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ABSTRACT

Given the uncertain evolutionary status of blue supergiant stars, their multiplicity properties hold vital clues to better understand their origin and
evolution. As part of The Binarity at LOw Metallicity (BLOeM) campaign in the Small Magellanic Cloud, we present a multi-epoch spectroscopic
survey of 128 supergiant stars of spectral type B5—F5, which roughly correspond to initial masses in the 6-30 M, range. The observed binary
fraction for the B5-9 supergiants is 25 + 6% (10 +4%) and 5 + 2% (0%) for the A—F stars, which were found using a radial-velocity (RV) variability
threshold of 5kms™! (10kms™!) as a criterion for binarity. Accounting for observational biases, we find an intrinsic multiplicity fraction of less
than 18% for the B5-9 stars and 8f3% for the AF stars, for the orbital periods up to 10°° days and mass ratios (g) in the 0.1 < ¢ < 1 range. The large
stellar radii of these supergiant stars prevent short orbital periods, but we demonstrate that this effect alone cannot explain our results. We assessed
the spectra and RV time series of the detected binary systems and find that only a small fraction display convincing solutions. We conclude that
the multiplicity fractions are compromised by intrinsic stellar variability, such that the true multiplicity fraction may be significantly smaller. Our
main conclusions from comparing the multiplicity properties of the B5-9- and AF-type supergiants to that of their less evolved counterparts is
that such stars cannot be explained by a direct evolution from the main sequence. Furthermore, by comparing their multiplicity properties to red

supergiant stars, we conclude that the AF supergiant stars are neither progenitors nor descendants of red supergiants.

Key words. binaries: general — binaries: spectroscopic — stars: massive — supergiants — Magellanic Clouds

1. Introduction

The Binarity at LOw Metallicity (BLOeM) survey is a large ESO
programme (PI: Shenar, dPI: Bodensteiner; ID: 112.25R) that
is delivering a 25-epoch spectroscopic survey of ~1000 mas-
sive stars in the Small Magellanic Cloud (SMC) over a base-
line of two years. The primary observational goals include the
estimation of binary fractions in different evolutionary phases,
the determination of orbital configurations of systems with peri-
ods of P < 3years, and the search for dormant black-hole
binary candidates (OB+BH). An over-arching science imper-
ative is to enable a deep understanding of the impact of
binary evolution on massive star populations and their envi-
ronments. Further details of the survey and its objectives are
provided in Shenar et al. (2024, hereafter Paper I), which also
presents an overview of the first nine epochs of data, dis-
tributed over 30—65 days from September to December 2023.
A preliminary variability analysis of these first epochs, focused
primarily on detecting short-period binary systems, is under-
way and concentrated on five broad cohorts of sources: the
O-type stars (Sana et al. 2025); the early B-type dwarfs and
giants broadly covering BO-B3 stars and luminosity classes

* Based on observations collected at the European Southern Obser-
vatory under ESO programme ID 112.25W2.
** Corresponding author: 1rpatrick@cab.inta-csic.es

(LC) V-III (Villasenor et al. 2025); the early B-type supergiants
and bright giants covering spectral types BO-B3 and LC II-I
(Britavskiy et al. 2025, hereafter early-BSGs); the classical Oe
and Be stars (Bodensteiner et al. 2025); and, finally, the B5—F-
type supergiants (hereafter BAF supergiants) that are the sub-
ject of this paper. All subgroups (apart from the OBe stars)
are illustrated in the Hertzsprung—Russell diagram (HRD) in
Fig. 1.

The distribution of B- to F-type supergiants in the HRD
reflects a long-standing puzzle in massive star evolution. The
observed distribution of sources from the main sequence
through to the F-type supergiant regime, only modified by
the upper limit of the Humphreys—-Davidson (HD) limit
(Humphreys & Davidson 1979), is contrary to theoreti-
cal expectations and observed in all nearby star-forming
galaxies (early references include Humphreys & Davidson
1979; Humphreys & McElroy 1984; Humphreys 1983;
Fitzpatrick & Garmany 1990). Single-star evolutionary the-
ory predicts a post-main-sequence gap in the HRD. This is
because stars evolve rapidly towards the core helium burning
phase and appear as red supergiants (RSG) or BAF-type
supergiants after the end of the main sequence, with another gap
between these two phases. The latter gap, sometimes referred
to as the ‘Hertzsprung gap’, is indeed observed as a dearth of
G-type supergiants (see previous references), while the issue of
whether or not a BAF-type supergiant phase precedes or follows
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Fig. 1. Hertzprung—Russell diagram (HRD) of the BLOeM survey highlighting the BAF supergiant sample studied in this article with large star
symbols colour-coded based on spectral type, as indicated by the legend. The three targets with the black circles indicate the only targets in
this sample that have a clear indication of binarity: BLOeM 4-072, BLOeM 6-006, and BLOeM 6-008. The three targets with the black squares
indicate targets that display a binary motion characteristic of long orbital periods: BLOeM 1-114, BLOeM 3-106, and BLOeM 8-001. Stellar
parameters are determined using a calibration to spectral types by Paper I. Grey points show the entire BLOeM sample and stellar tracks from
the extended grid of Schootemeijer et al. (2019) with mass-dependent overshooting (described in Appendix B of Hastings et al. 2021). The black
marker with error bars on the left gives an indication of the typical uncertainties on the stellar parameters. The solid red line shows the magnitude
limit imposed by the BLOeM survey target selection. The dashed red line is the Humphreys—Davidson (HD) limit, the cool part of which is shown

as the revised-down limit in the SMC from Davies et al. (2018).

