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Cité, CY Cergy University, 5 place Jules Janssen, 92195 Meudon, France.

3Physics and Astronomy, The University of Western Ontario, 1151 Richmond Street,
London, N6A 3K7, Ontario, Canada.
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Abstract

Observational evidence has continued to mount that a significant fraction of rapidly rotating early-
B type stars are products of binary mass transfer. However, very few mid- and late-type B stars
with rapid rotation have been demonstrated to be post-interaction products, despite a growing sam-
ple of SB1 binaries among stars within this range of spectral types. By considering the currently
available information over the entire range of rapidly rotating B-type binaries, we argue that a sig-
nificant fraction of the mid- and late-type rapid rotators found in binaries are also likely the result
of past mass transfer episodes. The observed properties of this sample are compared to the predic-
tions from the Binary Population and Spectral Synthesis code (BPASS), with attention given to the
expected evolutionary pathways of stripped stars and the stellar and binary properties of both compo-
nents of post-interaction systems across a range of initial conditions. Prospects for directly detecting
and characterizing the stripped cores of the previous mass donors in such systems are described,
and the implications for the role of binary interaction in causing rapid rotation are discussed. An
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accurate description of prevalence of binary interaction, the physics of mass transfer, and the post-
interaction configuration of systems over a range of initial conditions has far-reaching implications
including double-degenerate binaries and their eventual mergers, the output of ionizing UV flux of
stellar populations, and the supernova explosions that can arise from stripped or rapidly-rotating
progenitors.

Keywords: stars: emission-line, Be, binaries, circumstellar matter, evolution —Algols

1 Introduction

B-emission or Be stars, for short, are B-type stars
that produce Balmer emission lines in their spec-
tra due to the presence of a geometrically thin disk
of material in the equatorial region of the star,
sometimes extending radially out to tens of stellar
radii. The disk material is ejected from the star
likely due, in part, to rapid stellar rotation (see
Collins 1987 for a commonly quoted definition and
the article by Rivinius et al 2013 for an extensive
review of these stars).

These star/disk systems have been studied
for over 150 years since they were discovered in
1866 when Angelo Secchi observed the Be star γ
Cassiopeiae (Secchi, 1866), but there remain two
major unanswered questions. The first asks what
physical process(es), in addition to rotation, act
to supply surface material with sufficient angu-
lar momentum (AM) to achieve Keplerian orbital
velocities leading to the formation of a disk, usu-
ally through discrete “outburst” episodes. The
second relates to the origin of their rapid rotation
and high AM content, and how this is maintained
through their main sequence (MS) and further
evolution.

The focus of this paper is on the second
question, namely the origin of rapid rotation. Gen-
erally, there are two scenarios that can give rise
to the rapid rotation that we observe in Be stars
today: such stars may have emerged on the MS
already as rapid rotators (e.g. Martayan et al,
2006; Martin et al, 2007), perhaps with evolu-
tionary processes acting to accelerate the surface
rotation and keeping in mind that the critical
rotational velocity decreases with age as the star
expands (Ekström et al 2008; Georgy et al 2013;
Hastings et al 2020) – this is the single-star evo-
lutionary channel, or they may have acquired
an excess of AM during binary mass transfer
(the binary interaction evolutionary channel). Evi-
dence continues to mount that a sizable fraction of

Be stars were spun up to near-critical via binary
mass transfer (van Bever and Vanbeveren, 1997;
Hastings et al, 2021; Wang et al, 2021). Jones
et al (2022, and references therein) provide a
description of theoretical and observational efforts
addressing the role of binarity interaction (or lack
thereof) leading to rapid rotation, so this is not
repeated here. Instead, a brief overview of the key
points are discussed below. There is no physical
reason to suggest the origin of rapid rotation is
an “either/or” scenario – both single- and binary-
star evolution are capable of leading to rapid
rotation. The question remains as to the relative
importance of these channels.

There are many reasons why the rapid rota-
tion of these stars, and its origin, is important.
Rapid rotation impacts the internal structure, not
least by making the star non-spherical. It also
increases the size of the convective core (Neiner
et al, 2012) and thus the amplitude of pulsa-
tions stochastically-excited in the core (Neiner
et al, 2020). Rotation is believed to enhance
mixing of fusion fuel into the core, extending
the main sequence and altering stellar evolution,
as well as changing surface abundances (Maeder
and Meynet, 2000b). It can also increase mass
loss from the most luminous stars (Maeder and
Meynet, 2000a), and change the nature of their
ultimate supernova (Yamasaki and Yamada, 2005;
Summa et al, 2018). If rapid rotation is related
to binary interaction, as explored further in this
paper, it also implies a tight connection between
the appearance of rapid rotation, and the birth
of massive stars via mass transfer from a com-
panion. Such rejuvenated stars, and their stripped
companions, change in important ways the ion-
izing radiation and supernova yields from what
would otherwise be expected from a single-star ini-
tial mass function (IMF), especially in later times
after an initial burst of star formation (Götberg
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et al, 2019, 2020). Hence, understanding the ori-
gin of rapid rotation can fill in important details
about many aspects of massive-star populations.

Also, this paper focuses on binary mass trans-
fer leading to stripped companions of rapidly
rotating B stars. These helium-rich stripped com-
panions can be sdOB stars with masses between
about 0.3 – 2 M⊙, or high-mass stripped stars
between about 2 – 8 M⊙, such as those recently
detected by Drout et al (2023). The somewhat
arbitrary distinction is that the latter group can
lead to phenomena like core collapse supernovae of
hydrogen-free stars and gravitational waves from
neutron star mergers, whereas the former can
lead instead to binary helium white dwarfs that
merge to produce He-rich sdO stars (Pandey and
Lambert, 2017; Dorsch et al, 2022) or double-
degenerate type Ia supernovae. Nevertheless, they
are both drawn from the same population of
stars generated by mass transfer, and their impact
on the release of ionizing radiation long after
episodes of star formation is related and should be
understood together as a unit.

It is important to note that binary mass trans-
fer can result in a rapidly rotating B-type star
that does not create a decretion disk because
rapid rotation is not a sufficient ingredient to cre-
ate a Be star. For simplicity, we will refer to
rapidly-rotating B-type stars that have never been
observed with emission as Bn1 stars, and rapid
rotators in general (whether or not they posses a
disk) as Be/n stars.

Binarity is important in the upper main
sequence, and Be stars are not an exception. How-
ever, the observed binary properties of Be stars
differ significantly from their non-Be (or more gen-
erally, slower rotating) counterparts. For example,
there are no known relatively close (Porb ≲ 300 d)
early-Be+MS binaries (Bodensteiner et al, 2020b).
Instead, nearly all known binary companions to Be
stars are evolved. Less attention has been given to
the Bn stars in this regard, so the binary proper-
ties of the Bn population are poorly understood.
It remains an open question if the rapid rotation

1The “n” and “nn” designations date back to the early days
of spectral classification, which was done from photographic
plates. Broadened, or “blurred” photospheric lines from ele-
ments heavier than H or He were seen if the vsini of the star
was ≥ to the plate dispersion in Å /mm (Jaschek and Jaschek,
1990). “n” meant that blurred (nebulous) lines were observed,
while “nn” meant the lines were very nebulous.

in Be and Bn stars arises from binary interaction
in a similar proportion.

There are several methods for direct and indi-
rect detection of binarity for Be/n stars. Direct
detection of companions typically involves recov-
ering their spectroscopic signature in either UV
or visible light (in addition to the rotationally-
broadened lines of the Be/n component), or resolv-
ing a binary pair with interferometry. Eclipsing
binaries (EBs) are also a possibility and detectable
through orbital modulation in brightness. In the
aforementioned cases, the nature of the compan-
ion (whether a stripped star or on the MS) can
be determined. In the following cases, the evo-
lutionary status of a companion is not revealed.
Radial velocity (RV) measurements of Be/n stars
can enable SB1 orbital solutions, providing orbital
periods, RV semi-amplitudes of the Be/n star,
eccentricity, and a mass function from which the
secondary mass can be estimated. For Be stars,
their disks can be used to indirectly probe for
the presence of a companion. In particular, tidal
forces from a companion both truncate the disk
(Klement et al, 2019), and cause spiral density
waves (called m = 2 modes, e.g. Panoglou et al,
2016, 2018; Cyr et al, 2020; Miroshnichenko et al,
2023). While disk truncation may hint at the pres-
ence of a companion and indicate an approximate
orbital separation, m = 2 modes can provide an
estimate of the orbital period (although the sig-
nature of an m = 2 mode may be observed at
Porb or 0.5×Porb). In some cases, when a compan-
ion is very hot (as a high temperature stripped
star), its radiation field can strongly impact the
disk leading to observational features that support
the system being a post-interaction binary, such as
localized He I emission with RV motion in phase
with the orbit (Hummel and Štefl, 2001; Koubský
et al, 2012; Peters et al, 2013).

