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ABSTRACT

Context. Rapidly rotating classical OBe stars have been proposed as the products of binary interactions, and the fraction of Be stars
with compact companions implies that at least some are. However, to constrain the interaction physics spinning up the OBe stars, a
large sample of homogeneously analyzed OBe stars with well-determined binary characteristics and orbital parameters are required.
Aims. We investigated the multiplicity properties of a sample of 18 Oe, 62 Be, and two Of?p stars observed within the BLOeM survey
in the Small Magellanic Cloud. We analyzed the first nine epochs of spectroscopic observations obtained over approximately three
months in 2023.

Methods. Radial velocities (RVs) of all stars were measured using cross-correlation based on different sets of absorption and emission
lines. Applying commonly used binarity criteria, we classified objects as binaries, binary candidates, and apparently single (RV stable)
objects. We further inspected the spectra for double-lined spectroscopic binaries and cross-matched with catalogs of X-ray sources and
photometric binaries.

Results. We classify 14 OBe stars as binaries, and an additional 11 as binary candidates. The two Of?p stars are apparently single. We
find two more objects that are most likely currently interacting binaries. Without those, the observed binary fraction for the remaining
OBe sample of 78 stars is f95¢ = 0.18 + 0.04 (98 . = 0.32+0.05 including candidates). This binary fraction is less than half
of that measured for OB stars in BLOeM. Combined with the lower fraction of SB2s, this suggests that OBe stars do indeed have
fundamentally different present-day binary properties than OB stars. We find no evidence for OBe binaries with massive compact
companions, in contrast to expectations from binary population synthesis.

Conclusions. Our results support the binary scenario as an important formation channel for OBe stars, as post-interaction binaries
may have been disrupted or the stripped companions of OBe stars are harder to detect. Further observations are required to characterize

the detected binaries, their orbital parameters, and the nature of their companions.
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1. Introduction

Observations have undoubtedly demonstrated that most massive
stars live their lives in binary or higher-order multiple sys-
tems (e.g., Abt 1984; Sana et al. 2014; Kobulnicky et al. 2014;
Dunstall et al. 2015; Moe & Di Stefano 2017; Offner et al.
2023; Bordier et al. 2024). A majority of those stars interact
with their companion at some point of their evolution (Sana
et al. 2012). This drastically changes the evolutionary path of
both binary components, and implies that there should be a large
number of post-interaction systems that, depending on the inter-
action pathway they undergo (stable or unstable mass transfer,
or merger), have different orbital and physical characteristics
and probe different interaction physics (e.g., Paczyrnski 1967;

* Based on observations collected at the European Southern Observa-
tory under ESO program ID 112.25W2.
** Corresponding author: j.bodensteiner@uva.nl

Podsiadlowski et al. 1992; Wellstein et al. 2001; Langer 2012; de
Mink et al. 2014; De Marco & Izzard 2017; Eldridge & Stanway
2022). Given the large uncertainties that binary evolution is still
subject to, detecting and characterizing more post-interaction
binaries yields crucial new constraints that will help improve
our understanding (e.g., Marchant & Bodensteiner 2024; Chen
et al. 2024).

However, the characteristics of interaction products, and how
to tell them apart from stars that truly evolve as isolated stars,
remain unclear and strongly depend on the type of interac-
tion that may have occurred. In addition to peculiar chemical
surface abundances, magnetic fields, or apparent younger ages
compared to a reference star or population (e.g., Schneider
et al. 2019; Irrgang et al. 2022; Sen et al. 2022; Shenar et al.
2023; Frost et al. 2024), a star’s rotational velocity has been
proposed as an important characteristic to distinguish single-
and binary-interaction channels. While stars stripped of their
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hydrogen-rich envelopes are often predicted to be slow rotators
(e.g., Kippenhahn & Weigert 1967; Schiirmann et al. 2022; Sen
et al. 2023), mass gainers are expected to rotate close to or at their
critical spin (e.g., Packet 1981; Blaauw 1993; de Mink et al. 2013;
Ramirez-Agudelo et al. 2013, 2015; Mahy et al. 2020; Renzo &
Gotberg 2021).

In this context, classical OBe stars are of interest. These are
rapidly rotating, nonradially pulsating, non-supergiant OB-type
stars that are surrounded by a circumstellar gaseous decretion
disk, causing characteristic emission lines in their spectra (e.g.,
Rivinius et al. 2013). The origin of the rapid rotation of classical
OBe stars is often linked to mass transfer in binary interactions.
Theoretical works have shown that the mass gainers in binaries
can become rapid rotators (e.g., Pols et al. 1991) and popula-
tion synthesis computations illustrate that the binary channel
can produce a large number of post-interaction rapid rotators
that observationally may look similar to OBe stars (Shao & Li
2014, 2021; Wang et al. 2020). However, Hastings et al. (2021)
pointed out that the large OBe fraction in star clusters in the
Large and Small Magellanic Cloud (LMC, SMC) can only be
reproduced assuming that a large fraction of binaries undergo
stable mass transfer without merging. Alternatively, the rapid
rotation of classical OBe stars is explained by single-star evo-
lution. They may be born as rapid rotators (e.g., Bodenheimer
1995), or efficient angular-momentum transport from the stel-
lar core to the envelope might bring them close to their critical
velocity toward the end of the main-sequence (MS) evolution
(e.g., Ekstrom et al. 2012; Hastings et al. 2020). In both single-
star scenarios, the multiplicity properties of classical OBe stars
are expected to be similar to their OB counterparts, that is, many
of them are expected in pre-interaction systems with MS com-
panions (e.g., Sana et al. 2011; Banyard et al. 2022). Contrarily,
the binary channel predicts a lack of OBe+MS binaries, and
most OBe stars should have stripped or compact companions
(e.g., Wang et al. 2024).

Observations in the Milky Way indicate a lack of mas-
sive OBe stars in close binary systems with MS companions
(Bodensteiner et al. 2020c; Dodd et al. 2024). The detection of
post-interaction OBe binaries demonstrates that at least some are
indeed interaction products. First, there are OBe binaries with
hot-subdwarf O and B (sdOB; e.g., Heber 2009) companions.
Those are mostly detected in the UV (e.g., Gies et al. 1998;
Koubsky et al. 2012; Wang et al. 2021, 2023), or recently also
using interferometry (e.g., Klement et al. 2022, 2024). Secondly,
some Be binaries further in their evolution have compact
companions. In those Be X-ray binaries (BeXRBs), transient
X-ray emission can occur when the compact object — usually a
neutron star (NS) — periodically moves through the disk of the
Be star during the course of its orbit (e.g., Reig 2011; Coe &
Kirk 2015; Haberl & Sturm 2016). They can provide important
constraints on uncertain binary physics, such as the mass
transfer stability and efficiency (e.g., Vinciguerra et al. 2020;
Rocha et al. 2024). Some single OBe stars were also interpreted
as products of binary interaction, in which the binary system
was disrupted in the supernova explosion of the mass donor
(e.g., Boubert & Evans 2018; Neuhéuser et al. 2020; Renzo &
Gotberg 2021). Recently, another group of post-interaction
Be binaries in a phase relatively soon after the mass transfer
phase was proposed (with LB-1 and HR 6819 as proto-types,
Shenar et al. 2020; Bodensteiner et al. 2020b; El-Badry &
Quataert 2020; Frost et al. 2022). These systems are detected
as double-lined spectroscopic binaries (SB2s). The (partially or
fully) stripped donor is thermally relaxing, and thus still large
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and over-luminous for its mass. It is typically cooler than an
sdOB star and, due to its slow rotation, can be detected based
on narrow absorption lines in the spectrum. The rapidly rotating
mass gainer is often only detected initially due to OBe-typical
emission lines arising in the circumstellar disk. Recently, three
such systems were reported in the Small Magellanic Cloud
(SMC; Ramachandran et al. 2023, 2024).

