (Ŕımulo et al. 2018) indicate that
the typical angular momentum loss through the decretion
disk may allow ∼ 10 M� stars at the SMC metallicity to
maintain angular frequencies at a significant fraction of
critical. However, the amount of mass loss through the
disk has so far only been measured for the Galactic Be
star ωCMa (Carciofi et al. 2012), and the uncertain disk
dynamics, density, and stable size make it very challenging
to model the amount of angular momentum lost through
the disk (Okazaki 2005; Labadie-Bartz et al. 2017; Ŕımulo
et al. 2018; Brown et al. 2019).

– What is the threshold rotational frequency for a B

star to appear as a Be star (Rivinius et al. 2013)? Huang
et al. (2010) find that this threshold may vary from 0.93
of critical rotation for . 4 M� stars to 0.56 of critical for
& 8.6 M� stars.

• Stellar rotation also impacts the total MS lifetime, and
hence the duration of the BeXRB phase and the number
of BeXRB-like systems. In particular, COMPAS models do
not account for the uncertain amount of rotational mixing
and the consequent additional hydrogen available for nuclear
burning in rapidly rotating stars (Spruit 2002; Langer et al.
2008).
• Another uncertainty, which might affect the predicted

numbers of simulated BeXRBs, is the magnitude of SN kicks.
There is ongoing debate about the frequency of low natal
kicks in the observed pulsar population (e.g., Hobbs et al.
2005; Arzoumanian et al. 2002; Verbunt et al. 2017; Bray &
Eldridge 2016, 2018; Scheck et al. 2004, 2006; Nordhaus et al.
2010, 2012; Müller et al. 2017; Janka 2017; Gessner & Janka
2018b; Powell & Müller 2020). For example, Podsiadlowski
et al. (2004) argued that low-mass iron core collapse SNe
might experience lower kicks compared to typical CCSNe.
• As shown in section 5, the stability criteria for mass

transfer may play a key role. Some of the mass transfer
episodes designated as dynamically unstable in our sim-
ulations could, in fact, be stable and produce BeXRBs
(Pavlovskii et al. 2017). However, increasing the number of
systems undergoing stable HG→ MS mass transfer with low
mass ratio q would considerably increase the already overes-
timated population of BeXRB-like systems at short orbital
period, assuming the primaries experience low-kick USSNe
which allow such binaries to survive.
• Conversely, some of the systems undergoing a CE event

before the first SN may contribute to the observed popula-
tion of BeXRBs if:

– a significant amount of mass is accreted during dy-
namically unstable mass transfer, which appears unlikely
(MacLeod & Ramirez-Ruiz 2015; De et al. 2019);

– not much mass needs to be accreted to spin up the MS
stars (Packet 1981) (or the Be phenomenon is not linked
to accretion), so CE events are sufficient to produce Be
stars — however, to avoid BeXRBs with low-mass com-
panions that are not present in the observational sample,
CE events with low-mass companions would lead to merg-
ers; or

– the systems which experience a subsequent dynami-
cally stable mass transfer episode after a CE event acquire
a significant amount of mass, despite the short duration
of this mass transfer episode and the significant difference
in the thermal timescales of the donor and the accretor.

• The number of simulated SMC BeXRBs could be
slightly increased by considering the contribution of post-MS
stars to the Be star population. Indeed the CK lists lumi-
nosity classifications that range between type II and type V.
However, we only consider MS stars as the luminosity clas-
sification may not be indicative of the actual photometric
magnitudes (see e.g. McBride et al. 2008), due to both diffi-
culties of the measurements involved and the heterogeneity
of the adopted classification methods.
• The significant scatter of the Corbet relation could shift

some of the 25 BeXRBs with unknown orbital properties in
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the CK catalogue to orbital periods longer than the max-
imum measured one of ∼ 520 days. This seems reasonable
given some of their relatively large spin periods (3 have spin
periods above the maximum of the 44 systems with known
orbital periods and 9 have it above the one corresponding
to Porb = 520 days according to the fit of equation (1)).
This would reduce the number of observed systems with
Porb < 520 days that we are trying to match. This change
would not be sufficient to significantly impact our main con-
clusions, including the choice of our preferred model. Assum-
ing that only 44 BeXRBs are actually observed with orbital
period . 520 d (see below) would however suggest that the
survey is not complete or weaken our finding that most of
the B stars that accreted a considerable amount of mass
must exhibit the Be phenomenon for the majority of their
MS lives.