The aim of this paper is to gather informa-
tion from the literature about the many individual
Be/n stars that are confirmed binaries, and com-
pare this to the MS B+B binary population,
while also exploring similarities and differences
over the range of Be/n spectral types. To aid in
this, the binary population synthesis code BPASS
(Eldridge et al, 2017) is employed to recover the
range of initial binary configurations that could
result in the sort of post-interaction Be/n binaries
that are known, and in particular to make infer-
ences about where low-luminosity stripped stars
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may be found in the Hertzsprung-Russell diagram
(HRD) to guide observational efforts to detect and
characterize such objects. Emphasis is given to
systems that may have interacted in the past, or
may interact in the future – that is, very wide
binaries are not in general considered.

Section 2 provides an overview of the vari-
ous types of relevant systems in a pre-interaction,
ongoing-interaction, and post-interaction configu-
ration. Section 3 then examines stellar and binary
information from known or candidate Be/n bina-
ries, and compares these to the MS B+B pop-
ulation while also giving consideration to the
range of properties within the binary Be/n sample.
Section 4 describes the Be/n binaries (includ-
ing any known information about the companion
star) on the HRD, along with BPASS evolutionary
tracks of stripped stars, and Section 5 provides an
outlook for observational strategies that can fill in
the predicted parameter space that stripped stars
are expected to occupy. Conclusions are given in
Section 6.

2 Overview of current
knowledge of Be/n binaries

When considering the role of binarity in causing
a star to spin up to near critical, the discussion
should be focused on relatively close binary sys-
tems that can physically interact at some point in
the MS or post-MS phase via mass transfer or a
merger. Here, we focus only on these cases. There
are, however, many examples of Be stars with very
wide companions, such as the well-known system
β Cephei, with a magnetic slowly-rotating pulsat-
ing B2III primary, and a mid-type (B5Ve) Be star
on an ∼81 year orbit (Pigulski and Boratyn, 1992;
Wheelwright et al, 2009). These two stars have not
and will not interact, so that the primary plays
no direct role in shaping the rotational properties
or evolution of the Be star; therefore, we exclude
such systems from this study.

In a broad sense, there are two classes of
(close) Be/n binaries – pre-interaction, and post-
interaction. There may also be currently inter-
acting systems with accretion disks, but these
should be comparatively rare due to the short
timescales involved. There can also be genuinely

single Be/n stars2, but these are difficult to con-
firm as it is challenging to rule out the possibility
of faint low-mass companions. The following sub-
sections describe what is currently known about
these classes.

2.1 Pre-interaction binaries

Possible evidence for single-star or pre-interaction
evolution into a Be phase would come from rel-
atively short-period Be+MS systems, but these
are apparently extremely rare. In these cases, it
may be presumed that the Be star has evolved as
single. Presently, the two shortest period Be+MS
systems are α Eri (Achernar, B6) with an early-
A secondary in an eccentric (e = 0.73) seven-year
orbit (Kervella et al, 2022) and δ Sco (B0) in
a highly eccentric (e=0.94) 11 year orbit with a
main-sequence B2 companion (Tango et al, 2009;
Tycner et al, 2011). However, it should be noted
that the presence of a main-sequence companion
at ∼10 AU separation (as in α Eri and δ Sco)
does not necessarily preclude binary interaction
in a tight inner binary with separation <1 AU.
For example, HD 150136 exhibits a massive inner
binary with separation ∼0.1 AU, and a slightly
lower mass tertiary companion at 12 AU (Sana
et al, 2013), which could in time lead to a rapid
rotator coupled to a main-sequence star at larger
distance as seen in α Eri and δ Sco.

It is notable that α Eri and δ Sco are the two
brightest Be stars in the sky, leaving open the pos-
sibility that many more such systems could exist.
However, detecting the MS components of α Eri
and δ Sco is intrinsically difficult without the use
of interferometry. The radial velocity (RV) varia-
tions of the Be star due to binary motion is very
small (typically a few km s−1), and owing to the
long periods and wide Be absorption lines (broad-
ened by their rapid rotation), long time series of
high-SNR spectroscopy are required to detect and
characterize such orbits. However, interferometric
surveys (e.g. Klement et al, 2024) have recently
expanded the limited distances to which main-
sequence companions could be detected, yet failed
to discover new Be+MS binaries. This is the basis
for regarding such binary configurations as rare,
especially since those same interferometric surveys

2However, see Section 2.3.7 for a brief overview of runaway
Be stars, which are presently single but widely believed to be
post-interaction systems.

4



have succeeded in detecting the key alternative:
stripped subdwarf companions over a range of
luminosities (see Sections 2.3.2 and 2.3.3).

Some recent works have started to discover and
characterize pre-interaction systems with rapidly-
rotating OB star primaries in short orbital peri-
ods. Nazé et al (2023) describe three massive
(O7, B0, and B3) rapid rotators (vsini > 200 km
s−1) in short period (days) binaries with pre-MS
companions, indicating that these are young pre-
interaction systems where the rapid rotation of
the primary is an intrinsic property of the star.
Other qualitatively similar examples include the
rapidly rotating (vsini = 216 km s−1) early-B pri-
mary in HD 149834 with a ∼1.2 M⊙ companion
(Stassun et al, 2021), HD 165246 with an O8 pri-
mary with vsini = 243 km s−1 (Johnston et al,
2021), and γ Lupi A (B5) with vsini = 236 km
s−1 (Jerzykiewicz et al, 2021). Others include HD
163892 (O9.5IV(n), Mahy et al, 2022) and HD
152200 (O9.7IV(n), Britavskiy et al, 2024), all
with vsini > 200 km s−1. A dozen more B+pre-
MS cases have been reported in Naze et al (2025)
and the vast majority of them also show super-
synchronous rotation. While none of these systems
include Be stars, their existence demonstrates that
binary interaction is not required for achieving
rapid rotation. Some other works indeed argue
that a significant fraction of B-type stars emerge
on the ZAMS with a relatively high rotational
velocity (e.g. Huang et al, 2010; Wang et al, 2022),
but the true initial rotational velocity distribution
for massive stars remains difficult to ascertain,
as it requires distinguishing between stars that
have evolved as single versus those that have
experienced binary interaction (de Mink et al,
2013).

2.2 Interacting systems

There are many types of interacting binaries
across the HRD, but the ones that concern us here
are primarily the massive Algol systems. Algol-
type binaries are the class of eclipsing binary stars
comprising an early-type MS star and a late-type,
secondary sub-giant or giant star that fills its
Roche lobe. The evolutionary state of Algol sys-
tems was first explained by a mass transfer model
more than 70 years ago (Crawford, 1955; Plavec,
1970), but details concerning the mass transfer
process have slowly emerged only over the past 40

years (Peters et al, 2022, and references therein).
The massive systems typically have total masses
greater than 5 M⊙. For the B-type systems, the
Roche lobe-filling (secondary) star, usually has a
mass less than 2 M⊙. Secondaries in the O-type
systems often show masses greater than 10 M⊙.
Less than one-third of the semi-detached bina-
ries listed in recent catalogs (e.g. Malkov, 2020)
are massive Algols according to our definition.
X-ray emission is typically observed in Algol sys-
tems and is due to activity on the surface of the
late-type giant (e.g., Chung et al, 2004). Highly
ionized species (e.g. N V, C IV, Si IV) tend to
be seen in absorption or emission at the phase
interval 0.4-0.6 during the mid-latter stages of
post-mass reversal mass transfer and are likely a
result of shock heating from the impacting gas
stream (Peters and Polidan, 1984).

It is reasonable to suspect that the massive
Algols may eventually evolve into OBe/n + sdO
systems. For example, the Algol binary RY Per
(B3Ve + F7II-III), which presently has a systemic
mass of 8M⊙ (Barai et al, 2004), could become
a system like 28 Cyg (Klement et al, 2024) or 59
Cyg (Peters et al, 2013), but its orbital separa-
tion would have to increase by a factor of 13.5 or
4.1 to resemble 28 Cyg or 59 Cyg, respectively.
The RY Per system is approaching mass trans-
fer shutoff and the donor star is already less than
2 M⊙, so there is not that much mass left to trans-
fer. Furthermore, the rotational velocity of the
mass gainer is only 215 km s−1, which is less than
half the critical velocity needed to form the Be
star’s disk but still significantly faster than if the
star were tidally synchronized. The Algols may be
on their way to becoming Be/n + sdOB binaries
but the angular momentum transfer needs further
study.

A (limited) number of systems with an accret-
ing B star paired to a red giant have also been
spotted. They are interpreted as binaries in which
mass transfer is currently occurring, i.e. in which
the emission line arises from active accretion of
material from the companion by the B star. Har-
manec et al (2015) lists nine such systems, with
periods in the range 6 to 36 d and low mass ratios
of ∼ 0.06 to 0.30 (as expected after mass ratio
reversal although UX Mon, with a ratio of 1.15,
is a rare pre-reversal case). There are also other
examples such as, AX Mon (Be+KIII, P ∼ 232d,
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Elias et al 1997) and V644 Mon (B1 V+K0 I-II,
P ∼ 121d, Aufdenberg and Bopp 1994). Table 8 in
Harmanec et al (2015) lists ten other systems that
he describes as possible semi-detached emission-
line binaries. The B-type mass gainers in these
systems rotate significantly faster than the orbital
period, but in general seem sub-critical.