Overall, only few post-interaction Be-binary systems have
been detected, and even less have a fully characterized set of
orbital and stellar parameters (see Wang et al. 2023, for an
overview of Be+sdOB binaries). Reasons for this are on the
one hand, it is difficult to identify such systems observationally,
in particular the Be +sdOBs, in which the sdOB components
are optically faint and contribute little to the overall flux (e.g.,
Gotberg et al. 2018). Given their masses below 1 M, they only
induce small radial-velocity (RV) variations on the more massive
Be companion. On the other hand, the Be phenomenon is known
to be transient, with emission lines appearing and disappearing
on timescales of months, years, and decades (e.g., Townsend
et al. 2004), so not all of these objects might show the char-
acteristic OBe emission. Indeed, several binary systems were
reported to contain a recently stripped star, in which the mass
gainer shows no emission lines typical for OBe stars, for example
NGC 1850BHI1 (e.g., Saracino et al. 2022; El-Badry & Burdge
2022; Saracino et al. 2023) and VFTS 291 (Villasefior et al.
2023) in the LMC, and AzV 476 (Pauli et al. 2022) in the SMC.

Observationally, classical OBe stars can be confused with
other objects that have a similar signature but a different physi-
cal nature (e.g., Rivinius et al. 2013). More generally, OBe stars
are defined as OB stars that show (or have shown) emission lines
in their spectra. These include classical OBe stars, but also other
objects such as magnetic stars, interacting binaries with an accre-
tion disk causing the emission (e.g., KiiZ & Harmanec 1975),
supergiants that show emission lines due to their stellar winds,
or young stellar objects.

With a metallicity (Z) of 0.2 solar (e.g., Russell & Dopita
1990), the SMC is a prime target for investigating OBe stars,
as stellar winds are expected to be weaker and stars spin-down
less easily (e.g., Vink et al. 2001; Langer 2012; Smith 2014).
Schootemeijer et al. (2022) reported the SMC to host a higher
fraction of OBe stars (foge ~ 31%) than what is observed in
our Galaxy and the LMC (see also Vieira et al. 2021). The OBe
fractions are especially higher in clusters, reaching ~40% (e.g.,
Grebel et al. 1992; Igbal & Keller 2013). There are also many
BeXRBs in the SMC (Coe & Kirk 2015; Haberl & Sturm 2016;
McBride et al. 2017), outnumbering those reported in the LMC,
despite the LMC having a larger population of (massive) stars
(Antoniou & Zezas 2016).

This paper is part of a series investigating the multiplic-
ity properties of massive stars across the SMC observed in the
Binarity at LOw Metallicity (BLOeM) survey. BLOeM is a
multi-epoch spectroscopic survey of almost 1000 massive stars,
described in detail in Shenar et al. (2024, hereafter Paper I).
Here, we focus on the 82 OBe stars observed in BLOeM. This is
not only the largest homogeneous spectroscopic dataset of OBe
stars, especially at low Z, but also allows for a direct compar-
ison to the BLOeM OB stars. This manuscript is organized as
follows: we briefly summarize the sample selection and observa-
tions in Sect. 2, and describe the RV measurements and binary
classification criteria in Sect. 3. The observed binary fractions of
OBe stars in BLOeM are presented in Sect. 4, and discussed and
compared to other BLOeM subsamples and previous works in
Sect. 5. We summarize the results and conclude with Sect. 6.
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2. BLOeM sample selection and observations

The BLOeM survey uses the FLAMES multi-object instrument
at the VLT in Paranal, Chile, with the GIRAFFE échelle spec-
trograph (Pasquini et al. 2002), allowing for a simultaneous
observation of almost 130 stars per field. Covering eight fields
over the SMC, 929 stars were observed. After ESO Period
P112, nine epochs are available that were taken over the course
of approximately four months (September to December 2023).
Those were spread unevenly, with a minimum time of one day
between the observations, resulting in the eight fields having
different time samplings. Due to technical issues with fibers, a
handful of stars could only be observed four times.

The BLOeM targets are, by design, selected without any
prior knowledge of their types. To ensure the observation of mas-
sive stars, targets are chosen based on their Gaia DR3 (Gaia
Collaboration 2023) magnitudes and colors in comparison to
evolutionary tracks from the extended grid of Schootemeijer
et al. (2019) with mass-dependent overshooting and SMC metal-
licity (described in Appendix B of Hastings et al. 2021). In
particular, objects were selected that should have initial masses
above 8 M, (Fig. 6). Foreground objects were removed based on
their Gaia distances and proper motions. Stars in clusters and
other crowded regions that FLAMES cannot resolve were avoided.
Apart from the technical limitations of the spectrograph and the
fibre allocation (i.e., the minimum distance between two objects
to be able to allocate fibers), only the star’s magnitude and no
additional information went into our target selection.

All observations are reduced, sky corrected and normalized
following the same automated procedure. The final products
after data reduction are 1D normalized, sky-subtracted spectra
covering the wavelength range 3960 to 4565 A for each epoch.
The resolving power of the given FLAMES setup is approximately
6000, and the individual spectra have typical signal-to-noise
ratios (S/Ns) of 50 per pixel, with a few spectra with S/Ns of
only around 25, and others above 100. We refer to Paper I for
a more detailed description of the target selection, the observa-
tions and data reduction, as well as an observing log for each of
the fields.

Here, we focus on the 82 OBe stars in the BLOeM sample of
929 stars in total. The total fraction of OBe stars in BLOeM is
11% (including the extra eight stars with large Ho EWs in Gaia).
Dividing by spectral types, the Oe star fraction is 13% while the
Be fraction is 10%. Their spectral identification is described in
detail in Paper I. In short: they were identified in the BLOeM
sample based on emission lines in their spectra, mainly in the
Balmer lines Hy and Hé (He is at the edge of the wavelength
coverage and often not usable). To cross-check, in Paper I, we
also investigated the Gaia low-resolution spectra for all stars (not
only the ones classified as OBe), which cover the He line that is
commonly the strongest emission line in OBe spectra. Eight non-
supergiant stars have significantly large Ha equivalent widths
(EWs) (indicative of emission, see figure 9 in Paper 1) but do
not show emission in the BLOeM spectra. Given the low num-
ber, and to ensure the usage of a consistent dataset, we here only
investigate the stars identified as OBe stars in BLOeM.

To minimize contamination of the OBe sample, we visu-
ally investigated Digitized Sky Survey (DSS)-red images for
the presence of large-scale nebulosities. The intrinsically narrow
but instrumentally broadened nebular emission lines can mimic
the spectrum of OBe stars in medium-resolution spectroscopy.
Objects in regions with dense nebulosities, or objects that only
show weak, narrow emission lines, were thus classified as con-
taminated by nebulae (“neb”). While some objects might still be

Number of OeBe stars

Spectral type

Fig. 1. Distribution of spectral types in the OBe sample. The color indi-
cates the assigned luminosity class of the stars (‘V’ and ‘IV’ in purple,
‘I’ in violet, ‘II’ in ocher, and stars without classification in gray).

misclassified as OBe stars, others might be missed due to the
transient nature of the Be phenomenon. Our sample of OBe stars
is thus most likely not complete and more OBe stars might be
detected or removed from the sample with more observations,
in particular covering Ha. Because of their rapid rotation and
an infrared excess caused by the cooler circumstellar disk, OBe
stars are known to have redder colors than their OB counterparts.
Given the target selection based on evolutionary tracks, espe-
cially at the faint end of the sample, redder OBe stars were not
observed due to the color cut (see also Appendix C).