Finally we should also consider the significant uncertain-
ties in the total number of observed BeXRBs in the SMC.
Maravelias et al. (2019) and Haberl & Sturm (2016) argue
that the SMC contains about ∼ 120 HMXRBs, of which
almost all are supposed to contain a Be star. Only about
half of those (the 69 reported in the CK catalogue) show
X-ray pulsations, clearly identifying NSs as the accreting
compact object in the binary. The remaining systems may
contain BHs, white dwarfs, or NSs with unknown but most
likely large (& 100 s, Haberl & Sturm 2016) spin periods.
Further observations are needed to measure the fraction of
HMXRBs not exhibiting X-ray pulsations that contain NSs.
If this fraction is high, or if an appreciable population of
NS + MS systems with no X-ray emission is discovered, our
models may need further revision.

6.6 Observational constraints

Further, more detailed observations of BeXRBs in the SMC
will provide the strongest tests of our findings. As mentioned
in previous sections, (i) the mass distribution of Be stars in
BeXRBs, (ii) a more complete set of measurements of their
orbital period and eccentricity, (iii) the detections of radio
pulsars in wide binary systems with Be stars, (iv) the classi-
fication of the compact objects in the remaining HMXRBs of
the SMC and (v) the measurements of BeXRB space veloc-
ities will provide crucial constraints on our binary evolution
models.

Observations of other stages of binary evolution can
provide additional constraints on the uncertain evolutionary
phases parameterised in population synthesis models (e.g.,
Eldridge et al. 2017). These include observations of compact-
object binaries and inference on gravitational-wave source
populations (e.g., Barrett et al. 2018). They also include ob-
servations of earlier evolutionary stages, particularly MS-MS
mergers and MS+helium star binaries. However, models of
the frequency of merger products, such as blue stragglers
(e.g., de Mink et al. 2013; Bodensteiner et al. 2020) as well
as possible merger transients, such as luminous red novae
(e.g., Howitt et al. 2020), require further assumptions about
the uncertain physics of merger dynamics, the treatment of
contact systems, the possibility of chemically homogeneous
evolution, etc. The impact of mass transfer efficiency β could
generally be explored by observing the mass gain and rejuve-

nation of binary companions (van den Heuvel 1967; Schnei-
der et al. 2015).

Binaries consisting of MS stars and stripped helium
companions have a more immediate connection to BeXRBs,
though the primaries in most such systems will not collapse
into NSs or disrupt the binary by SN kicks. In our preferred
model, we find that one or two thousand non-mass trans-
ferring MS+He star binaries should be present in the SMC
with & 3 M� MS companions. However, the uncertainty on
this number is at least as large as the relative uncertainty on
the number of BeXRBs discussed in section 6.5. In addition
to modelling uncertainties, we must deal with challenging se-
lection effects, including possible misclassifications (see, e.g.,
the very different proposed nature for the unseen compan-
ion in the LB-1 system Liu et al. 2019; Eldridge et al. 2020;
Shenar et al. 2020).

7 CONCLUSIONS

Our models strongly suggest that observed BeXRBs experi-
enced one or more dynamically stable mass transfer episodes
initiated by the progenitor of the NS.

We find that stable mass transfer with accretion effi-
ciency &0.3 matches the observed properties of BeXRBs in
the SMC. The finding highlights the utility of rapid popula-
tion synthesis tools with easily modified recipes for exploring
the impact of a large number of alternative models, includ-
ing models with ad hoc constraints. A similar result was
presented by Shao & Li (2014). This points to an increased
incidence of Be stars in interacting binaries, possibly due to
spin-up generated by mass accretion.

We show that a deeper understanding of selection ef-
fects and of the occurrence rate of Be vs B stars in binary
systems with a NS can improve inference on the critical mass
ratio for stable mass transfer, accretion efficiency and angu-
lar momentum loss during HG→ MS mass transfer and/or
USSN kicks.