2.3 Post-interaction systems

In post-interaction systems that now contain a
Be/n star, it is generally understood that the
originally more massive star transferred mass and
angular momentum causing the spin-up of the
mass gainer eventually leading to the rapidly
rotating B star becoming a Be/n star and leav-
ing a stripped-envelope companion star (the
mass donor). There are several classes of post-
interaction systems that are observed. These are
described in the following subsections, which are
listed roughly in order of increasing luminosity
of the stripped star, followed by post-supernova
systems.

2.3.1 Supersoft X-ray emitters

In recent years, a dozen OBe stars (mostly belong-
ing to the Magellanic Clouds) were found to
be associated with bright, flaring, and very soft
X-ray sources (e.g. Cracco et al, 2018). Since
the X-ray emission properties appear typical of
nuclear burning on a WD surface, these systems
were identified as Be+WD binaries. Orbital peri-
ods could be determined only in two cases: 17d
for both Swift J011511.0-725611 (Kennea et al,
2021) and CXOU J005245.0-722844 (Gaudin et al,
2024; Marino et al, 2025). The optical compo-
nents of these two systems are early-type Be stars.
Although apparently rare, there are also binary
systems with fast-rotating B-type stars (plausibly
Be) that present nova behavior, where the accret-
ing star is necessarily a WD (Chamoli et al, 2025;
Schaefer et al, 2025).

2.3.2 Low-luminosity low-mass
companions

The post-interaction system Regulus includes a
near critically-rotating (but diskless) MS B8 star,
and a low-luminosity pre-WD on a circular 40
d orbit. Although the binary nature was known
for some time (Gies et al, 2008), detecting the

stripped companion required a considerable quan-
tity of high-SNR spectroscopy due to the very low
luminosity of the ∼0.3 M⊙ stripped star (Gies
et al, 2020). A similar system is KOI-81, found
to be a rapidly rotating diskless B8V star in a
circular 23.88 d eclipsing binary with a ∼0.2 M⊙
stripped star (Matson et al, 2015). These are the
only two near critically-rotating Bn stars with
published stellar and binary parameters that we
are aware of.

The relatively well studied class of Be+sdOB
binaries now includes about 20 members (e.g. Gies
et al, 1998; Peters et al, 2013, 2016; Wang et al,
2018, 2021, 2023). The stripped stars are gener-
ally understood to be helium-fusing hot subdwarfs
with temperatures similar to main sequence O-
type stars (≳40 kK) and masses of about 0.5
– 2 M⊙. While hot, their small size (∼0.5 R⊙)
makes them difficult to detect and characterize
against the glare of their much more luminous MS
companions. Be+sdO binaries tend to have near-
circular orbits, but in 60 Cyg and 59 Cyg the
eccentricities are 0.2 and 0.14, respectively (Peters
et al, 2013; Klement et al, 2024). Orbital periods
range from about 30 – 300 d. In all but two such
systems (κ Dra and HD 92406), the rejuvenated
component is an early-type Be star. κ Dra (B6)
has a slightly cooler-than-typical subdwarf with a
temperature typical of a MS B star, making this
the first Be+sdB type system discovered (Klement
et al, 2022a). HD 92406 is an eclipsing system first
reported by Hauck (2018) with a late-type Be star
and a ∼0.5 M⊙ stripped star that lies between the
temperature and luminosity of the stripped star
in κ Dra and those from the bulk of the known
Be+sdO population (de Amorim et al, 2025).

2.3.3 High-luminosity low-mass
companions

Stripped stars of around one solar mass can
have a similar temperature and size (and there-
fore luminosity) as the much more massive mass
gainer during a short-lived evolutionary phase
after the cessation of mass transfer (e.g. Villaseñor
et al, 2023; Rivinius et al, 2025). These “bloated”
stripped stars tend to have slow rotation and
near-circular orbits, although it is possible, for
reasons yet unclear, that high eccentricities are
allowed (e.g. HIP 15429, Müller-Horn et al, 2025).
It is presumed that in such systems, the stripped
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star will contract to become a core helium burn-
ing subdwarf, joining the more populated class of
Be+sdOB binaries (Section 2.3.2).

2.3.4 High-luminosity higher-mass
companions

At higher stripped star masses (∼2 – 8 M⊙),
the stripped star can be more luminous than the
mass gainer, appearing as a lower-mass analog of
Wolf Rayet (WR) stars. Such objects are expected
to remain highly luminous until exploding as a
supernova, rather than evolving to become a low-
luminosity hot subdwarf (Hovis-Afflerbach et al,
2025). About a dozen such systems have been
detected in the Magellanic Clouds (Götberg et al,
2017; Drout et al, 2023; Ramachandran et al,
2024). One qualitatively similar Galactic case is
known, HD 96670, with a stripped star of ∼4.5M⊙
and an evolved O-type star in an orbital period
of only 5.28 d (Nazé and Rauw, 2025). The mass
gainer in HD 96670, with vsini ∼175 km s−1, may
not be a ‘proper’ rapid rotator, but may have been
spun down by some combination of evolution, AM
loss through winds, and tidal effects. The temper-
ature, luminosity, and mass of the stripped star in
HD 96670 are similar to the sample from the Mag-
ellanic Clouds, although the O-type mass-gainer
dominates the total flux of the system. The full
sample of Drout et al (2023) includes stripped
stars with presumed main-sequence companions
with undetected, moderate, and large contribu-
tions to the optical flux. It should be noted
that the stripped stars analyzed in Götberg et al
(2017), which is the sub-sample of systems from
Drout et al (2023) that are without detected com-
panions, possibly underwent a common envelope
phase where the presumed main-sequence lower-
mass companion did not accrete much material
or angular momentum. More detailed information
about the systems with stripped stars and signa-
tures of a luminous MS star (which may be post
mass-transfer binaries) from Drout et al (2023) are
not currently available.

2.3.5 Wolf-Rayet companions

Classical Wolf-Rayet (WR) stars are hot envelope-
stripped stars with high initial masses in a late
stage of evolution. Some fraction of WR stars
have lost their envelope via binary interaction,

while others (especially with relatively high ini-
tial masses) may strip their envelopes via strong
winds and/or eruptive mass loss episodes (Shenar,
2024). The relative frequency of these two evolu-
tionary paths for producing WR stars is still an
open question (Neugent and Massey, 2014; Shenar
et al, 2019, 2020b).

For WR stars that have been stripped via
Roche lobe overflow (RLOF), the mass gaining
component, which is typically an O-type star, may
be spun up in the process. Typical rotation rates of
these mass gainers are super-synchronous, where
typical post-RLOF orbital periods may be any-
where from days to months, with rotation rates
found to be about ∼50% of critical (e.g. Shara
et al, 2017, 2020).

However, Reeve and Howarth (2018) argue
that the rotation rates of the O stars in WR+O
binaries can be systematically overestimated by a
factor of ∼2, due to the complexity of the com-
posite spectra of such systems and difficulties in
identifying the pseudo-continuum from which to
measure absorption line properties. Nevertheless,
evidence suggests that the O-type companions
of binary-stripped WR stars rotate faster than
apparently single O-type stars, but perhaps not
much more than ∼30% of critical (barring some
exceptions; Shenar et al, 2019). Some physical
processes, such as magnetic braking during the
mass transfer phase (Reeve and Howarth, 2018)
and/or tidal interactions, act to quickly slow the
rotation of the mass- and AM-gaining O-type star.

2.3.6 Be/X-ray binaries

Be/X-ray binaries (BeXRBs) are a subclass of Be
binaries made up of a Be star and a neutron star
(NS; Reig, 2011). The primary stars in these bina-
ries are always early-type Be stars (Reig, 2011). As
emitters of high energy X-rays, they represent the
largest class of high-mass X-ray binaries (Fortin
et al, 2023). They are among the brightest X-ray
sources in the sky (Reig, 2011), with X-ray lumi-
nosities on the order of 1036−37 erg s−1 or larger.
The X-ray flux is produced by the accretion of disk
material onto the NS. Both the X-ray and visible
flux in such systems are highly variable, and orbits
are often eccentric and misaligned with respect to
the Be star’s equator (Hughes and Bailes, 1999;
Martin et al, 2011; Salvesen and Pokawanvit, 2020;
Marcussen et al, 2024). It is generally accepted
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that the supernova event that creates the NS in
such a system produces a kick that also sets the
NS on a new, disrupted orbital path. Martin et al
(2009) found that while such a kick can explain
the observed misalignment angles of BeXRBs, the
eccentricities may be influenced by more complex
events (such as circularization over the lifetime
of the system). There are more than 70 known
BeXRBs in the Galaxy (Fortin et al, 2023), with
roughly 100 more found in the SMC and LMC
(Coe and Kirk, 2015; Antoniou and Zezas, 2016).
It is possible that Bn stars may exist in similar
binary configurations, however they will not emit
in X-rays due to the lack of circumstellar material
(the accretion of which powers the X-ray emission
in BeXRBs).