Figure 1 provides an overview of the spectral types and lumi-
nosity classes of OBe stars, as reported in Paper I. Most targets
are formally classified as luminosity class II, however, we note
that the luminosity-class definition for OBe stars is generally dif-
ficult as important diagnostic lines are often contaminated, or
even fully dominated by emission infilling. While a majority of
the OBe sample are B-type stars (62 objects), there are also 20
O-type stars in the sample. This number is large compared to the
few Oe stars known in the Galaxy (e.g., in the BeSS database;
Neiner et al. 2011). There seem to be two peaks in the spec-
tral type distribution: one around 09.7, and another one at B2.
While the first peak resembles the one reported by Golden-Marx
et al. (2016) based on the RIOTS survey (Lamb et al. 2016) in the
SMC, the peak in spectral types around B2 agrees with previous
findings of OBe stars (e.g., Neiner et al. 2011), and BeXRBs in
the Galaxy, the SMC and the LMC (e.g., Maravelias et al. 2014).

Two of the targets with the earliest spectral type, BLOeM 2-
104 and BLOeM 4-039, were classified as ‘Of?p’ stars in Paper I
(they appear without luminosity class in Fig. 1). As all Galactic
Of?p stars are strongly magnetic (e.g., Walborn 1972; Nazé et al.
2010; Grunhut et al. 2017; Keszthelyi 2023), they are most likely
not classical OBe stars. They are included in this sample as they
show emission in their spectra, however, they are not included
in the OBe binary statistics (Sect.4.1) and their binary status is
discussed separately. An example single-epoch spectrum of three
OBe stars and one Of?p star is shown in Fig. 2.

3. Binary classification
3.1. Radlal velocity measurement

To assess the radial velocities (RVs) of our OBe sample, we
use the cross-correlation method (CCF; Zucker 2003), which
has previously been applied to OBe stars successfully (e.g.,
Bodensteiner et al. 2020b; Janssens et al. 2023, Janssens et al. in
prep.). We follow a two-step process: first, the highest S/N spec-
trum is used as the CCF template to measure RVs of each epoch.
Each spectrum is then shifted to the same reference frame, and a
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Fig. 2. Spectra of four BLOeM emission-line stars, from top to bottom BLOem 2-104 (an Of?p stars with spectral type 05.5 £? pe), BLOeM 7-038
(with only weak emission infilling in the wings of the Balmer lines), BLOeM 4-002 (a B1.5: e star with broad absorption lines), and BLOeM 7-082
(a B2 e+ star with narrow absorption lines and strong double-peaked Balmer emission).

new co-added template spectrum is produced. In a second step,
this higher-S/N template is used as new template for the CCF.
The measured RVs are thus not absolute RVs, but relative to the
template spectrum, which differs from object to object. Patrick
et al. (2025) investigate the overall stability of the wavelength
calibration in the BLOeM dataset using the late-type supergiants,
which provide a large number of spectral lines for accurate RV
determination. They find it to be stable within a few tens of
kms~!, which is lower than typical errors measured for the OBe
stars.

One assumption of the CCF is that the spectra show no
intrinsic variability apart from a shift in wavelength. While the
photospheric absorption lines might be impacted by intrinsic
stellar variability such as pulsations (see review by Bowman
2020), the emission lines in OBe stars trace disk variability. In
case of variability of the star or the disk, the formal errors on
the RVs measured may be underestimated (Janssens et al., in
prep.). One object, namely BLOeM 6-034, shows clear signa-
tures of being an SB2. Because of the large changes in the line
shape, the CCF is not reliable and we measure the RVs by simul-
taneously fitting two Gaussian profiles to the spectra (see e.g.,
Sana et al. 2013). More information about this target is given in
Appendix E.

Generally, we employ two sets of spectral lines: first, we
use all available absorption lines that are not impacted by emis-
sion. As the affected lines and the degree of infilling varies from
star to star, we visually inspect the individual spectra and select
emission-free lines. The main lines used here are Hel lines at
24009, 4026, 4121, 4144, 4388, and 4471 A. For the O- and BO
stars, we also use the He1I lines at 144200 and 4542 A (which
are generally the least affected by the disk). In most stars, metal
lines are too weak to provide reliable constraints. One exception
is BLOeM 5-071, for which we measure RVs from the strong,
narrow Si IV absorption line at A 4088 A.

Secondly, we use Balmer emission lines (mainly Hy, but
sometimes also Ho) to independently constrain the RVs of all
objects with significant emission. Those measurements likely
suffer from larger uncertainties as emission lines are intrinsi-
cally variable, which is not taken into account by the CCF. Still
the emission lines have important advantages. The profiles are
sharper, and generally have a higher S/N compared to the broad,
shallow absorption lines. They are also less susceptible to stel-
lar pulsations. In classical OBe stars, emission lines are thought
to arise in the circumstellar disk. They thus trace the motion
of the star generating the disk and help determine whether the
absorption lines in the spectra are formed in the same star. In
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particular in Be binaries with recently stripped companions (see
Sect. 1), the emission lines commonly do not follow the nar-
row absorption lines, indicating that there are two luminous stars
present.

3.2. Binary criteria

To distinguish binaries from RV-stable objects in a homogeneous
way, we use the same binary criteria recently applied to mas-
sive stars in the literature (e.g., Sana et al. 2013; Dunstall et al.
2015; Bodensteiner et al. 2020a; Banyard et al. 2022; Mahy et al.
2022). To be classified as binary, at least two individual epochs
i and j have to simultaneously satisfy the following two crite-
ria: 1) the difference in RVs measured in the two epochs (ARV;;)
must exceed 40ry;;, and 2) the RV variation ARV;; must exceed
a given threshold RV;;. Following previous works, and to be
consistent with the analysis of O- and B-type stars in BLOeM
(see Sana et al. 2025; Villaseiior et al. 2025), we choose a con-
servative threshold value of 20 km s~!. This criterion is designed
to minimize contamination by objects that appear RV variable
due to other causes like stellar winds or pulsations. Stars that
do not fulfill both criteria are classified as RV-stable (referred
apparently single below). Those could either be truly single, or
they are undetected binaries with either longer periods than the
observing campaign, high eccentricity, or RV variations below
the threshold of 20kms™' including RV variables seen near
pole-on. Indeed, several Galactic Be binaries with stripped com-
panions have RV amplitudes below this conservative threshold
(see e.g., Wang et al. 2023, for a recent compilation).

Adopting different values RV, we find that the observed
binary fraction does not strongly depend on the chosen
RV,;=20kms~' (Appendix A). OBe stars might be more likely
to exceed this simple threshold as they to pulsate (e.g., Rivinius
et al. 2013; Labadie-Bartz et al. 2022). This can cause line pro-
file variations and mimic RV shifts of typically up to 20kms™".
We thus carefully inspect all measured RVs visually and search
for indications of line-profile variability typical of pulsations
(where, usually, the core of the line is variable, but the wings
are stable, Aerts et al. 2009) and flag uncertain cases as such.

3.3. Double-lined spectroscopic binaries

In addition to the aforementioned binary criteria, we visually
inspect the spectra and measured RVs for SB2 signatures. SB2s
are usually defined as stars where two stellar components are
visible in the spectra that move in antiphase with each other.
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BLOeM 6-034 (also fulfilling both RV criteria) is the only object
that clearly shows this.

Six additional objects show a similar signature. Their absorp-
tion lines move in antiphase with the emission lines while no
second stellar component can be discerned. As the emission
lines in antiphase indirectly indicate the presence of a sec-
ondary, we soften the standard SB2 definition and classify those
as such. Two of them (BLOeM 3-031 and BLOeM 5-071) were
already detected as SB2 in Paper I. Five of the six targets also
fulfill both binary criteria, while BLOeM 2-111 is only classi-
fied as binary because of the SB2 classification (the measured
ARV o = 7 + 3kms™! is below the threshold).

3.4. Additional data

Binaries can be classified by means other than spectroscopy.
Paper I provides a cross-match of the BLOeM dataset with the
OGLE catalog of photometrically variable stars for the SMC
(Pawlak et al. 2016), indicating eclipsing binaries (EB) and ellip-
soidal variables, as well as with common X-ray catalogs. Here,
we discuss the OBe stars among those.