the RSG phase (i.e. the presence of blue loops in the HRD and
the mass range within which these occur) depends sensitively
on the mixing physics employed in the models. For a general
discussion of these issues in the context of the SMC/LMC see,
for example, Lennon et al. (2010), Schootemeijer et al. (2019,
2021) and Georgy et al. (2021). Complicating the picture fur-
ther, most massive stars are born in binary or multiple systems
that undergo interaction with a companion during their lifetime
(Sana et al. 2012), leading to more complicated evolutionary
scenarios. In this context, the stars found within the gap at the
end of the main sequence may consist of post-interaction bina-
ries, possibly hosting stripped stars or black holes, or perhaps
they are even the results of stellar mergers (de Mink et al. 2014;
Langer et al. 2020; Menon et al. 2024; Gotberg et al. 2018;
Villasefior et al. 2023; Wang et al. 2024).

From an observational perspective, the stellar proper-
ties — in particular CNO abundances (Trundle & Lennon
2005; Trundle et al. 2007; Crowther et al. 2006; Wellmayer et al.
2022) and pulsation properties (Saio etal. 2013; Kraus et al.
2015; Bowman et al. 2019; Sanchez Arias et al. 2023; Ma et al.
2024) — are diagnostics that are used to assign evolutionary
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status. Such diagnostics are able to distinguish between core
hydrogen burning (i.e. main sequence) stars with abundances
dictated by mass loss and/or mixing, core-helium-burning stars
whose properties are consistent with pre- or post-RSG evolu-
tion, mass transfer products in a binary system, and stellar merg-
ers. However, given the importance of binary evolution in mas-
sive stars, critical information is provided by their multiplicity
properties, which, when compared to other evolutionary stages,
is particularly insightful for defining evolutionary histories. For
example, an absence of blue supergiants with orbital separa-
tions too short to fit a RSG star could be interpreted as evi-
dence for blue loops, since this phase would remove all but the
longest period companions (Stothers & Lloyd Evans 1970). Fur-
thermore, McEvoy et al. (2015) studied 52 B-type supergiants in
the 30 Doradus region of the LMC, finding that the 18 binaries in
this sample are mostly located at spectral types earlier than about
B2; moreover, they speculated that the hotter sample constituted
main-sequence stars, the cooler single stars being core-helium-
burning (see their Fig. 4). A single cool binary in that sample
was discovered to have a stripped star primary (Villasefior et al.
2023).
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The BLOeM data for the BAF supergiants therefore pro-
vide a unique opportunity for a systematic multiplicity study
of late-B to F-type supergiants. This is a demographic that is
relatively unexplored, as most spectroscopic monitoring stud-
ies of this group focused on a small number of the most lumi-
nous late-B- and A-type supergiants, the @ Cygni variables
(Parthasarathy & Lambert 1987; Rosendhal & Wegner 1970;
Kaufer et al. 1997). This class of object displays radial-velocity
(RV) variations caused by radial pulsations on timescales of
days and typical amplitudes of 10-20kms~' that are capable
of masking and/or mimicking binary motion. Burki & Mayor
(1983) studied 45 F-type supergiants and found a binary frac-
tion of 18%, albeit all but a few were judged to have periods
longer than their five-year time baseline.

In this work, we used multi-epoch spectroscopic observa-
tions taken as part of the BLOeM campaign to investigate the
variability of 128 BAF supergiant stars in the SMC. The sam-
ple selection is described in Sect. 2, and our methodology of
determining multi-epoch RV time series is described in Sect. 3.
The results are presented in Sect. 4, where we identify candidate
binary systems and perform a multiplicity analysis based on the
determined RV time series. This is discussed in Sect. 5, and our
main conclusions are presented in Sect. 6.

2. Sample and observations

The BLOeM campaign is implemented on the Very Large
Telescope (VLT) with the Fibre Large Array Multi Element
Spectrograph (FLAMES; Pasquini et al. 2002). Briefly, it is
used to observe ~1000 massive stars distributed between eight
FLAMES fields at different locations throughout the SMC using
the LRO2 grating, which covers the 39604570 A wavelength
range with a spectral resolving power (R) of 6200. Figure 2
shows the spatial distribution of the BAF supergiants through-
out the SMC on a density map from the Gaia DR3 source cata-
logue (Gaia Collaboration 2023), while the number of sources
per spectral subtype are shown in Table 1. Within the eight
BLOeM fields there are typically 16 BAF supergiants per field.
Field 3 has the most, at 26, followed by Field 8 with 22. As
noted, while the full survey is delivering 25 epochs over two
years, the currently available nine epochs were obtained over
roughly 30-65 days depending on field number!.