Black Hole (BH) companions, which may have
very low X-ray luminosities (Sen et al, 2024), are
also starting to be discovered orbiting massive OB
stars, which at least in some cases rotate rapidly
(Shenar et al, 2022). The system MWC 656 was
claimed to be a Be+BH binary (Casares et al,
2014), but this has been challenged by more recent
analysis of this system which instead suggests the
companion to the Be star is consistent with being
a hot stripped star (Janssens et al, 2023; Rivinius
et al, 2024). To our knowledge there are currently
no confirmed Be+BH binaries in the literature.

2.3.7 Runaway Be stars

Runaway stars (or ‘walkaway stars’, being less
extreme but qualitatively the same) are systems
with anomalously high space velocities and/or
found at large distances from their birth environ-
ment compared to what is expected from typical
kinematics. Generally, runaways were imparted
with high space velocities either through dynami-
cal scattering (e.g. multiple-body interactions in a
dense cluster environment), or by having a binary
companion that explodes as a SN. Some fraction
of Be stars are runaways, although the statistics
depend on the environment being studied. Bou-
bert and Evans (2018), for instance, determined
that about 13% of Galactic Be stars are runaways,
and interpreted this as evidence for a high frac-
tion of Be stars being post-interaction products.
Dorigo Jones et al (2020) analyzed the runaway
populations of the Small Magellanic Cloud and
reached a similar conclusion – a high fraction
of runaways with high vsini (including Be stars)

suggests that binary interaction is a major con-
tributor to rapid rotation. However, it should be
emphasized that rapidly-rotating runaways are
not all guaranteed to have been spun up by
binary interaction, since dynamical scattering can
be a major contributing factor to the runaway
population in general (Carretero-Castrillo et al,
2023).

3 Comparing binary
populations

It is now well established that some fraction of
Be/n stars have been spun up via binary inter-
action as demonstrated by the growing number
of confirmed Be+sdO and similar post-interaction
systems (Section 2.3). We have attempted to com-
pile information from the literature for as many
known post-interaction Be/n binaries as possible
in Appendix A. However, these lists are probably
not exhaustive, and this is a rapidly advancing
field such that there are likely to be newly discov-
ered systems and improved/updated parameters
by the time of publication.

The large majority of confirmed post-
interaction systems with a Be star (including all
BeXRBs and runaways) contain an early-type Be
star (∼B3 and earlier), and a stripped star mass of
about 0.5 M⊙ and above. One aim of this section
is to test whether or not there is reason to believe
there is a similar population of post-interaction
late-type Be/n+stripped binaries which have so
far avoided direct detection. Another is to com-
pare the SB1 Be/n population to the confirmed
Be/n+stripped population. In this Section, only
systems that could plausibly be post-interaction
are considered. That is, very wide binaries (visual
doubles, or with orbital periods on the order of
many years) are ignored.

First, it is useful to compare certain binary
parameters measured for Be/n stars to those of
the normal B star binary population. The most
readily available orbital parameters are the period
(Porb), eccentricity (e), and radial velocity semi-
amplitude (K1), as these can be measured for SB2
and SB1 systems. Figure 1 plots e and K1 ver-
sus Porb for main sequence (non-Be/n) B stars
from the SB9 binary catalog (Pourbaix et al,
2004), and for the early and late Be/n binaries for
which this information is currently available (see

8



Fig. 1 Eccentricity (left) and radial velocity (right) vs. orbital period for main sequence B-type stars from the SB9 catalog.
Early-type and late-type Be/n stars are indicated as in the legend. The two early-type outliers in the left panel are 59 Cyg
and 60 Cyg, and the two late-type outliers are Pleione and 88 Her (see Appendix A). Of these, 88 Her is the only case
where the eccentricity may be unreliable.

Appendix A). Although there are several addi-
tional factors that contribute to the SB9 sample
(a range of secondary masses, selection biases,
etc.), it is evident that the Be/n binary popu-
lation stands apart. Be/n binary orbital periods
are found only between about 30 – 300 d3, even
though shorter periods are in principle easier to
detect (while the absence of longer periods may
be partly a detection bias). With a few excep-
tions, the eccentricity of Be/n orbits is very close
to zero, which is rare for main sequence B star
binaries in the period range occupied by the Be/n
stars. The RV semi-amplitudes for Be/n stars are
consistently low, implying lower-mass companions
compared to the SB9 sample over this period
range. In this view, there are no major differences
between the early- and late-type Be/n binaries,
but overall the Be/n binaries differ from the B
stars in general.

Figure 2 compares the distribution of orbital
periods for the known early- and late-type Be/n
binaries (left panel). The p value of the two-sided
Kolmogorov-Smirnov (KS) test is 0.01, indicat-
ing that if the two samples are drawn from the
same distribution the probability of obtaining a
KS statistic at least this extreme is 1%. How-
ever, given the inhomogeneous data and unknown
sampling biases, no inferences can be made from

3Excluding the two OBe+WD binaries with shorter orbits,
Sec. 2.3.1, and Sk -71 35 which is likely still undergoing mass
transfer, Tbl. A4.

this simplistic comparison. Although the range in
periods is similar, at present there is a relative
excess of late-type Be/n binaries at shorter orbital
periods compared to early-type Be/n binaries. Or,
perhaps, there is a dearth of detected longer-
period late-type Be/n binaries as a consequence
of selection effects, especially since less observa-
tional resources have historically been applied to
late-type Be/n stars.

The right panel of Figure 2 compares the
orbital periods for confirmed post-interaction
Be/n+stripped star binaries (Tbls. A1, A3, A4),
with the orbital periods of Be/n binaries where
the nature of the companion is not yet known (the
SB1 sample, Tbl. A4). In this comparison, the dis-
tribution of orbital periods of these two samples
are consistent with being identical (the p value of
the two-sided Kolmogorov-Smirnov test is 0.35).

Figure 3 investigates relationships between pri-
mary and secondary masses and orbital periods.
The top two panels in Figure 3 examine correla-
tions between the orbital periods and the primary
(left) and secondary (right) masses. There is sig-
nificant scatter in both correlations, and it is not
clear that there is any correlation between orbital
period and primary and secondary masses. The
bottom panel of Figure 3 shows a strong cor-
relation between the mass of the secondary and
that of the Be/n star. There does not seem to
be any qualitatively different behavior in sys-
tems with early-type Be/n stars (with primary
masses ≳6 M⊙) compared to late-type. Neither
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Fig. 2 Left: Histogram of orbital periods for early- (blue) and late-type (red) binaries with Be/n star primaries, including
both SB1 systems and those containing confirmed stripped stars. Right: Histogram for Be/n binaries confirmed as post
mass-transfer (with directly detected stripped stars, blue) and for SB1 Be/n binaries (red). The cumulative distribution
function (CDF) is plotted as solid lines for these two samples. The p value of the two-sided Kolmogorov-Smirnov comparing
each pair of samples is given in both panels.

are there any glaring differences in the above
correlations between systems of different types
(e.g. SB1 systems and those with more- or less-
luminous stripped stars). However, in the com-
parison between primary and secondary masses,
the SB1 systems including early-type Be/n stars
tend to have somewhat lower estimated secondary
masses, which again may be a selection effect as
lower-mass stripped stars are generally of lower
luminosity and thus harder to detect.

Figure 4 (left panel) plots a histogram of the
mass ratio (q) for the same sample as in Figure 3
showing that the early- and late-type populations
are similar. The mean values and their standard
deviations are q = 0.10 ± 0.04 (early) and q =
0.10 ± 0.03 (late). The right panel of Fig. 4 is
similar, but comparing the different categories of
binaries. There are two outliers with less extreme
mass ratios (omitted from the calculation of the
mean q values and not shown in Fig. 4). These are
the systems 2dFS 163 (q = 0.4) and 2dFS 2553
(q = 0.5), both containing a high-mass stripped
star and an early-type Be/n star (Ramachandran
et al, 2024).

From the above, a few inferences can be drawn.
There appear to be no major differences between
Be/n binaries when comparing early versus late

spectral types in terms of orbital period, eccen-
tricities, mass ratios, and trends between these
quantities. However, the orbital period distribu-
tion for late-type Be/n binaries may skew towards
shorter periods, although this may be related to a
selection bias. The same can be said when compar-
ing confirmed post-interaction Be/n binaries with
stripped stars, and the SB1 systems where the
nature of the secondary is unknown. It therefore is
reasonable to assume that a significant fraction of
late-type Be binaries are post-mass transfer prod-
ucts (as well as early-type SB1 systems), with the
secondary being a stripped low-mass star, rather
than a low-mass MS star. From an observational
point of view, the problem remains that very
few stripped stars have yet been directly detected
orbiting late-type rapid rotators, and there are
several very well studied early-type binaries, espe-
cially the γ Cas analogs (early-type Be stars with
characteristic X-ray emission, Nazé and Motch,
2018; Rauw, 2022), whose companions still evade
direct detection. Potential reasons for this are
explored in the next section.
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Fig. 3 Top-left: Comparison of the mass of the primary Be/n stars (M1) to the orbital period. Top-right: Comparison of
the mass of the lower-mass secondary star (M2) to the orbital period. Bottom: Comparison of the secondary to primary
mass. In the bottom panel, the dotted lines correspond to mass ratios of 0.2 and 0.05, and the dashed line to 0.1. In all
panels, systems containing secondaries whose nature is unknown (SB1), and secondaries confirmed as being normal stripped
stars, bloated stripped stars, and high mass stripped stars are indicated with different symbols. We further note that B4
and later types correspond to stars of ∼ 5 M⊙ and lower. Two systems, 2dFS 163 (q = 0.4) and 2dFS 2553 (q = 0.5), both
containing a high-mass stripped star and an early-type Be/n star (Ramachandran et al, 2024) are not shown in these figures.