Three stars (BLOeM 3-018, BLOeM 3-031, BLOeM 6-034)
are detected as eclipsing binaries in Pawlak et al. (2016). Accord-
ing to the OGLE catalog, BLOeM 3-018 (OGLE-SMC-ECL-
6595) shows ellipsoidal variability with a period of 1.44d. We
classify it as RV-stable in BLOeM (neither of the two crite-
ria are fulfilled), which could be the case if the two sets of
spectral lines never deblend. We thus consider it as apparently
single in the following. BLOeM 3-031 (OGLE-SMC-ECL-1232)
and BLOeM 6-034 (OGLE-SMC-ECL-5838) are classified as
“detached or semi-detached” systems with periods of 4.37 d and
6.43d, respectively. Using the OGLE orbital parameters, and
estimating the RV semi-amplitudes from the BLOeM data, we
find that the RVs of BLOeM 3-031 match the OGLE orbit. For
BLOeM 6-034, we find a decent match assuming half the OGLE
period (see Appendix B). The short periods as well as the light
curves illustrate that both systems are most likely semi-detached,
interacting binaries and not classical OBe stars. They will thus
be removed from the OBe binary fraction.

In Paper I, we also cross-matched the BLOeM tar-
gets with several catalogs of known X-Ray sources. Four
OBe stars (BLOeM 2-055, BLOeM 2-082, BLOeM 4-026, and
BLOeM 4-113) spatially coincide with high-mass X-Ray binaries
(HMXBs), making them potential BeXRBs. Only BLOeM 2-082
fulfills both binary criteria and is classified as binary. BLOeM 4-
113 is classified as candidate binary as the measured RVs do not
exceed the 20kms™! threshold. BLOeM 2-055 and BLOeM 4-
026 show no statistically significant RV wvariations, and are
classified as RV-stable. For now, we stick with the BLOeM bina-
rity classification of these objects, and only count BLOeM 2-082
as binary in the binary fraction (see below).

4. Results

In the previous section, we investigated the binary properties of
all 82 OBe stars based on their RV variations, including addi-
tional data when available. We discuss the individual (candidate)
binaries and give their RV curves and spectra at RV extremes in
Appendices E and F. In the upcoming section, we provide the
binary statistics of the 78 stars still counting as classical OBe
stars, setting aside the two Of?p stars (both with stable RVs) as
well as the two stars classified as semi-detached systems based
on OGLE photometry and RV behavior.
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Fig. 3. Maximum RV amplitude for all sample stars, with a zoom-in
around lower RVs. Apparently single stars are shown in blue, binary
candidates in green and binaries in yellow. Also indicated are the two
Of?p stars (dark blue) and the two interacting binaries (orange). Both
components of the SB2 BLOeM 6-034 are included. Our RV threshold
RV = 20kms™! is given by red dotted lines.

4.1. OBe binary fraction

Based on the introduced binary classification, we detect 14 bina-
ries (13 from the RV criteria, and one SB2) among the 78
remaining OBe stars. We further find 11 candidate binaries that
fulfill one of the two criteria, and passed our visual inspection
as potential binaries. The remaining 53 stars are found to be RV
stable and will be referred to as apparently single. The observed
binary fraction of the OBe sample is ff))b]z’e = 0.18 = 0.04, with
the error given from binomial statistics.

Among the 14 systems classified as binaries, we find differ-
ent behaviors of absorption and emission lines. In two objects,
(BLOeM 1-040 and BLOeM 2-109), the emission and absorp-
tion lines follow a similar RV trend and no other component
is visible (making them SBls). In three objects, the emis-
sion lines remain stationary (BLOeM 5-069, BLOeM 5-071,
BLOeM 7-013), while in four objects they appear to move in
antiphase to the absorption lines (BLOeM 1-113, BLOeM 2-021,
BLOeM 2-111, BLOeM 7-082). Four objects show no clear trend
(BLOeM 2-066, BLOeM 2-082, BLOeM 6-001, BLOeM 7-045).
In one object (BLOeM 7-114), the Balmer emission was too
weak to measure RVs from the emission lines and only the
absorption-line measurement is available. We discuss potential
natures of these objects in Sect. 4.2.

Eleven additional objects are classified as candidate bina-
ries. Either their maximum RV amplitudes are just below the
20kms~! threshold but showed a continuous trend over time
(as expected in a binary system, e.g., BLOeM 5-035), or a pair
of RVs satisfies both aforementioned criteria but visual inspec-
tion raised doubts that the object is indeed a binary system
(e.g., BLOeM 8-059). Additionally, in some cases, the binary
status is only indicated by the RVs measured from the emis-
sion lines, while the absorption lines show no significant signal
(e.g., BLOeM 4-113). The extra observations that will be secured
with BLOeM will help classify these uncertain cases. Assuming
all these candidates are indeed binaries increases the observed
binary fraction to £f35¢ = =0.32 + 0.05.

The measured maximum RV amplitudes of all objects are
shown in Fig. 3, also indicating the binary classification. Here,
we also include the two Of7p stars, and the two objects classified
as interacting binaries (for the SB2, we provide RVs for the

A38, page 5 of 13


10.5281/zenodo.14679548
10.5281/zenodo.14679548

Bodensteiner, J., et al.: A&A, 698, A38 (2025)

-71.72 of?p _
app. single
-72.02 candidate
binary %
interacting &4
— -72.31
=
i<l
® -72.6
£
S
a
-72.9
-73.19
-73.49

12.83

20.11 18.9 17.68 16.47 15.25 14.04

Right ascension [°]

11.61

Fig. 4. Location of detected binaries (yellow stars), binary candidates
(green diamonds), and apparently single stars (blue circles) across the
eight fields (dotted orange circles). Also indicated are the two Of?p stars
(dark blue circles) and the two interacting binaries (orange stars). The
background is a false-color (Y-J-Ks) image from VISTA (ESO/VISTA
VMC, Cioni et al. 2011).

primary and secondary), one of which stands out immediately
due to the very high maximum RV amplitude of over 500 kms™!
(BLOeM 3-031). Similarly, with an RV amplitude of roughly
175kms~! BLOeM 5-071 stands out, which is another poten-
tial SB2 system. The other stars classified as binaries show
RV amplitudes ARV ., between 20km s~ (by definition) and
65kms~!. The binary candidates have maximum RV amplitudes
between 10 and 35kms~!, with the low-amplitudes ones being
classified as candidates due to a binary-like RV curve. Apart
from one clear outlier (with ARV, ,x > 65kms™"), the maxi-
mum RV amplitudes of the stars classified as “RV constant” peak
around 10 km s~! with a few objects having RV amplitudes up to
40kms~!. These have noisy spectra and typically broad absorp-
tion lines, and thus the measured RVs have large error bars on
the order of the RV differences. They do not fulfill the signif-
icance criterion and show no trend that might indicate binarity.
Some objects show RV variations below 5 km s~!, indicating that
they are stable in terms of RVs but also show no other strong
variability caused, for example, by pulsations.

Figure 4 shows the distribution of binaries and binary candi-
dates over the different fields in the SMC. Overall, field 6 has a
surprisingly low number of OBe stars, one of which is the inter-
acting binary BLOeM 6-034. While most binaries are detected
in fields 2 and 7, the only binary detected in field 3 is the second
interacting binary. Given the overall low number of objects per
field, however, the error bars on the respective binary fractions
are large and no clear spatial trend across the SMC can be seen.
We will re-investigate potential spatial differences, which might
also be rooted in a difference in stellar masses and ages across
the fields, in future work.