Data reduction and processing is described in Paper I; we
note here that we used the cosmic-ray cleaned, merged, and nor-
malised spectra in the present analysis. While most sources have
spectra for all nine epochs, a few sources have fewer spectra,
as noted in Table B.3. The median signal-to-noise ratio (S/N)
of the individual spectra is 70, with an inter-quartile range of
40. In addition to the quality-control checks performed on the
sample from Paper I, we performed some further comparisons
with well-known stellar catalogues including Gaia Cepheid cat-
alogues (Clementini et al. 2019; Ripepi et al. 2023), finding that
BLOeM 5-005 is the classical Cepheid SV* HV 1954. Cepheid
variables display large intrinsic variability, confirmed here in our
RV measurements; therefore, we exclude this star from our dis-
cussion of the sample properties.

Table 1 and Fig. 1 demonstrate that the sample is dominated
by later B-type and A-type supergiants; the B8—A7 stars com-
prise ~75% of the sample and have a mass range of roughly
6-26 My, the bulk of which have masses below ~13 Mg, In this
estimate, we assumed that the source masses are those implied
by the evolutionary tracks. As expected, there are no sources

! The exact baseline per field is detailed in the Appendix of Paper 1.

1 T
¥ - \J__t}
~720 [, L e B 4
SRR P L
B e S g i
i N ‘}"k oo |
i S B SRS *‘ T
N
724} \ I RS 4
’ g S, -~ R -
o LT e .
‘‘‘‘‘ ”* \‘
I 0
LR el
o " s
5 -72.8f mE e - i 1
-
i
.2 %
7132} I.‘ ‘.‘ 4
1 |
\ W ; n
4 ,,r’ * B supergiants
= A supergiants
-736 * F supergiants 4
19 18 17 16 15 14 13 12 11

af*]

Fig. 2. Spatial location of the BAF-type supergiant sample in the SMC,
overlaid on the density map of the Gaia DR3 source catalogue (G <
19 mag). Spectral types of the targets are colour-coded as indicated.
Black circles mark the locations of the eight BLOeM fields.

Table 1. Number of targets and median peak-to-peak RV measurements
(Avpeq) as a function of spectral sub-type for the BAF supergiants.

Spectral subtype Number of targets Aveq
[kms™!]
F5 2 24+1.5
F2 6 1.0+£1.6
FO 4 0.6+0.5
A7 12 0.6+0.3
AS 13 1.0+£0.5
A2 17 1.1+1.3
Al 3 1.2+04
A0 24 1.2+1.7
B9 14 44+3.0
B8 16 2.7+3.6
BS5 17 2.1+£2.9

above the HD limit, although a few sources are quite close to
that boundary.

3. Methodology

Detecting binary motion for BAF supergiant stars is a more chal-
lenging task than doing so for earlier spectral types in that the
expected periods are long, and, hence, the RV variations are
small. As an indication, the minimum period possible for a mass
ratio (g) of g = 0.5 for the range of parameters indicated in the
HRD are between roughly 8 and 350 days, or 80 and 30 km s~ in
semi-amplitude velocity (for circular orbits). Adopting g = 0.1
changes the period range to 6-260 days and the semi-amplitude
velocity range to 20-8kms~! (see Sect. 4.3 for further discus-
sion). As these observations span 30-65 days and long-period
binary systems are likely eccentric, we expect the majority of
the detected binaries to exhibit rather small velocity variations.
Accordingly, in our RV analysis we pay particular attention to
precision and potential systematic errors.

We adopted the cross-correlation approach to measure RVs,
which is well suited to stars with many lines, as is the case for the

bulk of our sample. The precision improves as VN, where N is
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Fig. 3. A montage of BAF supergiant star spectra from BLOeM (in black) and best matching theoretical template spectra (blue) from CMF-
GEN/ATLAS model grids (see text). BLOeM IDs and spectral types are noted above each spectrum. Template spectra were used to determine an
absolute RV scale, and one can see good agreement between line positions and strengths of the templates with the data. The vertical dashed lines
indicate the spectral region that was used to derive the cross-correlation functions (CCFs) for all sources. We highlight the slight mismatch of the
continuum for the F supergiant, BLOeM 1-102. For cool stars, the automatic continuum placement is more difficult due to the line density of the
spectra; however, the CCFs are not impacted by this offset as we use normalised CCFs, such that the mean signal is subtracted from each spectrum
before cross-correlation. We note that the A—F supergiant line spectra are dominated by Fe 1T and Fe I lines (for line lists, see Venn 1995, 1999).

the number of detectable lines. Figure 3 illustrates the significant
change in morphology and line density across the spectral types
considered here. We found that for some stars there is a small
(~ a few kms™") instrumental shift between different spectral
regions. Therefore, we restricted the cross-correlation to 4360—
4560 A (indicated by two dashed lines in Fig. 3) to ensure we
used a common wavelength region for all stars. This mitigates
possible systematic errors in the wavelength solution, but it is
sufficiently wide to include enough strong lines in the earliest
spectral types. Measurement of the RVs consists of two distinct
parts: (i) determination of the relative RVs between separated
observations; and (ii) determination of the zero point of the RV
scale for each star.