4 Be/n binaries on the
Hertzsprung–Russell
diagram

4.1 Observations

While the rapidly-rotating mass gainers in
Be/n+stripped binaries populate the near-MS,

the stripped stars are found in several differ-
ent regions in the Hertzsprung–Russell diagram
(HRD). The temperature and luminosity of a
stripped star depends primarily on its mass and
evolutionary stage (i.e. how much time has passed
since the end of mass transfer). Figure 5 examines
the temperature and luminosity of near-MS Be/n
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Fig. 4 Left: Histogram of mass ratios (Mstripped/MBe) for the early- and late-type binaries, and their sum (black solid
line). The mean and standard deviation for the early- and late-type mass ratios are plotted, with values of q = 0.10 ±0.04
(early), and q = 0.10 ±0.03 (late). Right: The same, but divided into the four different categories of binary systems as
indicated in the legend, but without regard to spectral type.

stars (primarily Be) and their stripped compan-
ions in the HRD, whenever such measurements or
estimates are available.

The most well-observed subset of non-NS
stripped stars are the helium-burning sdOB stars
(Sec. 2.3.2). These are generally found along the
‘helium main sequence’, running roughly paral-
lel to the MS, but offset at lower luminosity and
higher temperature. This helium main sequence is
probably a continuum that spans from the lowest-
mass to highest-mass stripped stars, although
studies with differing science objectives often focus
on specific regions.

The first stripped star that was directly
detected orbiting a Be star is in the system ϕ
Per (Gies et al, 1998). It is the hottest and most
luminous stripped star among the ‘intermediate
mass’ sdOB population. Many other qualitatively
similar systems (but with less luminous sdO com-
ponents) have since been discovered (Sec. 2.3.2).
The sdB star in κ Dra has the lowest luminos-
ity (and lowest temperature) of this population
(Klement et al, 2022a). Fig. 5 illustrates an obvi-
ous lack of confirmed sdB stars, which should be
located somewhere between the stripped star of κ
Dra and the remainder of the sdO components.

The bloated stripped stars (Sec. 2.3.3) are
near-indistinguishable from MS B stars in the
HRD. Their very low surface gravity, as inferred

through spectroscopic analysis and/or their
dynamical mass is what sets them apart as low-
mass stripped stars (Bodensteiner et al, 2020a;
Rivinius et al, 2025). It is generally understood
that these will quickly evolve to the He MS after
their short-lived ‘bloated’ stage. Due to their high
luminosity and narrow lines (being slow rota-
tors), they are relatively easy to discover, but
intrinsically rare as this is a short evolutionary
stage.

The high-mass stripped stars (Sec. 2.3.4) can
be found at similar or higher luminosity than their
MS companion. Considering the broad lines of the
mass gainer in these systems, the typical challenge
is reversed – it can be more difficult to obtain
spectroscopic quantities of the MS mass gainer.
Although several high-mass stripped stars are now
known from the SMC and LMC (see Sec. 2.3.4),
these are recent discoveries and in most cases the
mass gainer has not been characterized. Neverthe-
less, these stripped stars lie along the same helium
main sequence as the sdOB population.

Finally, the lowest-mass stripped stars (≲0.4
M⊙) are unable to fuse helium in their core
(Sec. 4.2). After their envelope has been stripped
and there is insufficient hydrogen available for
fusion, they evolve towards becoming a WD and
do not loiter on the He MS. The two known
examples (the lowest-luminosity stripped stars in
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Fig. 5 Observational Hertzsprung–Russell diagram for known Be/n binaries. The filled circles represent the near-MS
rapidly-rotating B-type stars, and the star symbols represent stripped stars. Whenever the luminosity and temperature
of both components for a Be/n+stripped binary are known, the location of the MS star and stripped star are connected
by a solid line. Different colors represent different classes of stripped stars, as represented in the legend. SB1 Be/n stars
are indicated by light gray circles, and the SB1 systems that are γ Cas analogs are indicated by dark gray circles. MS
evolutionary tracks from the Geneva stellar models (Georgy et al, 2013) from 3 – 15 M⊙, with rotation rates at 95% of
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Fig. 5) are ∼2 orders of magnitude fainter than
any other known stripped stars with rapidly-
rotating B-type primaries.

One population that is perhaps missing from
the observational HRD of Fig. 5 are ‘proper’ WDs,
with luminosities even less than the two known
pre-WDs. Perhaps counter-intuitively, these may
evolve from relatively high-mass stripped stars in
a ‘sweet spot’ – too low mass to explode as SNe
(leaving behind a NS; ≲2.6 M⊙), but massive
enough that they evolve relatively quickly and can
exhaust their supply of helium before their com-
panion evolves off the MS (at which point it will no
longer be identifiable as a rapid rotator). Although
no such WDs have been observed directly, there
is circumstantial evidence that suggests that at
least some of the γ Cas analogs have WD compan-
ions (Gies et al, 2023). There is additionally the
population of likely Be+WD systems in the Mag-
ellanic Clouds (Sec. 2.3.1), although these cannot

be placed in the HRD. This remains an active
and challenging field of study, as the origin of the
anomalous X-ray emission of γ Cas stars is still
unknown. Not only would such WDs have a low
intrinsic luminosity, but those with massive Be
hosts (e.g. the γ Cas analogs) would have such
an extreme contrast ratio as to make the WDs
undetectable in UV/visible spectroscopy even in
principle.

4.2 Binary model predictions

If the companions to the SB1 Be stars plotted
in Figure 5 are stripped stars, where would they
be located on the HRD? To investigate this ques-
tion, we used the Binary Population and Spectral
Synthesis code (BPASS, Eldridge et al, 2017) and
the Hoki package (Stevance et al, 2020) to exam-
ine evolutionary tracks for systems that would
undergo mass transfer and result in (presumably
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rapidly rotating) B stars on the MS and lower-
mass stripped stars. When filtering the BPASS
models, we searched the binary models at solar
metallicity (Z = 0.02), with an initial orbital
period of 100 days or less, that must have under-
gone mass transfer resulting in a B-type star (3
to 18 M⊙) with a low mass companion (0.2 to
5 M⊙), the ranges of which are consistent with
the observed masses in Figure 3. We then also
removed systems where the final orbital period
was less than the initial orbital period, indicating
highly non-conservative mass transfer. In total,
there were 443 BPASS models which met the
selection criteria.

To generate the binary population, BPASS
bases the initial mass function on Kroupa et al
(1993), adopting a power-law slope from 0.1 to 0.5
M⊙ of -1.3, and a slope of -2.35 at higher masses.
A flat distribution is prescribed for the initial mass
ratio and for the logarithm of the orbital period.

In Figure 6 we plot the evolutionary tracks
of the mass donors of these 443 models, col-
ored by donor star mass, along with the observed
Be/n+stripped systems. There are essentially two
categories of stripped stars that are relevant.
Higher mass stripped stars (⪆ 0.35 M⊙) undergo
core helium burning and usually maintain a rela-
tively higher luminosity for a long time on the He
MS, while lower mass stripped stars (⪅ 0.35 M⊙)
cannot fuse helium and instead directly evolve
along a cooling sequence. Examples of each are
shown in Figure 7, where we see a 0.31M⊙ non-
helium burning stripped star (left column) evolve
directly onto a cooling track to become a WD,
while a 0.85M⊙ stripped star (right column) fuses
helium in the sdO region of the HR diagram,
increases in luminosity, and then moves along a
wider cooling track to eventually become a higher
mass CO WD.

Figure 7 is colored by the normalized timestep
length, for one low-mass and one high-mass donor
star in the left and right columns respectively. The
low-mass system started with masses of 2.5 M⊙
and 1.5 M⊙ for the mass donor and gainer respec-
tively, and an orbital period of 1.6 days, and ended
with masses 0.31 M⊙, 3.42 M⊙, and a period
of 59.9 days. The high-mass system started with
masses of 6.5 M⊙ and 3.9 M⊙ for the mass donor
and gainer respectively, and an orbital period of
2.5 days, and ended with masses 0.85 M⊙, 8.16

Fig. 6 HR diagrams showing the evolutionary tracks of
the donor star, coloured by mass, for the BPASS models
that met our search criteria as described in Section 4.2.
The position of the observed mass gainer stars and their
companions from Figure 5 are also plotted for reference.