Figure 5 shows the distribution of spectral types of the sam-
ple, now classified as apparently single, candidates binaries and
binaries, with the two interacting binaries and Of?p stars also
indicated. It illustrates that binaries are detected among both Oe
and Be stars, with observed binary fractions of fgfs =022 +
0.10 and fftfs =0.17 + 0.05, respectively. Those agree within the
errors. As the Oe sample is relatively small (only 18 objects) the
binomial uncertainty is fairly large. Notably, there are no bina-
ries detected among the earliest spectral types (two of which
are the Of?p stars). As the star with the latest spectral type,
BLOeM 2-097 (BS1I:e), is classified as candidate binary, the
spectral classification might be affected.

A38, page 6 of 13

257 interacting

=

[ binary

201 (@ candidate 5
I apparently single

EE Of?p

15 4

Number of stars

m < 0
m oo

05.5
06
06.5
o7
08
08.5
09
09.2
09.5
09.7

S NN oo
D5 smgm
m o o

Spectral type

Fig. 5. Binary statistics as a function of spectral type (see also Fig. 1).
The color coding is the same as in Fig. 4.

10— T T T T
BLOeM
o Of7p Mini =24.0M 4
11 . E
@ apparently single
¢ candidate
12+ ¥ Dbinary Mini =13.8M 4]
Y interacting
g 13k L o ° ]
= . o, ° e
© 7. o %P =
14t /e 6® & ° 0" M= 7.9M o
(2 S o % ° .
L RS % &
[ 7 .%k.%% %. 3
15F [ e® * ]
| ‘o * °e
7 LR X
f o
16 of P A ]
o1 et . . .
-0.4 -0.2 0.0 0.2 0.4
BP-RP [mag]
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Figure 6 shows the location of the OBe sample and the stars
classified as binary, candidate binary, and RV constant, in the
color-magnitude diagram (CMD) constructed from Gaia BP-
RP colors and G-band magnitudes (Gaia Collaboration 2023).
Overlaid are single-star evolutionary tracks from Schootemeijer
et al. (2019) and adapted by Hastings et al. (2021), adjusted
for the SMC distance (62 kpc; Graczyk et al. 2020) and aver-
age extinction (assuming a reddening of Egp_gp = 0.14 mag and
an extinction of Ag = 0.28 mag, Schootemeijer et al. 2021). In
general, OBe stars mostly avoid the region around the zero-
age-main-sequence (ZAMS) and are located toward or beyond
the terminal-age main-sequence compared to the evolutionary
tracks. Compared to the overall BLOeM sample, they are redder
than their non-emission counterparts, which could be caused by
a combination of the rapid rotation and a contribution of their
cooler disks. Fig. 6 further shows that detected binaries and can-
didates are generally spread across the entire region populated
by OBe stars in terms of color and brightness. However, there is
a notable lack of detected binaries among the most massive stars
in the sample, corresponding to the earliest spectral types.

4.2. Potential nature of detected binaries

As mentioned in Sect. 4.1, part of our detected OBe binaries have
an SB1 signature, in which absorption and emission lines follow
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the same RV trend (BLOeM 1-040 and BLOeM 2-109). In other
systems, the absorption lines move in antiphase with the emis-
sion lines (four objects), or the emission lines appear stationary
over moving absorption lines (three objects). We assign these
three possibilities as Class 1, 2 and 3, respectively, and discuss
them here in more detail.

Class 1 — SB1 OBe binaries: In the systems classified as
SB1 (BLOeM 1-040 and BLOeM 2-109), the emission traces the
absorption lines and no additional component is visible. We pos-
tulate that the double-peaked emission arises in a circumstellar
disk around the same object that produces the absorption lines,
the OBe star. The companion could be a low-mass MS star, or
an optically faint object, such as a stripped star, a NS, or a black
hole (BH). While unlikely, is can currently also not be excluded
that the companion is a similarly bright, rapid rotator with broad
lines difficult to discern in the complicated spectra. Both systems
show RV variability with timescales on the order of the observ-
ing period, that is around two months. To explain the relatively
large RV amplitudes with such an orbital period, in particular
in the case of BLOeM 2-109, a fairly massive object must be
present.

Class 2 — SB2 OBe + absorption-line companions: In four
objects, namely BLOeM 1-113, BLOeM 2-021, BLOeM 2-111,
and BLOeM 7-082, we find that the absorption and emission
lines move in antiphase with each other. Such a signature
can have two potential causes. The emission lines could be
stationary, and the moving absorption lines can induce an appar-
ent motion of the emission lines (Abdul-Masih et al. 2020;
El-Badry & Quataert 2020). A stationary emission line could for
example be caused by a nebulosity or a circumbinary disk (which
has so far not been detected in massive binary systems, and is
most likely hard to sustain in massive binaries, Izzard & Jermyn
2023). Furthermore, the large RV amplitudes measured in those
systems make this an unlikely interpretation. The same signa-
ture can also arise when two stars, causing the absorption and
emission lines, are truly moving in antiphase. These again can be
subdivided into two separate cases: those containing “true” clas-
sical OBe stars, and those containing other emission-line objects.
The latter could for example be interacting binary systems such
as the two interacting binaries detected here in BLOeM, where
the emission arises in a disk around the accreting star. Such
objects can be misclassified as OBe stars, and are usually short-
period systems that show a photometric signature of binarity as
well (Waelkens 1991), similar to BLOeM 3-031 and BLOeM 6-
034. On the other hand, systems with antiphase RVs could
contain classical OBe stars with a luminous companion. The sys-
tems could either be pre-interaction binaries with OBe stars and
MS companions, which so far have not been detected. In this case
the OBe stars would be formed through a single-star channel.
Alternatively, they could be post-interaction binaries in which
both the mass gainer (the OBe component) and the stripped mass
donor, are similarly bright (see below). The determination of the
orbital period of these systems will help in understanding their
nature, especially if they contain a classical OBe star or not.

Class 3 — stationary emission + absorption-line binary:
In three objects (BLOeM 5-069, BLOeM 5-071, BLOeM 7-013),
the absorption lines show large RV amplitudes as in an SB1
binary, while the emission lines are basically stationary. In
BLOeM 5-071, the narrow absorption lines move with large
RV amplitudes of ARV ,x ~ 175km s~1. In BLOeM 5-069, the
emission component is difficult to measure as there is a cen-
tral narrow absorption component which could indicate an OBe
star viewed edge-on. Those systems also show the signature of
two individual components, a star as well as a potential disk. A

similar signature was recently observed in post-interaction bina-
ries just after mass transfer such as LB-1 and HR 6819 (e.g.,
Abdul-Masih et al. 2020; Shenar et al. 2020; Bodensteiner et al.
2020b; El-Badry & Quataert 2020). This initially led to their
mis-classification as systems containing BHs. Contrary, such a
signature could be caused by a truly stationary emission source
such as a nebulosity, a circumbinary disk, or a massive unseen
object like a BH surrounded by an accretion disk (as the initial
interpretation of LB-1 proposed). The analysis of future epochs
will tell if the emission lines are indeed stationary, shedding light
on their nature.

5. Discussion
5.1. Observational biases

The observed binary fraction of a population of stars can in prin-
ciple be corrected for observational biases to obtain an intrinsic,
bias corrected fraction (see e.g., Sana et al. 2012; Sana et al.
2013; Kiminki & Kobulnicky 2012). This requires knowledge
of the expected distribution of orbital parameters of the binary
systems (most importantly the periods and mass ratios) or these
need to be constrained simultaneously during the bias correc-
tion process. Given that these distributions were measured for
pre-interaction systems and might be mass and metallicity inde-
pendent (see e.g., Almeida et al. 2017; Villasefior et al. 2021;
Banyard et al. 2022), populations of pre-interaction binaries
such as the OB stars in BLOeM can be corrected for observa-
tional biases in a straight-forward manner (see Sana et al. 2025;
Villasefior et al. 2025).