Zero points are determined using low-metallicity (Z) grids
of CMFGEN models for B5—A supergiants covering 7250—
14 500K in effective temperature, a log g range of 1.0-2.5, and
1/5 and 1/10 solar metallicity levels (Garcia et al., private com-
munication). This was supplemented with a low-Z (1/5 solar)
ATLASO grid for the F stars (Howarth 2011), as important opac-
ity sources for the cooler objects are currently not implemented
in the CMFGEN grid. Important caveats include that the com-
bined grid of models has a fixed Z and a fixed microturbulence
value of either 5 or 10km s~'. Hence, these grids do not provide
tailored fits, but they are sufficient for RV determination. We find
that RV zero points depend slightly on the choice of model tem-
plate; because of this we cross-correlated each spectrum against
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all the models to find the best-matching template. We emphasise
that the objective here is not to find definitive stellar parameters
(given the caveats above) but to find the model in our pre-defined
grid that best matches the line spectrum of each star. Neverthe-
less, the effective temperatures derived from the best matching
template are in good agreement with those derived from spec-
tral type calibrations from Paper I and are listed in Table B.3.
For consistency, we also list new values of the stellar luminos-
ity assuming a mean extinction for the SMC from Gordon et al.
(2024). An inspection of Fig. 3, which shows some typical tem-
plate matches, confirms that the cross-correlation regions are
well modelled by the CMFGEN/ATLASY spectra.

Relative RV shifts among the nine epochs were determined
by cross-correlating the normalised spectra against each other.
We then formed an observational template spectrum by co-
adding the separate exposures, taking care to use appropriate
weights according to their respective S/N, and this was then
cross-correlated against the model template to determine the RV
zero-point offset for the data set. Cross-correlation uncertainties
were calculated following Zucker (2003), with some minor mod-
ifications. Further details of this and the cross-correlation pro-
cess are provided in Appendix A.

The derived RVs and their uncertainties are listed in
Table B.2 (available in full via CDS), which shows that measured
uncertainties can be as low as ~0.1 kms~' with a median value
of 0.5 kms~!. Consequently, it is important to have a clear under-
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standing of the likely systematic errors that might be present in
the data. Plotting measured RVs as a function of time for stars
grouped by their field number revealed correlations, which are
an indication that small common velocity or pixel offsets exist
between epochs for each field (see Fig. B.1). As discussed in
more detail in Appendix B, we defined a subset of sources for
each field that were most strongly correlated, and by implica-
tion had RV variations below the limit of the correlated errors.
By assuming these sources have a constant RV, we computed
median RV deviations at each epoch across all sources in each
field. These corrections were applied iteratively to the measured
data, with a few iterations typically sufficient to achieve conver-
gence. These final RV corrections are listed in Table B.1 and
are applied to the measured values for all sources in the present
analysis and the subsequent discussion. We note that a corollary
to Table B.2 is that there is an as-yet undetermined RV zero-
point systematic uncertainty to the absolute RVs of the order of
12kms!.

Further insight into the nature of the RV variability of the
sample was obtained by computing some simple statistics for
each source with results obtained from the corrected values sum-
marised in Table B.3. In the subsequent sections we examine the
mean RV and its standard deviation, the peak-to-peak RV vari-
ability (Av, which is the difference between the maximum and
minimum RVs), and the median error of the individual RV mea-
surement errors. In addition, for each target we determined the
significance of each pair of measurements using the equation

|v; — vjl

b
[2 2
g; +0'j

where v;; and o;; are the RVs and their associated uncer-
tainties at epochs i or j. As discussed by Sana et al. (2013a),
Dunstall et al. (2015) and Patrick et al. (2019), this quantity is
often used in conjunction with a threshold condition,

ey

oij =

@)

where Avji, was chosen to reject possible intrinsic RV variations
that are not caused by orbital motion but, for example, are the
result of stellar activity such as pulsation.

[vi — ;| > Avjim,

4. Results

A key discovery from the analyses of the observed spectra is the
absence of large-scale Av values for the entire BAF supergiant
stars within the BLOeM sample. Figure 4 shows the distribution
of Av values as a function of spectral type, and Table 1 shows the
median values as a function of spectral subtype.