M⊙, and a period of 65 days. The timestep-colored
tracks are plotted until the approximate end of
the mass gainer’s MS. This timespan is set by the
MS lifetime of the equivalent single-star BPASS
model that matches the post-interaction mass of
the accreting star.

We find that we can divide the post-MS evo-
lution of the higher-mass stripped stars (i.e. those
capable of sustaining core helium fusion) into
three sections: the first left-moving track, between
the end of the MS to the start of the helium
main sequence, the right-moving track, from the
start of He burning to the tip of the second low-
temperature loop, and the tip of this loop to
the WD stage (around log(L) = 0). Across our
selected BPASS models that exhibit this behavior,
these stages last on average 29 million years, 4.5
million years, and 1.7 million years, respectively,
with the majority of this time concentrated at the
start of He burning. This points to one possible
reason why many companions are found in the
sdO stage of their evolution – they simply spend
most of their post-MS life as a hot subdwarf prior
to becoming a WD. As for the low-mass donor
stars that do not go on to fuse helium, the aver-
age time from the end of MS to the WD stage
(again defined here as log(L) = 0) is about 170
million years. Aside from the long time spent on
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Fig. 7 Example evolutionary tracks for a lower mass (0.31M⊙) stripped star (left), and higher mass stripped star (0.85M⊙
right), colored by normalized timestep length indicated by the color bar. The same observations as Figure 6 are overplotted.

the MS, stars on the high-mass track spend a con-
siderable amount of time in the helium burning
phase, around the region of observed sdO compan-
ions, as well as at the WD phase. The low-mass
stripped star, however, does not have a long pause
in this sdO region, and instead progresses to the
longer WD phase (after gradually passing through
the ‘pre-WD’ phase).

To get an overall representation of the relative
time where stripped stars occupy different regions
of the HRD in our selected models, Figure 8 shows
a heatmap of where the donor stars in the 443
BPASS models are found, up to the estimated end
of the gainer star MS. In this representation, we
see that there are three main strips in the HRD
where the donor spends the most time: the MS
track (upper right), the subdwarf track or “helium
main sequence” (middle track), and the WD track
(lower left). We can see that the dichotomy of
high-mass and low-mass subwarfs creates a contin-
uous distribution between the observed high mass
subdwarfs (sdO), and the few observed low mass
subwarf (sdB) and pre-WD companions, stretch-
ing roughly between 4.0 < log(T ) < 4.75 and
0.5 < log(L) < 5. The high-luminosity region
of the He MS is relatively less populated, due
to these higher-mass stripped stars being intrin-
sically less common and also exhausting their He
fuel relatively rapidly. We note that the number

of models where the donor ends as a WD while
the mass gainer is still on the MS may be over-
estimated due to the following two reasons. It is
possible that the MS lifetimes of the mass gain-
ers is overestimated, as we calculate this value
assuming that the star begins on the ZAMS with
its post-interaction mass. Additionally, the rejuve-
nated star MS lifetimes would be shorter if mass
transfer is more conservative than prescribed in
BPASS (as discussed later in this section). On the
other hand, this may be partly offset by the notion
that rapid rotation extends the MS lifetime by
enhancing mixing of H into the core, which is not
accounted for in the BPASS evolution of the mass
gainers.

To compare the helium-fusing stripped stars
with their main-sequence companions, we have
separated the helium main sequence into five
sections, as denoted by the boxes in Fig. 8. Within
a given box, we select all donor tracks that began
to fuse helium, and find the mass of the gainer
star at the time of He ignition. This mass is then
converted to a position on the HR diagram using
the BPASS single-star models. The average posi-
tion and standard deviation is plotted, with an
arrow connecting each box to its average gainer
position. From this method, we can see that along
the helium main sequence, higher mass stripped
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Fig. 8 Heatmap of the 443 analyzed BPASS models,
showing the average length of each timestep, normalized to
1 for each individual model. The observed Be/n and com-
panion stars are overplotted as indicated by the legend. The
helium MS has been broken down into five boxes. These
boxes are connected by arrows to points showing the aver-
age position of the MS mass-gainer for models that begin
fusing helium in each box. The error bars indicate the stan-
dard deviation of the average mass-gainer position.

stars will tend to have higher mass MS compan-
ions, while lower mass stripped stars will have
lower mass MS companions.

It is noteworthy that the middle box, contain-
ing the ‘normal’ observed sdO population, points
approximately to the middle of the B-star MS,
while from observations we know their Be com-
panions are of higher temperature and luminosity
(Fig. 5). This may suggest that the observed
Be+stripped population demands more conserva-
tive mass transfer than is prescribed in BPASS
for this parameter space. This notion seems sup-
ported by other recent work, (e.g. Lechien et al,
2025), which indicates that the mass transfer that
produces early-type Be stars is more conservative
than is often assumed. The prescription for mass
transfer rates implemented in BPASS is limited
by the thermal timescale of the accretor, Ṁ2 ≤
M2/τKH , where the mass loss rate from the pri-
mary via Roche lobe overflow is described in Eqs. 1
– 3 in Eldridge et al (2017).

Figure 9 shows the distribution of orbital
period versus donor mass, and the gainer star (pre-
sumed to be a Be star) mass versus donor mass,
at the subdwarf/pre-WD stage (after crossing the
ZAMS from right to left after mass transfer), along
with the observed data from Figure 3. There is
no obvious correlation between the mass of the
stripped star and the orbital period, neither in the
BPASS models nor in the observed sample. How-
ever, there is a clear relationship between gainer
mass and donor mass in both the models and
observations. The BPASS models also predict a
short-period tail that is not observed in the Be/n
binaries, as well as higher values of q compared to
the observed systems.

A histogram of the mass ratio (q) is shown in
Fig. 10. For each pair of stripped+B star, q was
calculated at the first timestep where the donor
track crosses the ZAMS moving left across the HR
diagram (i.e. beginning to emerge as an sdOB or
pre-WD). The average values and standard devi-
ations of q for the early- and late-type B stars
are 0.148 ± 0.064 and 0.166 ± 0.064, respectively.
The distribution in q generated from BPASS skews
towards higher values than the observed popula-
tion (Fig. 4), again suggesting that mass transfer
is more conservative than prescribed in BPASS.

We have shown observationally the correlation
between the mass of the stripped star and the mass
gainer (Figure 3). The higher mass Be stars there-
fore tend to have higher mass companions that
spend a significant amount of the Be star MS life-
time in the core helium burning stage and appear
as sdO stars. On the other hand, the compan-
ions of lower mass Be stars cool to become sdB
or WD stars. The BPASS models predict that the
stripped stars in our prescribed parameter space
spend a long time fusing helium along a region
in the HRD that is below but parallel to the MS
(Fig. 8). The known stripped sdO stars lie along
the upper half of this region in good agreement
with the models (excluding the bloated stripped
stars which are presumed to be evolving towards
this region). BPASS predicts that the lower half
of this region is well populated by stripped sdB
stars and pre-WDs with mid- and late-type Be/n
companions. However, to date there are only four
such lower-luminosity stripped stars with rapidly
rotating B-type companions known – two sdB
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Fig. 9 Left: log-log plot of orbital period versus donor star mass. Right: log-log plot of Be star mass versus donor star
mass (right). Both plots show the distribution of our selected BPASS models at the subdwarf/pre-WD phase (after crossing
the ZAMS from right to left after mass transfer). The marginal graphs show the 1-dimensional distribution of the x and y
axes. Plots were made using the seaborn package (Waskom, 2021). The observed systems from Figure 3 are also plotted on
both panels.

Fig. 10 Histograms of the mass ratio for our selected
BPASS models when the donor is at the sdO/pre-WD
phase. The histograms are separated into early (≥ 6 M⊙)
and late (< 6 M⊙) mass gainer stars, and the combined
histogram is plotted in black. The mean and standard devi-
ation of the early and late-type distributions are plotted as
error bars.

stars (with mid/late Be companions), and two pre-
WDs (with late Bn companions). Observational
efforts are therefore required to fill in this param-
eter space to paint a more complete picture of the
continuum of post-interaction systems.

5 Observational methods for
detecting low-mass stripped
companions

The detection of stripped companions to Be stars
can be done through several techniques. For NS
and potential WD companions, this is done in
the X-rays (Sec. 2.3.6 2.3.1). UV spectroscopy
has historically been the tool of choice for sdOB
stars (Wang et al, 2021, 2023), but some sys-
tems are also detectable in optical spectroscopy
(Chojnowski et al, 2018). Bloated stripped stars
are easily detectable in optical spectroscopy
(Sec. 2.3.3), and hot high-mass stripped stars can
be characterized by their photometric UV excess,
and with UV and/or visible spectroscopy (e.g.
Drout et al, 2023; Ramachandran et al, 2024).

Long time-series of optical spectroscopy has
provided the known SB1 orbits of Be stars,
thanks to dedicated monitoring of the short-
intermediate- and long-time scale variations of this
population (e.g. Harmanec et al, 2000; Vennes
et al, 2011; Nazé et al, 2022a). However, such
efforts have not been made for Bn stars, which lack
disks and thus are much less obviously variable.
It should be noted that Bn stars do seem to pul-
sate in a similar manner as Be stars (Nazé et al,
2024), and that at least some are post-interaction
products (Sec. 2.3.2). Dedicated monitoring of Bn
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stars is certainly warranted, both to conduct a
binary census of the population, as well as to bet-
ter understand their pulsational behavior and how
this compares to that of Be stars. This may help
to elucidate the processes by which Be stars create
disks, while Bn stars do not.