OBe stars, however, are interpreted as a population dom-
inated by binary interaction products. Therefore, the pre-
interaction distributions usually used in the bias correction are
not valid here. The distributions of periods and mass ratios
for post-interaction systems are not observationally constrained
(yet). One possibility would be to use binary population syn-
thesis models starting from the observed pre-interaction binaries
and computing their evolution. However, there are still many
uncertainties in the binary interaction physics, the assumption on
supernova kicks, as well as which simulated stars would appear
as OBe stars observationally. This implies that the simulations
should be treated with great care and we therefore refrain from
providing a formal bias correction here.

To nevertheless evaluate the types of binary systems that
would be detectable, we simulate the detection probability of
the BLOeM OBe survey for an illustrative 10 My Be primary
and a range of orbital periods (P) from 1 day to ~ 10 years and
mass ratios (g = M,/Mg.) from 0.01 to 1. We simulate 10 000
BLOeM-like observing campaigns of Be stars. We randomly
draw the eccentricity of the system from a flat eccentricity dis-
tribution between 0 and 0.9, assume a random orientation of the
orbit in 3D space, and adopt a random time of periastron passage.
We further assume typical errors of 5 kms~' and adopt the tem-
poral sampling of the observations of OBe stars in BLOeM. We
finally adopt the same binary detection criteria as described in
Sect. 3 and evaluate the detection probability in the P — g plane.

The results in Fig. 7 are independent of the underlying distri-
butions of periods and mass-ratios and only weakly depend on
assumptions on the eccentricity (e.g., Sana et al. 2013). Here,
we also show known detected OBe binaries. Those include
systems with sdOB companions, which are mostly detected
and characterised using far-UV spectroscopy (see Wang et al.
2023, for a recent overview) or interferometry (Klement et al.
2024). We also include so-called y Cas-like binaries listed in
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Fig. 7. Binary detection probability pgeece as a function of period and
mass ratio for a 10 M Be star. Overplotted are OBe binaries with
known periods and mass ratios from Klement et al. (2024) and Wang
et al. (2023, Be+sdOBs in orange and Be binaries with companions of
uncertain or debated nature in yellow), and recently stripped stars from
Shenar et al. (2020), Bodensteiner et al. (2020b), Pauli et al. (2022)
and Ramachandran et al. (2024). Overplotted are also lines for potential
Be+NS binaries (assuming NS masses between 1.4 and 3 M,,), and a Be
binary with an 8 M, BH companion.

Wang et al. (2023) for which the nature of the companion is
still debated (see also Nazé et al. 2022). Finally, we plot OBe
binaries with recently stripped companions: LB-1 (Shenar et al.
2020), HR 6819 (Bodensteiner et al. 2020b), two systems from
Ramachandran et al. (2024, namely 2dFS 2553 and Sk -71 35),
and AzV 476 from Pauli et al. (2022). Also indicated are the
mass ratio range covered by typical Be+NS systems, assuming
a 10 My Be star and NS companion masses between 1.4 and
3.0 My, and a 10 M, Be star with a BH companion of 8 M.

The simulations in Fig. 7 show that our observational setup is
sensitive to short-period systems of almost all mass ratios up to
observing periods of about 3 months (approx. the duration of the
observing campaign). It drops strongly for longer periods, and
most systems with periods above 300d would not be detected
with the given setup. While the detection probability does not
vary strongly with mass ratio above g = 0.2 in this period range,
small mass ratios (¢ < 0.05) are unlikely to be detected at any
period due to the low reflex motion induced on the Be star. We
repeated the same simulations for a 7M, primary Be star and find
similar results. This is to be expected as they are not sensitive to
the assumed primary mass (but on the mass ratio).

This numerical experiment demonstrates that the current
observational campaign would have allowed us to detect
OBe+MS binaries with mass ratios above 0.2 and periods below
100 days. Those are expected to exist abundantly if OBe stars had
similar binary properties than OB-type stars (see also next sec-
tion). Furthermore, OBe binaries with BH companions, which
are predicted by binary population synthesis based on dense
grids of detailed binary evolution models (e.g., Langer et al.
2020, Xu et al. in prep.) would have been detected. Their lower-
mass counterparts, NS companions, can be detected with a
probability >90% if their periods are below ~30 days. NS bina-
ries with longer periods are unlikely detected as such, which
can explain why two HMXBs appear as apparently single stars
based on our RV campaign. Systems with even lower mass ratios,
like sdOB or white dwarf binaries, cannot be detected with the
given setup. The overall low observed binary fraction of the OBe
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sample thus indicates that there are few OBe+MS systems, and
suggests that OBe stars mostly have stripped companions (see
e.g., Wang et al. 2024). Some of the binary systems detected
here, in particular the SBls, may be OBe+NS or OBe+BH
systems.

As mentioned in Sect. 2, we recall here that our sample of
OBe stars is incomplete. First, as described in Paper I, given
the observing strategy, the overall sample is incomplete in terms
of massive stars. Notably, already the avoidance of crowded
regions leads to missing many OBe objects: Dufton et al. (2019)
report the presence of 73 Be stars in NGC 346 that could not
be observed in BLOeM. Secondly, given the lack of the Ha line
in our observing range, which is usually the strongest emission
line in OBe stars, stars with the weakest emission are potentially
not identified as such in our sample. Thirdly, the transient nature
of the Be phenomenon and the short time span covered by the
observations lead to an additional incompleteness. On the other
hand, several objects might be classified as OBe stars here, even
if they are not classical OBe stars by nature.

5.2. Comparison to OB stars in BLOeM

The BLOeM survey allows for a direct comparison of the
observed binary properties of OBe to OB stars. In particular,
these objects are in the same environment, were observed with
the same observational setup and timing, and the data were ana-
lyzed in a similar way. These alleviate some of the common
uncertainties when comparing observed properties of OBe stars
with other objects, derived using different observing setups or
techniques, or targeting stars located in different environments.

The RV analysis of the 139 O-type stars in BLOeM yields an
observed binary fraction of fgbs = 0.45 £ 0.04 (Sana et al. 2025).
The observed binary fraction measured in the 311 early B-type
stars with luminosity classes III-V, similar to the stars in this
sample, is fg’bs = 0.50 = 0.03 (Villaseiior et al. 2025), and thus
agrees with the O-star measurement. The binary fraction of the
78 classical OBe stars of f(o)b]ze = 0.18 £ 0.04 is less than half the
value measured in OB stars, and thus differs significantly. Even
when including all potential candidates (Sect. 4.1), the observed
binary fraction of OBe stars of f?&ican ¢ = 0.32 £ 0.04 remains
significantly below that of OB stars.

Also the number of SB2s, which are in most cases pre-
interaction binaries (de Mink et al. 2014), detected among the
OBe stars is much lower than for OB stars. Among the O stars,
22 out of 139 objects were classified as SB2, which is 0.16 + 0.03
of the sample (Sana et al. 2025). Among the B stars, the SB2
fraction is 0.19 + 0.02 (59 out of 309, Villasefior et al. 2025).
In the OBe sample, we find that seven of the 78 systems, that
is 0.09 + 0.03, show an SB2-like signature, much lower than the
fraction in OB stars. We have softened the SB2 definition here, as
we include systems where absorption and emission lines move in
antiphase, indicating the presence of a companion star that is sur-
rounded by a circumstellar disk, which is not directly detected.
Some of those could also be interacting binaries like BLOeM 3-
031 and BLOeM 6-034, and thus no classical OBe stars at all,
further reducing the number SB2s.