Our simulations also suggest that currently observed
BeXRBs were born when the SMC SFR peaked, at least par-
tially explaining the observed abundance of BeXRBs. This
is supported by the predicted age of interacting systems at
the NS+MS-star stage. In terms of binary evolution, metal-
licity does not appear to play a major role in explaining the
abundance of BeXRBs in the SMC. Our models also suggest
that metallicity may not be crucial even in terms of Be vs B
star occurrence in BeXRBs. We find that there is not much
room for a population of currently non-interacting NS + MS
systems (which could represent the fraction of NS + MS bi-
naries containing a normal B star): the sample of observed
BeXRBs in the SMC must be close to complete, at least for
relatively close systems. Only then can our models produce
enough BeXRBs to be consistent with observations.

The requirements placed on mass transfer stability and
accretion efficiency by BeXRB observations impact mod-
els of other massive binaries, including predictions for DCO
mergers.
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Casares J., Negueruela I., Ribó M., Ribas I., Paredes J. M., Her-

rero A., Simón-Dı́az S., 2014, Nature, 505, 378

Chernyakova M., et al., 2014, MNRAS, 439, 432

Claeys J. S. W., Pols O. R., Izzard R. G., Vink J., Verbunt
F. W. M., 2014, A&A, 563, A83

Claret A., Gimenez A., 1989, A&AS, 81, 37

Coe M. J., Kirk J., 2015, MNRAS, 452, 969

Corbet R. H. D., 1984, A&A, 141, 91

Cordes J. M., Chernoff D. F., 1998, ApJ, 505, 315

Davies B., Kudritzki R.-P., Gazak Z., et al., 2015, ApJ, 806, 21

De S., MacLeod M., Everson R. W., Antoni A., Mandel I.,

Ramirez-Ruiz E., 2019, arXiv e-prints, p. arXiv:1910.13333

Dewi J. D. M., Podsiadlowski P., Sena A., 2006, MNRAS, 368,
1742

Dominik M., Belczynski K., Fryer C., et al., 2012, ApJ, 759, 52

Dominik M., et al., 2013, ApJ, 779, 72

Ekström S., Meynet G., Maeder A., Barblan F., 2008, A&A, 478,

467

Eldridge J. J., Langer N., Tout C. A., 2011, MNRAS, 414, 3501

Eldridge J. J., Stanway E. R., Xiao L., McClelland L. A. S.,

Taylor G., Ng M., Greis S. M. L., Bray J. C., 2017, Publ.
Astron. Soc. Australia, 34, e058

Eldridge J. J., Stanway E. R., Breivik K., Casey A. R., Steeghs

D. T. H., Stevance H. F., 2020, MNRAS,

Fryer C. L., Belczynski K., Wiktorowicz G., et al., 2012, ApJ,

749, 91

Ge H., Webbink R. F., Chen X., Han Z., 2015, ApJ, 812, 40

Gessner A., Janka H.-T., 2018a, Astrophys. J., 865, 61

Gessner A., Janka H.-T., 2018b, ApJ, 865, 61

Giacobbo N., Mapelli M., Spera M., 2018, MNRAS, 474, 2959

Grudzinska M., Belczynski K., Casares J., et al., 2015, MNRAS,
452, 2773

Haberl F., Sturm R., 2016, A&A, 586, A81

Hansen B. M. S., Phinney E. S., 1997, MNRAS, 291, 569

Heger A., Langer N., 2000, ApJ, 544, 1016

Hobbs G., Lorimer D. R., Lyne A. G., Kramer M., 2005, MNRAS,
360, 974
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Stevenson S., Vigna-Gómez A., Mandel I., et al., 2017, Nature

Communications, 8, 14906

Suwa Y., Yoshida T., Shibata M., Umeda H., Takahashi K., 2015,
Mon. Not. Roy. Astron. Soc., 454, 3073

Tauris T. M., Langer N., Podsiadlowski P., 2015, MNRAS, 451,
2123

Toonen S., Nelemans G., Portegies Zwart S., 2012, A&A, 546,

A70
Townsend L. J., Coe M. J., Corbet R. H. D., Hill A. B., 2011,

MNRAS, 416, 1556

Verbunt F., Wijers R. A. M. J., Burm H. M. G., 1990, A&A, 234,
195

Verbunt F., Igoshev A., Cator E., 2017, A&A, 608, A57
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