Despite the relative dearth of good obser-
vational datasets suitable for the subtle binary
analysis of Bn stars, the two lowest-luminosity
stripped stars yet known belong to late-type Bn
systems. In the case of KOI-81, this was rather
serendipitous, with eclipses being found in Kepler
photometry (Matson et al, 2015). The lack of a
disk (which would otherwise increase complex-
ity) in KOI-81 likely aided in the detection and
characterization of this system. The companion to
Regulus, on the other hand, was detected by sheer
brute force through the analysis of an extensive set
of high-quality optical spectra of this very bright
star (Gies et al, 2020). This was made possible by
the knowledge derived from its SB1 orbit (Gies
et al, 2008).

As demonstrated with KOI-81 (Matson et al,
2015) and HD 92406 (de Amorim et al, 2023),
finding Be/n stars with eclipses is in principle
an excellent method for detecting binaries. How-
ever, owing primarily to the relatively long orbital
periods and small stripped star sizes, an incli-
nation angle very close to 90◦ is required to
produce eclipses, and thus eclipsing systems are
intrinsically rare.

Recently, interferometry has been established
as a powerful tool for detecting and characteriz-
ing Be/n+stripped binaries (Klement et al, 2024),
and is the only technique capable of providing a
model-independent astrometric orbit. For exam-
ple, the stripped star in κ Dra was first identified
in interferometric measurements, and with knowl-
edge of its orbital properties was recovered in
IUE UV spectroscopy (Klement et al, 2022a).
This was the first confirmed Be+sdB system, indi-
cating that not all stripped stars in Be binaries
are hot sdO stars (with temperatures between
about 40000 – 50000 K). For systems with magni-
tudes below about 7, the CHARA interferometric
array is capable of reaching contrast ratios as
low as ∼0.3% (e.g. in the H/K bands with the
MIRC-X/MYSTIC instruments) in ideal condi-
tions, corresponding to a magnitude difference of
∼6.4 (Gallenne et al, 2015), and capable of achiev-
ing an angular resolution of ∼0.5 mas. The VLTI

interferometric facility offers similar capabilities
for detecting high contrast close binaries. While
interferometry is now a well established technique
for discovering and characterizing Be+sdOB sys-
tems, very high contrast ratios as in Regulus (with
a V -band flux ratio of about 0.06%, Gies et al,
2020) remain out of reach.

There is no single ‘best’ technique for discov-
ering and characterizing Be/n binaries. Instead,
the best results are achieved when combining dif-
ferent dataset and techniques which can depend
on the specifics of the system(s) being analyzed.
Nevertheless, UV spectroscopy has historically
been the primary driver of this field, and remains
an indispensable tool in directly detecting and
characterizing stripped stars. The current lack of
high-quality UV spectroscopy of a large sample
of Be/n stars may be the main bottleneck in the
advancement of this field.

One advantage of working with UV spec-
troscopy compared to visible and IR wavelengths
is that in all observed cases (excluding the bloated
stripped stars) the stripped star is hotter than
the Be/n star and so the contrast is most favor-
able at UV wavelengths. Another is that the UV
regime is exceptionally rich with absorption lines
for hot stars. Figure 11 compares the UV and vis-
ible regimes for a synthetic spectrum of an object
qualitatively similar to an sdB or pre-WD star,
with Teff = 20000 K, log g = 5, and vsini = 15
km s−1, using the line-by-line stellar atmosphere
models (Shulyak et al, 2004) as implemented in
the PYSME4 package. The multitude of features
in the UV greatly enhance the power of cross cor-
relation techniques that can be used to detect
and characterize faint stripped stars in spectra
dominated by a slightly cooler MS star. In prac-
tice, an additional advantage is that stripped stars
generally have a very low vsini (≲15 km s−1)
so that their lines are considerably sharper than
those from rapidly rotating Be/n stars, assisting
in efforts to disentangle the signatures of both
components (Wang et al, 2023).

Historically, the limiting factor in detecting
stripped stars with hot MS primaries with UV
spectroscopy is the signal to noise ratio (SNR).
In this sense, it is remarkable that the majority
of known Be+sdO systems were first discovered
in archival IUE spectra with typical SNR of ∼10

4https://github.com/MingjieJian/SME
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Fig. 11 Synthetic spectrum for an atmosphere with Teff = 20000 K, logg = 5, and broadened to vsini = 15 km s−1. The
upper and lower panels show a 137 Å portion of the UV and visible regions, respectively.

(Wang et al, 2018), and later confirmed with
higher quality data (e.g. from HST with SNR∼30,
Wang et al, 2023). However, from the archival IUE
data, it was only possible to detect the most favor-
able such systems with relatively bright stripped
stars. In this sense, the archival IUE UV spec-
troscopic database is likely nearly exhausted in
its utility for discovering stripped stars, although
it may continue to be useful for ‘pre-covery’ of
stripped stars following information derived from
other methods (as in e.g. Klement et al, 2022a).
HST currently provides the gold standard of UV
spectroscopy, but tends to be used to confirm
and better characterize Be/n+stripped systems
after they have already been identified (perhaps
as candidates) through other means (e.g. Gies
et al, 1998; Wang et al, 2021; Matson et al,
2015). Future high-resolution UV spectrographs
will be needed to continue to investigate this
field. For example, the UVI and Pollux instru-
ments (Muslimov et al, 2018) considered for the
Habitable Worlds Observatory (HWO) would be
excellent facilities for this science topic, as well as
smaller UV spectrographs or spectropolarimeters
such as those planned on the SMEX candidate
PolStar (Scowen et al, 2022) and the ESA mission
candidate Arago (Muslimov and Neiner, 2022).

5.1 Filling in the gaps in the
Be/n+stripped population

The current known population of Be/n+stripped
systems may represent only the tip of the ice-
berg. Naturally, the brightest stars with the most
favorable flux ratios are the easiest systems for
detecting stripped companion. For example, the
Be/n+sdOB stars plotted in Fig. 5, the median
Vmag is 5.7 (omitting bloated and high-mass com-
panions). There is an obvious dearth of sdB and
pre-WD stars, with only four that are published,
to the best of our knowledge. Considering also the
large number of Bn stars that exist, which remain
poorly observed (including by IUE, which led to
the discovery of most of the Be+sdO systems),
it now seems essential to properly explore the
parameter space where Be/n+stripped binaries
may be found.

Progress can be made towards better under-
standing this population on several fronts. Spec-
troscopic monitoring for RV motion, especially
when combined with the often large archival
databases for Be stars, is promising for discover-
ing new binaries and determining orbital periods
and eccentricities. Interferometry can continue to
detect close binaries, or rule out certain types
of companions. To better populate the current
observational gaps, attention should especially be
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given to (non-emission line) Bn stars of all spectral
types, and mid- to late-type Be stars.

For directly detecting stripped companions,
Fig. 8 provides a guide for the expected lumi-
nosity and temperature contrast for potential or
candidate Be/n+stripped binaries. Although we
note that comparing the BPASS population to
the observed sample, stripped companions around
a Be/n star of a given spectral type may be
less luminous than the models predict. UV spec-
troscopy of moderate SNR (∼30) has proven suf-
ficient to detect sdO systems around early-type
Be stars (e.g. Wang et al, 2021, 2023), but higher
SNR may be required for detecting helium fusing
sdB stars with less favorable contrast ratios in the
FUV. It should be noted that for some systems at
certain orbital phases, the stripped companion is
not detected, likely due to obscuration from cir-
cumstellar material (Peters et al, 2016; Wang et al,
2021). Stripped companions around Bn stars then
should not suffer from this issue.

High-SNR far UV (FUV) spectroscopy is
a viable pathway towards detecting low-mass
stripped stars at high contrast ratios, especially
for stripped stars unable to fuse helium. Figure 12
shows a synthetic FUV spectrum that emulates
the Regulus system (Gies et al, 2020) by co-adding
a spectrum of a main-sequence B star with Teff =
12 kK and logg = 3.5, and a stripped star with
Teff = 20 kK and logg = 5.0, with a flux ratio of
0.5% at 1500 Å. For comparison, the sdB compo-
nent of κ Dra contributes ∼2.3% of the FUV flux
(Klement et al, 2022a). The B-type spectrum was
broadened to 300 km s−1, and the stripped star
to 15 km s−1. The spectrum was degraded to a
resolving power of R = 20000, with noise added
to simulate a SNR of 100 and 300. Employing
cross correlation function (CCF) techniques, at a
SNR of 100 the pre-WD in Regulus is marginally
detectable, but at a SNR of 300, it is confidently
detected. A UV spectroscopic survey at high SNR
targeting the nearby population of rapid rotators
would be a significant step forward in understand-
ing the implications of binary interaction in high-
and intermediate-mass stars.