As discussed in Sect.3.2, the spectra of OBe stars are
impacted by additional variability, which might lead to a mis-
classification of stable objects as binaries. Contrary, stellar
variability could also mask the presence of binary companions,
although only the ones with weak signatures. Obvious bina-
ries — those with similar masses, short periods and large RV
amplitudes — should have been detected among the OBe stars.
Here, however, we find that the observed binary fraction and the
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number of detected SB2s in OBe stars are significantly lower
than the ones measured for their OB counterparts. This implies
that the underlying multiplicity properties of OBe stars are dif-
ferent (likely longer orbital periods, or smaller mass ratios, or
dimmer companions as would be expected if they are of a dif-
ferent nature than in OB+MS binaries). This is expected if OBe
stars are indeed the products of binary interactions.

5.3. Comparison to OBe stars in the SMC

The Runaways and Isolated O-Type Star Spectroscopic Survey of
the SMC (RIOTS4, Lamb et al. 2016) targeted almost 400 iso-
lated early-type stars with single- or multi-epoch spectroscopy
(the latter for less than 10% of the sample), and found that 42%
of their stars are classical OBe stars (Lamb et al. 2016). In par-
ticular, they find a large fraction of classical Oe stars, an order
of magnitude higher than reported in the Galaxy (Golden-Marx
et al. 2016). Dallas et al. (2022) and Phillips et al. (2024) find
that OBe stars are more isolated than OB stars, and that their
spatial distribution and kinematics is similar to HMXBs. This
leads them to interpret OBe stars as likely interaction products.

Only ten targets are in common between RIOTS4 and the
OBe sample of BLOeM. The derived spectral types largely agree
within one subtype. One object (BLOeM 7-051) did not show
emission in RIOTS4 but appears as Be star in BLOeM. Only
one BLOeM object (BLOeM 2-082) was included in the multi-
epoch monitoring of RIOTS4. Based on four available epochs,
it was classified as binary in RIOTS4 (Lamb et al. 2016), and is
also classified as binary in BLOeM.

Due to technical limitations, the BLOeM survey avoids the
dense cores of star clusters, mainly the young cluster NGC 346
with an age below 5 Myr (e.g., Sabbi et al. 2008), and NGC 330
with a age of about 45 Myr (Patrick et al. 2020). Those harbour
many massive stars,in particular also OBe stars (e.g., Dufton
et al. 2019; Milone et al. 2018; Bodensteiner et al. 2020a), and
both were targeted by spectroscopic studies recently.

Dufton et al. (2019) provided a stellar census of NGC 346
based on VLT/FLAMES data of over 250 O- and early-B stars,
detecting 70 Be stars among them. The Be star fraction of 0.27 +
0.03 is thus larger than the one in BLOeM (which amounts to
approximately 11%, Shenar et al. 2024). This might be linked to
the selection of targets and the incompleteness of the BLOeM
OBe sample discussed in Sect.2. Given that only two to four
epochs spanning 40 days or less were available, the detection
probability for binaries is low, and no binary fraction for OBe
stars was provided (see Dufton et al. 2022).

NGC 330 was studied based on six epochs obtained over the
course of approximately 1.5 years with the integral-field spec-
trograph MUSE at the VLT (Bodensteiner et al. 2020a, 2021,
2023). While covering practically the entire optical wavelength
range, MUSE only provides a spectral resolving power between
1700 and 4000, much lower than the FLAMES data used here.
Given the age of the cluster, almost no O-type stars are present
anymore. Among the roughly 330 B-type stars, 115 show emis-
sion lines typical of Be stars, resulting in a Be fraction of fg, =
0.35 + 0.03, similar to the one measured in NGC 346. Adopting
the same binary criteria invoked here, Bodensteiner et al. (2021)
derived an observed binary fraction of the Be sample of only
ffgs = 7.5 +2.7%. This is even lower than the fraction derived
here, and could be linked to the lower binary detection probabil-
ity in NGC 330, that comes from the lower resolving power and
fewer epochs available. Still, obvious binary systems with large
RV amplitudes should have been detected.

5.4. Comparison to HMXBs in the SMC

The SMC is known for its large number of HMXBs, in particular
BeXRBs (e.g., Coe & Kirk 2015; Antoniou et al. 2019). However,
none of the BeXRBs in Coe & Kirk (2015) and only three sources
in Antoniou et al. (2019) overlap with our OBe sample. In addi-
tion to those three sources, there is one more HMXBs from other
X-ray catalogs (e.g., Evans et al. 2010; Sturm et al. 2013). Only
one of those four XRBs are detected as binary in BLOeM, and
an additional one as candidate binary (the measured ARV .«
does not exceed 20km s™!). If the other two objects are indeed
BeXRBs, and not chance alignments between the optical and the
X-ray source positions, their companions are most likely lower-
mass NSs, or their periods would be longer than the current
observing campaign.

Overall, most HMXBs listed in the catalog by Antoniou et al.
(2019) and the BeXRBs from Coe & Kirk (2015) are significantly
fainter and redder than the majority of the BLOeM sample. Their
redder colors place them mostly beyond our color cut based on
the 8 M, evolutionary track employed in the target selection. This
color bias particularly affects the faint end of the BLOeM sam-
ple. This is illustrated in Appendix C, where we compare the
samples by Antoniou et al. (2019) and Coe & Kirk (2015) with
the BLOeM sample. It demonstrates again the incompleteness of
the BLOeM survey for faint, red Be stars, and explains the over-
all small number of BeXRBs in this large sample of classical
OBe stars.

6. Conclusion

In this study, we investigate the binary properties of 82 OBe
stars observed in the context of the BLOeM survey. We mea-
sured RVs using the CCF technique in nine epochs obtained over
the course of almost three months with the FLAMES multi-object
spectrograph at the VLT, and searched for RV variations. Both
the stellar absorption lines and the emission lines characteris-
tic of these types of objects are investigated. All spectra were
visually inspected for signatures of SB2s.

After excluding two Of?p stars and two interacting binaries,
we detect fourteen binaries among our 78 Be objects as well
as eleven candidate binaries. Considering only the robust detec-
tions, we measure an observed binary fraction of the OBe sample
in BLOeM of fé)b]ze = 0.18 + 0.04, which is less than half of the
observed binary fraction measured for the O and the B stars in
BLOeM (Sana et al. 2025; Villasefor et al. 2025). An estimate
of the detection probability of our campaign shows that systems
with periods below 100 d and mass ratios above 0.2 would most
likely have been detected. The lower binary fraction among OBe
stars relative to OB stars is most likely easily explained when
assuming OBe stars are post-interaction products.

In some binaries, the RVs measured from emission lines fol-
low the absorption lines, while in others, there seems to be an
antiphase motion, or the emission lines appear stationary (see
Sect. 4.2). These different signatures imply different properties
of the companions. When following the same trend, the emis-
sion and absorption lines arise from the same object, and the
companion is not detected in the optical. Those could be systems
with massive compact object companions, or rapidly rotating
MS stars. When moving in antiphase, two visible components
are present, a star and the source of the emission lines, which
might be an accretion or decretion disk around another star, or
a stationary component that could arise from material located
around the binary system (a circumbinary disk, or a nebulos-
ity). Those systems could thus either be currently interacting
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binaries, or recently stripped stars with OBe companions, in
which the stripped star is still puffed-up and bright.

Our observing campaign is most sensitive to detecting bina-
ries with periods below 100d and mass ratios above 0.1. In
particular the mass-ratio sensitivity implies that OBe stars with
stripped stars or neutron-star companions, that would invoke
only small semi-amplitudes in the OBe stars, would mostly
appear as apparently single with the given setup. Contrary, we
would have detected systems with similar mass-ratio compan-
ions in the aforementioned period range. Given the masses
considered here, those could either be BHs or massive MS stars.
The former are predicted to exist by populations synthesis calcu-
lations (e.g., Langer et al. 2020), but are not observed here. The
lack of the latter illustrates again the previously reported lack of
OBe stars with MS companions.