4.1. Binary detection

Equation (1) together with an appropriate choice of the thresh-
old indicated in Eq. (2) are typically used as criteria for the
detection of binary candidates. For example, Sana et al. (2013a)
adopted Avji, = 20km s~! and oi; = 4 for O-type stars in
the 30 Doradus region of the LMC, while Dunstall et al. (2015)
adopted 16kms™" and o;; = 4 for B-type stars in the same
region. The latter choice reflects a somewhat better precision
level on RV measurements and smaller expected contribution
from intrinsic RV variability (e.g. de Burgos et al. 2020). For
O-hypergiants and WNh stars, Clark et al. (2023) selected a
larger limit of 30 km s~ while maintaining the o ; = 4.
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Fig. 4. Histogram of peak-to-peak radial-velocity (RV) measurements
(Av) for the BAF supergiant sample. Different colours highlight the sub-
samples as indicated in the panel. The dashed black line is the chosen
threshold for binarity in the multiplicity analysis.

The choice of o ; (see Eq. (1)) is motivated by the sample
size — to exclude false positives — and the level of significance
attached to the detection. For the BAF supergiant sample, small
uncertainties on the v measurements mean that the choice of the
07;,j threshold does not affect the results significantly. Therefore
we selected o ; = 4. Consequently, there are 23 sources (exclud-
ing the Cepheid) that meet this criteria.

The choice of the Auvyp, threshold (see Eq. (2)) is driven by
the need to exclude intrinsic RV variability as a result of pulsa-
tions or other physical mechanisms. For example, intrinsic RV
variability of O-type supergiant stars was found to be signifi-
cant by Fullerton et al. (1996), and the vast majority of studied
B-type supergiants are observed to be intrinsically variable (see
Bowman et al. 2019; de Burgos et al. 2020). However, RV vari-
ability is rather modest for most RSGs (Josselin & Plez 2007;
Patrick et al. 2019; Dorda & Patrick 2021). From an examina-
tion of Fig. 4, adopting even the lowest of the RV thresholds
from the aforementioned previous studies in the OB-star regime
results in the detection of no binaries in the BAF supergiant sam-
ple. In an attempt to define a physically meaningful threshold
for binary detection, Sana et al. (2013b) assessed the distribu-
tion of Auvj, as a function of stars that meet the threshold (see
Fig. 9). These authors argued that their results displayed a kink at
~20kms~!, which they attributed physical meaning and subse-
quently selected this as the threshold for binarity. This prompted
other authors to look for similar features, which are typically not
found (for examples in this series, see Fig. 5 of Villasefior et al.
2025 or Fig. 5 of Britavskiy et al. 2025). We analysed this dis-
tribution for the BAF supergiant stars (and B5-9 and AF stars
individually) and did not find a clear indication for a transition
between intrinsic and orbital variability. In lieu of a physically
motivated choice of Av;m, we selected Avym = Skms™! based
on the distribution of observed Av values from the BAF super-
giants. Figure 4 demonstrates that a choice of Avjy, = 5km s7lis
a reasonable value to mitigate intrinsic variability. We acknowl-
edge that this limit is unsatisfactory. To address this further may
require full binary solutions for the candidates detected here but
this is clearly outside the scope of the current article. Similarly,
in tandem, photometric constraints on intrinsic variability could
potentially be used on a star-by-star basis to determine a physi-
cally motivated threshold Auvyp,.
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Table 2. Range of orbital parameters and their assumed distributions
considered in the bias correction calculations.

Orbital Parameter Range Distribution
log P/d [dex] 0.75-3.5 n=+40.1x£0.2
q 0.1-1.0 «=0.0=x0.5
e 009 n=-05+02
M;[M] 6-20 y=-2.35

Based on these criteria (i.e. adopting Av;, = Skms™! and

oi,j = 4), only 13 of the sample, or 10% of the total BAF super-
giant sample, meet both RV variability criteria to be classified as
candidate binaries. These stars are marked with the ‘var’ flag in
Table B.3. Splitting the sample by spectral type, we find the B5—
9 type stars have an observed binary fraction of 25 + 6 (12/47)?.
For the A-type supergiants we find 4 +2% (3/69) and for the
F-type supergiants we find 8 + 8% (1/12). The lone binary can-
didate F-type supergiant BLOeM 6-006 is also a borderline case.
Further dissecting the B-type supergiants reveals no significant
evidence of a trend as a function of spectral sub-type. Combining
the AF stars, we find 5 +2% (4/81).

For the B5-9 supergiants, it is likely that the specified
5kms™! threshold for binarity is significantly contaminated by
intrinsic RV variability (see Sect. 4.2). The AF-type supergiants
appear to be less affected by intrinsic variability; therefore, in
the remainder of this article we split the sample to consider the
B5-9 and the AF supergiants separately. If we assume a more
stringent limit of 10km s~ for both samples in attempt to min-
imise the effects of intrinsic RV variability, we find an observed
binary fraction of 10+4% and 0% for the B5-9 and AF samples,
respectively.