6 Discussion and Conclusions

Comparing the binary parameters of
Be/n+stripped systems, SB1 Be stars, and the
MS B+B binary population (Sec. 3) suggests
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Fig. 12 Top: A portion of a synthetic UV spectrum emu-
lating the Regulus system, with the primary having vsini
= 300 km s−1, Teff = 12 kK, logg = 3.5, and the stripped
star having vsini = 15 km s−1, Teff = 20 kK, logg = 5.0,
with zero radial velocity offsets. Spectra from the two tem-
plates were co-added so that the stripped star contributes
0.5% of the flux at 1500 Å, consistent with the expected
UV flux ratio based on the information in Gies et al (2020).
The resolving power of the coadded spectrum was set to
20000. Bottom: The Cross Correlation Function (CCF)
signal found after smoothing out the wide features (from
the rapidly rotating primary) and using the stripped star
spectrum as a template. The stripped star is marginally
detected at a SNR of 100, and confidently detected at a
SNR of 300.

the following. The SB1 systems are likely post-
interactions binaries where the stripped star
may be found along the helium MS and thus is
expected to be detectable, or may be closer to a
WD. For post-interaction binaries, the most likely
nature of the companion depends on the spectral
type of the Be/n star. For early-type primaries,
the companion should either be an sdO star, or a
(pre-)WD depending on the evolutionary stage.
For mid-type primaries, the companion is most
likely an sdB star. For later-type primaries, the
companion may be a lower-mass sdB star fusing
helium, or a (pre-)WD at low luminosity. How-
ever, the range of possible initial conditions that
can lead to mass transfer and a Be/n+stripped
configuration, the amount of time that has passed
after the mass transfer stage, as well as param-
eters such as the degree to which mass transfer
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is conservative, prevent accurate predictions for
the present-day configuration of a given specific
system. Nevertheless, these trends seem to hold
at the population level.

Given the above, there is likely a cooler pop-
ulation of stripped stars, in the sdB and pre-WD
regime that to date have hardly been observed.
Direct detection of these sdB stars is possible
with interferometry, UV spectroscopy, and pos-
sibly optical spectroscopy, while the pre-WDs
can likely only be detected with high-SNR UV
spectroscopy (Sec. 5.1). Filling in these observa-
tional gaps is important to map the continuum
of post-interaction evolutionary products, which
for non-degenerate stripped stars ranges from the
low-mass pre-WDs up to the high-mass quasi-WR
stars (Sec. 4). These higher-mass stripped stars
may explode as SNe, producing NSs, which if they
remain bound will become high-mass BeXRB sys-
tems (Sec. 2.3.6) when the companion is a Be star,
or can cause runaways (Sec. 2.3.7). The eventual
fate of intermediate- and lower-mass stripped stars
(≲2 M⊙) is most likely a WD.

While this work focused primarily on the inter-
acting systems that produce a rapidly-rotating B
type star, it is worth considering a broader per-
spective. Binary interaction is even more frequent
in O-type stars, but these spin down quickly. This
makes using rapid rotation as a potential indica-
tor of past interaction difficult. Relative to higher
masses, binary interaction is understood to be less
common in lower-mass stars. Nevertheless, some
fraction of A- and F-type stars do experience
binary interactions including mass transfer (e.g. G
et al, 2024), and there is also a rapidly rotating
sub-population of A- and F-type stars (Royer et al,
2007). However, the Be phenomenon (where a star
creates an outflowing gaseous decretion disk) is
typically observationally limited to stars of spec-
tral type ∼A2 and earlier, although may extend
to slightly later stars (Anusha et al, 2021). Stars
spun up by binary interaction, however, are under
no obligation to create an outflowing gaseous disk.
The low fraction of Ae stars (and absolute lack of
F-type disk makers) cannot be used as an argu-
ment against binary interaction producing rapid
rotation in this lower mass regime. In this scenario,
any stripped companions would surely be too low-
mass to reach the He MS, and probably appear as
(pre-)WDs.

Recently, Lechien et al (2025) explored the
properties of 16 Be+sdOB binaries to evaluate the
efficiency of mass transfer during the interaction
phase. Their results indicate that mass transfer is
relatively efficient, such that most of the mass lost
by the initial primary is gained by the accretor,
strongly disfavoring a scenario where accretion is
limited by a centrifugal barrier (i.e. when mass
transfer only proceeds until the accretor is spun
up to critical). Their results also appear to be in
tension with mass transfer prescriptions limited by
the thermal timescale of the accretor. The mass
transfer prescription employed by BPASS is of this
variety, with the accretion rate being limited by
Ṁ2 ≤ M2/τKH, where M2 and τKH are the mass
and thermal timescale of the accretor, respectively
(Eldridge et al, 2017).

Although the qualitative agreement is good,
our analysis also suggests tension between the
observed Be/n+stripped population and the
BPASS models. The average predicted post-
interaction mass ratios, q, are about 30% – 60%
higher than in the observed sample (Figs. 4, 10).
Likewise, for a given region in the He MS, the
corresponding mass gainer in BPASS is of lower
mass (or L and Teff) compared to what is observed
(Fig. 8). In other words, for a given stripped star,
the observations suggest a MS star with a ∼30%
– 60% higher mass than predicted by the BPASS
models. These tensions may be be alleviated by
incorporating a higher mass transfer efficiency in
BPASS. An increased efficiency of mass transfer in
population synthesis models will result in a larger
number of higher-mass stars, which in turn will
produce a greater number of SNe.

Accurate and precise measures of post-
interaction stellar and binary properties and bet-
ter statistics can then be used to improve param-
eters (such as how conservative mass transfer is)
in binary stellar population synthesis codes. More
accurate models, coupled with a better obser-
vational view of the Be/n+stripped population
should allow for a reliable determination of what
fraction of rapid rotators have been spun up by
binary mass transfer. This has important impli-
cations for stellar astrophysics in general, and
also at larger scales, such as the ionizing flux in
clusters and star forming regions (Götberg et al,
2019, 2020). Multiple aspects of the sort of binary
interaction discussed in this paper contribute to
a higher amount of ionizing UV flux than would
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be produced were both stars to evolve as sin-
gle. The stripped star will be significantly hotter,
albeit much smaller. The mass gainer will also
have a higher effective temperature by virtue of
its increased mass, while very rapid rotation will
increase the polar temperature up to an additional
∼30% (e.g. Paxton et al, 2019). If rotational mix-
ing is efficient and the mass-accretion efficiency is
not too low, then the main sequence lifetime may
be extended by up to ∼30% (Maeder and Meynet,
2000b).

It is worth mentioning the final fate of
the massive post-interaction binaries. Modern
gravitational wave (GW) instruments, such as
LIGO, have recently begun to explore black
hole (BH) physics via observing the mergers of
BH/NS+BH/NS pairs as they dynamically warp
the fabric of spacetime (Abbott et al, 2017). This
is an exciting new frontier in probing nature at its
most extreme. Such mergers are a possible out-
come for the higher-mass post-interaction bina-
ries, after both stars have exploded as a SN (or
perhaps collapsed directly into a BH). The lower-
mass post-interaction binaries may form very close
WD+WD pairs before merging and igniting a
SN explosion, which may also lead to GW sig-
nals detectable by future instruments such as
LISA (Korol et al, 2024). It is therefore crucial
to improve our understanding of the evolution-
ary pathways starting from the initial conditions
of massive binaries, through their interaction and
post-interaction stages in order to predict the final
outcome of such systems, which will better enable
us to trace back the history of observed GW
events.
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Liège university. AuD acknowledges support from

NASA through Chandra Award number TM4-
25001A issued by the Chandra X-ray Observatory
27 Center, which is operated by the Smith-
sonian Astrophysical Observatory for and on
behalf of NASA under contract NAS8-03060. This
research has made use of the SIMBAD database
operated at CDS, Strasbourg (France), and of
NASA’s Astrophysics Data System (ADS). This
work made use of the PySME package for stel-
lar spectral analysis. We acknowledge the use
of the Binary Population and Spectral Synthesis
(BPASS) models, developed by Eldridge, Stan-
way, and colleagues. This research made use of
Astropy,5 a community-developed core Python
package for Astronomy (Astropy Collaboration
et al, 2013, 2018).

5http://www.astropy.org

22



Appendix A Tables of confirmed binaries

This appendix contains tables describing the basic stellar and orbital properties of the post-interaction
binaries gathered from the literature. Table A1 includes the Be/n+sdOB systems, Tbl. A2 the SB1
Be binaries, and Tbl A3 the Be+bloated binaries. Table A4 lists the high-mass stripped stars recently
confirmed to be binaries. However, the stellar properties of the non-stripped companions in Tbl. A4 are in
general poorly determined. For the last nine entries in Tbl. A4 the non-stripped star has not been directly
observed, but RV motion of the stripped star indicates its binarity. In these cases, it is possible that the
systems have evolved through a common envelope phase, rather than Roche lobe overflow, so that the
non-stripped component is cannot at present be presumed to be rapidly rotating Götberg et al (2023).
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