The additional 16 epochs obtained in the BLOeM survey will
allow further constraints on the nature of our detected binaries,
particularly the nature of the companions that could either be
MS objects (if OBe stars could form as single stars), stripped
stars or compact objects. The new observations, which in total
cover two years of observing time, will also allow us to detect
more Be binaries, especially objects with much longer periods.
Detecting additional OBe binaries and constraining their orbital
and physical parameters is crucial to further constrain the evolu-
tionary origin of classical OBe stars. If at least part of them turn
out to be products of binary interactions, the characterization of
additional systems will allow for direct constraints on the physics
of the interaction that such systems experienced.

Data availability

Tables C.1 and C.2 are available in electronic form at
the CDS via anonymous ftp cdsarc.cds.unistra.fr
(130.79.128.5) or via https://cdsarc.cds.unistra.
fr/viz-bin/cat/]/A+A/698/A38. Appendices D, E and
F are available via https://doi.org/10.5281/zenodo.
14679548
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Fig. A.1: Observed binary fraction as a function of critical RV threshold
value RV The adopted value of 20kms™' is indicated by the blue
vertical line.

Appendix A: Dependence on the adopted RV
threshold

Here, we investigate the impact of the adopted critical RV thresh-
old in the binary criteria on the observed binary fraction. For
this, we vary the threshold between 1 and 50km s~!, and for each
threshold value, compute the observed binary fraction accord-
ing to the criteria laid out in Sect.3.2. Fig. A.1 shows that the
observed binary fraction is consistent within the errors between
threshold values of approximately 16 and almost 40kms~!, and
thus not strongly sensitive to the exact value. The observed
binary fraction never drops to zero as clear SB2s are flagged as
such and always count in the binary fraction, even if they do not
fulfill both criteria.

Appendix B: Orbits for OGLE-variable stars

Three OBe stars are classified as photometrically variable stars
in OGLE (Pawlak et al. 2016), namely BLOeM 3-018, BLOeM 3-
031, and BLOeM 6-034. BLOeM 3-018 is classified as ellipsoidal
variable with a period of 1.44d, but is not detected as binary in
BLOeM. We leave its analysis to the availability of additional
spectroscopic epochs.

BLOeM 3-031, and BLOeM6-034 are classified as
“detached or semi-detached” system with periods of 4.37d
and 6.43 d. Both are classified as binaries, in particular as SB2s,
in this work. As a consistency check, we compare the OGLE
orbital parameters (in particular the period P and the epoch
of primary eclipse T¢) with the measured RVs. The remaining
orbital parameters (the RV semi-amplitude K and the systemic
velocity y) are estimated crudely from the observed RV curve,
while for simplicity the eccentricity is fixed to zero. Here, we do
not perform a detailed fitting but compare if the two orbits match.

BLOeM 3-031: This object (classified as SB2 already in Paper I
with BO: III: + OB e) shows a clear SB2 signature with a narrow-
lined component that is moving with a large RV amplitude of
up to 500 km s~!, measured from the strong Si I1 lines. Addition-
ally, there is a double-peaked emission component that appears
to be moving in antiphase, however with a much lower amplitude
than the narrow-lined star. Given the emission lines are intrinsi-
cally variable in shape and amplitude, we refrain from comparing
their RVs here. The spectral signature of this target resembles the
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Fig. B.1: RV curve of BLOeM 3-031 (filled red dots) with the photo-
metric orbit overplotted (gray), as a function of time (upper panel) and
orbital phase (lower panel). In the phase-folded curve we also include
the assuming Ty = Ty-0.4 days, which provide a much better fit to the
data.

post-interaction binary Sk -71° 35 recently detected in the LMC
(Ramachandran et al. 2024).

Figure B.1 shows the photometric orbit of BLOeM 3-031
assuming K; = 275kms~'and y = 250kms~!, overplotted over
the RVs measured from the SilI lines. In the phase-folded RV-
curve we also include the RVs at phases shifting the photometric
Ty by 0.4 days, to illustrate an even better match. Such deviation
would not be surprising given the short period of the system and
the observing time difference of roughly 10 years between the
two data sets, in which a small error in the period could lead
to such an effect. This comparison demonstrates that the spec-
troscopic and photometric features align and BLOeM 3-031 is
indeed an interacting, semi-detached binary.

BLOeM 6-034: BLOeM 6-034 shows the only clear SB2 feature
among the sample, with two stellar components moving back and
forth in particular visible in the HeT lines. Additionally, there
seems to be a stable, third component in the emission Balmer
lines that leads to line-infilling and a relatively stable Hy pro-
file. Given the SB2 nature of BLOeM 6-034, for which the CCF
(assuming stable line profiles) does not provide reliable RVs, we
further employ double-Gaussian fitting (e.g., Sana et al. 2014) to
determine the RVs of the object, (see Fig. B.2, both measured
from HeT lines). Because of the complicated nature of the line
profiles, we do not attempt to infer RVs of the putative emission
component.

For BLOeM 6-034, the photometric orbit does not match the
spectroscopic RVs as well. This object is the only system that
shows two sets of absorption lines moving in antiphase, and
we estimated both RVs, however, with larger uncertainties (see
Sect. 3). As the photometric orbit and the measured RVs did not
match, we tried to get a better match using half or twice the
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Fig. B.2: RV curves of BLOeM 6-034 (red and blue dots, for the two
components visible in the spectra) with the photometric orbits overplot-
ted (in matching colors), as a function of time (upper panel) and orbital
phase (lower panel).

OGLE period. Indeed, as illustrated by Fig. B.2, we find a better
match using the OGLE Ty, half the OGLE period (P’ = 3.21d),
as well as y = 80km s7!, K, = 120kms~'and K, = 300kms~!.
While there is still no ideal match with the RVs of the secondary,
the primary RVs align well with the orbit. The discrepancy
could be due to problems with the RV measurements, given
the highly blended spectral lines. However, the comparison and
the even shorter period indicate that BLOeM 6-034 is indeed a
semi-detached binary.

Appendix C: Comparison to catalogs of HMXBs

Here, we compare the BLOeM OBe sample with catalogs of
X-ray sources. We use the catalog of HMXBs by Antoniou
et al. (2019), which is based on their Chandra X-ray Vision-
ary Program (XVP) and supplemented by 14 additional HMXBs
identified by Haberl & Sturm (2016), and the BeXRB catalog
by Coe & Kirk (2015). For this comparison, we cross-match the
two catalogs with the Gaia DR3 catalog to obtain positions, BP-
RP colors and magnitudes in the same reference frame as the
BLOeM sources, resulting in 123 sources with the former, and
48 sources in the latter.

Overall, only two BLOeM OBe stars coincide with HMXBs
in Antoniou et al. (2019), and there is no overlap with the
BeXRBs in Coe & Kirk (2015). The overall sky coverage of
the XVP, and the spatial distribution of BeXRBs somewhat
align with the BLOeM fields (especially covering fields 2, 3,
4, 6 and 8, see Fig.C.1). A large fraction of detected X-ray
sources, however, are outside the BLOeM fields, which might be
part of the reason of the low number of matches. Additionally,
the BeXRBs and HMXBs in the two catalogs are significantly
fainter as well as redder than the targets selected in BLOeM (see
Fig. C.2). The selection based on evolutionary tracks excludes a
large number of the known X-ray sources, especially the ones
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Fig. C.1: Same as Fig. 4, with the HHMXBs of Antoniou et al. (2019)
and the BeXRBs of Coe & Kirk (2015) indicated in purple and pink,
respectively.
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Fig. C.2: Same as Fig.6, but with the HMXBs of Antoniou et al.
(2019) and the BeXRBs of Coe & Kirk (2015) overlain in purple and
pink, respectively. Note the adopted magnitude cut extending to fainter
objects here to show the faintness of the HMXBs in particular in the
Antoniou et al. (2019) catalog.

with redder color. Those targets could have later spectral types,
or larger disks (which then lead to a stronger IR excess making
them appear redder). Overall, this explains the low number of
BeXRBs in the BLOeM sample.
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