As a result of the sampling of observed epochs, the base-
line of observation, and the uncertainties associated with the
RV measurements, the observed binary fraction should be con-
sidered a lower limit on the intrinsic binary fraction. We
accounted for these observational biases by simulating a pop-
ulation of binary systems using the Monte Carlo method
developed by Sana et al. (2012, 2013b). Table 2 displays the
ranges and assumed distributions of the orbital parameters
that are used to determine the bias-corrected multiplicity frac-
tion. The orbital-period distribution is assumed given the result
of Sana et al. (2025). The flat g distribution is based on results
from Shenar et al. (2022a) and Patrick et al. (2022). The mass
function of the sample was tested using the stellar parameters
determined in Paper I and found to be consistent with a power
law of exponent y = —2.35. This approach results in a bias-
corrected multiplicity fraction of ~30% for the BAF supergiant
sample. However, as noted above we consider that the results
for the B5-9 sub-sample are impacted by intrinsic variability,
specifically by the prevalence of the @ Cygni variables (see
Sect. 4.2). Because of this, we split the sample at AO and rede-
termined the statistics by taking into account the fact that the
AF stars are significantly larger than their B5-9 counterparts by
considering orbital periods in the 1.25 < log P/d[dex] < 3.5
range (see Sect. 4.3). This results in a bias-corrected multiplic-
ity fraction of 8’:2% for the AF-type supergiants, which is thus
less affected by intrinsic RV variability. In addition, for the B5—
9 sub-sample we performed the bias correction simulations for

2 The uncertainties for the percentages in this paragraph are deter-
mined using binomial statistics where the standard error is o =

vpx (1 =p)/n.
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the observational limit of 10km s~!, which results in an intrinsic

binary fraction of 18*20% for the B5-9 supergiants.

The choice of the assumed orbital property distributions and
their uncertainties clearly has an impact on the final quoted
binary detection statistics. Our chosen distributions largely rep-
resent those appropriate for unevolved stars of similar masses
and assume no binary evolution; this ensures consistency with
other studies in the BLOeM campaign. If the population of
BAF supergiants is dominated by binary interaction products,
the bias-corrected multiplicity fraction is likely to be inaccurate.
To assess the impact of this, we repeated the bias-correction sim-
ulations with a range of underlying distributions including, for
example, a split g-distribution (Moe & Di Stefano 2017), which
favours more low-¢ systems. This results in a bias-corrected mul-
tiplicity fraction of ng% for the AF-type supergiants, which is
in good agreement with the above results. This gives us confi-
dence that the final results are robust to the exact choices of the
orbital parameter distributions.

4.2. Constraints on intrinsic variability from visual inspection

The size and spectral coverage of the BAF supergiant sample
combined with the BLOeM campaign design — and the relative
lack of RV variability found in the previous section — provides
an excellent opportunity to characterise the intrinsic variability
of BAF supergiants in the SMC. The distribution of Av values
for the BAF supergiant sample as a function of spectral type (see
Fig. 4) clearly shows the scarcity of large Av values at all spectral
types. The Av measurements cluster around a value of 1km s
with a sharp drop beyond 2kms™', and perhaps a small over-
density near 4-6kms~!, mostly due to the B-type stars. In par-
ticular, for the AF supergiant stars there are no Av values larger
than ~6km s~!. Table 1 shows the typical Av values as a function
of spectral type.

To investigate the intrinsic RV variability, Fig. 5 shows Av
as a function of stellar radius together with the B3 supergiants
from Britavskiy et al. (2025). The latter are likely to be post-
main-sequence stars as discussed by Britavskiy et al. (2025) and
are expected to display similar RV properties to the B5-9 stars.
The sizes of the points in Fig. 5 are determined by the signifi-
cance of the Av measurement, which is defined as Av/oa,. This
distribution reveals a clustering of points that suggests a trend
of decreasing Av with increasing radius (and, by inference, with
decreasing effective temperature). This trend is driven primarily
by the improving precision as one moves to cooler stars that have
more spectral lines. Moreover, many of the B3 and BS supergiant
stars have lines broadened by rotation, which leads to larger RV
uncertainties at the hot end of the distribution. However, the stars
with the largest Av/o, are discrepant from this general distribu-
tion.

In the right panel of Fig. 5, we see that the stars with the most
significant RV variability and largest Av values are among the
most luminous BAF supergiants. Kaufer et al. (1997) presented
adetailed analysis of long-term monitoring data for photospheric
lines of six luminous supergiants in the B7-A2 spectral domain
(i.e. @ Cygni variables that include a Cyg and S Ori) and found
significant RV variability with Av values in a range from 15 to
20kms~!. These authors tentatively attributed this variability to
non-radial gravity-mode pulsations, though this is debated (see
e.g. Saio et al. 2013).

For the most luminous stars that occupy a similar region
in the HRD to the sample discussed by Kaufer et al. (1997), it
seems likely that we are detecting @ Cygni variability due to
pulsations rather than orbital motion. Here, we assigned seven
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Fig. 5. Left panel: Peak-to-peak RV (Av) as a function of stellar radius for the BAF supergiants and the B3 supergiants of Britavskiy et al. (2025).
Radii were determined using effective temperatures and luminosities from Table B.3. The sizes of the symbols in both panels are determined by
Av/op,. Black circles mark stars of the cohort of variable late-B-type bright giants. Right panel: HRD for BAF supergiant sample using stellar
parameters listed in Table B.3; symbols have the same meaning as in the left panel. We note that the sources with largest Av/o, tend to be the

most luminous and hottest stars.

stars an @ Cygni flag (shown in Table B.3) based on their high
luminosity and significant RV variability. It is interesting that
there is a lack of strongly variable, @ Cygni-like sources among
the AF supergiants. This is perhaps indicative of their differing
luminosity-to-mass ratios, and/or perhaps hints at a different evo-
lutionary path. While we assigned only seven stars the @ Cygni
designation, it is likely that our selection missed a significant
number of candidates at lower luminosities.

To test whether the observed RV variability is a result of
orbital motion or pulsation, we visually checked for long-term
trends in the RV time series. Figure 6 illustrates three exam-
ples of RV variability that are clearly subject to variations on
short timescales (days) that would be consistent with the find-
ings of Kaufer et al. (1997) for pulsations®. The fourth panel in
that figure, for BLOeM 6-008, is an example of a potential binary
showing a long-term trend with clearly smaller short timescale
variability.

These four sources have high luminosities and, therefore,
large radii resulting in minimum periods for ¢ = 0.5 of 100 days
or more. Fitting orbital solutions to the RV time-series data using
the program RVFIT (Iglesias-Marzoa et al. 2015) yielded only
spurious solutions for the first three sources. The solution for
BLOeM 6-008 indicates a period of ~180 days. The fit is poorly
constrained, which indicates that the full 25-epoch coverage of
the BLOeM campaign is required to further our knowledge of
this candidate binary system. In fact, only two other stars in the
var category (see Table B.3) exhibit RV variability that can be
considered binary motion, namely BLOeM 4-072 (B9 1Ia) and
6-006 (F2:). Time-series RVs for all 14 sources flagged as var
in Table B.3 are presented in Appendix C. Visual inspection of
the full sample reveals only three additional sources that may be
compatible with a long-term trend: BLOeM 1-114, 3-106, and
8-001. These objects are flagged as ‘LP’ in Table B.3. Running
RVFIT for all these systems resulted in similarly poor results to
those for the var sample.

3 Three additional sources with similar properties to these are are
BLOeM 2-092, 4-072, and 8-010.

In addition, based on further inspection of Fig. 5, we high-
light a second cohort based on their similar Av values, effective
temperatures, and luminosities. This grouping consists of late B-
type bright giants. The stars that we consider members of this
cohort are BLOeM 3-092, 3-102, 4-004, 5-086, 6-007, and 6-
097. These stars are highlighted with black circles in Fig. 5.
Interestingly, all six objects appear to have significant rotational
broadening.

In summary, it is clear that the observed and bias-corrected
multiplicity fractions of BAF supergiant stars are seriously com-
promised by the intrinsic variability of the most luminous sys-
tems. The true binary fraction is significantly smaller.

4.3. Constraints on detectable orbital configurations

The result of the low detected binary fraction for the BAF super-
giant stars naturally raises the question of how sensitive the
BLOeM survey is when it comes to detecting binary systems
in the appropriate orbital period range. To assess this, we simu-
lated populations of binary systems using the parameters given
in Table 2. In these simulations, each system is assigned a ran-
dom inclination angle with respect to the observer and we gen-
erated RVs with a baseline, sampling, and uncertainties typical
of the BLOeM observations. We then tested whether or not each
system would meet the criteria to be classed as a binary, similarly
to how we applied our multiplicity analysis described in Sect. 4.1
(i.e. Av = 5kms~! and o = 4). Figure 7 shows two findings from
this analysis for the P-g parameter space, whereby the solid con-
tour lines in the left panel indicate the probability of detection
from 10000 binary simulations per grid point. The solid lines
in the right panel show constant semi-amplitude velocity values
from the simulated systems. Also shown is the minimum period
possible for three stars — BLOeM 3-009 (B51I), 4-075 (AOI),
and 8-089 (F2:) — for a range of g values. Stellar parameters are
taken from Table B.3, and estimates of stellar masses are taken
from the evolutionary tracks. We note that these three stars are
clustered around the median of the luminosity distribution (with
log(L/Le) in the range 4.3—4.5) and radii typical of their spectral
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Fig. 6. Radial-velocity (RV) time series for four of the targets that display RV variability above the chosen thresholds (see text), with spectral types
of Ala (BLOeM 1-051), B91Ia (1-112), B81a (2-093), and A2 Ia (6-008). Identifications are listed in the panel headings, as are the mean RVs and
their standard deviations, which are indicated in each panel by solid and dashed lines, respectively. We note that only 6-008 displays evidence of
a long-term RV trend that might be a signature of binary motion. Due to their large radii, all of these stars have minimum periods of ~100 days or

more.

types. Hence, the constraints illustrated in Fig. 7 and discussed
below are even more stringent for the more luminous stars.

In the left panel of Fig. 7, it is apparent that the observa-
tions are sensitive to orbital periods up to hundreds of days, but
sensitivity falls off significantly beyond 1000 days. For exam-
ple, for the BS5 stars, binary systems would be detected in the
5 < P < 100 days range at above the 90% confidence level for
the full range of ¢ > 0.1. In contrast, for the 12 F-type supergiant
stars, the parameter space of orbital configurations that reach the
90% level of detection probability is very small, and, as such,
our true detection probability for the F-type stars is significantly
smaller than that of the B-type stars. As the assumed log P and
q distributions are roughly flat in nature (for ¢ > 0.1), the area
to the right of the dashed lines in Fig. 7 illustrates the true detec-
tion probability for each target. As a representative example, the
observations are around twice as likely to be able to detect binary
motion for a BS star than an AQ star. Taken together, the two
panels of Fig. 7 clearly shows that binaries with orbital periods
within 5 < P < 100days and having ¢ > 0.1 should produce
a strong signal within the current observational setup, but these
are not observed.

Beyond an orbital period of around 300 days, a significant
fraction of companions go undetected based on orbital motion.
While the bias-correction simulations account for such systems
in the statistics determined in Sect. 4.1, it is important to describe
the types of systems that are undetected in the current obser-
vational setup. The UVIT survey allows us to fill in such sys-
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tems at <~5Mg (see Sect. 4.4) but the BAF sample could
still harbour undetected long-period companions. This includes
main-sequence companions as well as binary-interaction prod-
ucts such as stripped stars and compact companion systems.

4.4. Binary systems detected via UV excess

Hota et al. (2024) published a far-ultraviolet (FUV) catalogue
(Hota, private communication) for the SMC using data from
the Ultra Violet Imaging Telescope (UVIT) onboard AstroSat,
and all but a handful of BLOeM targets overlap with its foot-
print. Cross-matching with that catalogue using a 0.5”” match-
ing radius, we find 754 BLOeM sources with FUV magnitudes.
Figure 8 displays the matches in an optical-FUV colour-
magnitude diagram (specifically B, — R, versus FUV). Only
three BAF sources are outliers in this diagram (BLOeM 5-109
(A7Iab), BLOeM 6-008 (A2Ia), and BLOeM 4-006 (F2:). We
assume that these sources with UV excesses are the result of a
hot companion. The FUV magnitudes of these sources are con-
sistent with main-sequence companions in the 15-20 M mass
range (see Fig. 5 of Patrick et al. 2022), which may make the
BAF supergiant the less massive component of possible binary
systems. However, the detection limit of the Hota et al. (2024)
catalogue corresponds to a main-sequence mass of around 5 M,
which may explain the low overall detection rate. We note that
BLOeM 6-008 is also a source that exhibits a long-term trend
in its RV time series, as shown in Fig. 6. BLOeM 4-006 was
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Fig. 7. Left: Orbital period shown against mass ratio (¢) for simulated binary systems in the orbital period ranges that were used to correct for our
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period for three representative examples as a function of the mass ratio of the system. Right: Same simulations where the solid contour lines now
show lines of constant semi-amplitude velocity on the 150, 100, 50, 25, and 10km s~! levels.

denoted as a possible SB2 system (i.e. ‘SB2?” in Paper I), how-
ever its RV time series is effectively constant within the errors;
hence, this may be either a chance alignment or a very long-
period system. BLOeM 5-109 also exhibits an RV time series
that is constant within its errors. In addition to these three
sources, the two B[e] supergiant stars that are in the BLOeM
sample are also outliers (also shown in Fig. 8).

A cross-match with the yellow supergiants (YSGs) in
O’Grady et al. (2024), who searched for UV excesses from Swift
data, resulted in four stars in common: BLOeM 6-009, 6-002,
6-052, and 5-109. Of these, both BLOeM 6-009 and 6-052
are found to have UVIT FUV magnitudes commensurate with
their spectral types, whereas BLOeM 6-002 is not recovered,
despite it being within the UVIT footprint. Given the smaller
point spread function (PSF) of UVIT compared to Swift — a full
width at half maximum of 1” versus 2.5” — it is possible the
discrepancy is a consequence of the larger PSF of Swift detect-
ing a nearby star. We note that BLOeM 5-109 is the only source
detected in the uvm?2 filter from the Swift data; accordingly, we
only flag the UVIT UV excess sources in Table B.3.

5. Discussion
5.1. Direct evolution from the main sequence

A general conclusion of our analysis (see Sect. 4.3) is that there
appears to be a ‘period gap’ up to ~10? days in the BAF super-
giant sample. Specifically, there is a dearth of ‘short’-period sys-
tems with mass ratios above 0.1. An important implication of
this finding is that it provides constraints on the evolution of
the system evolving redwards across the HRD. To address this
issue, we compare our sample with that of other BLOeM studies:
Britavskiy et al. (2025) finds a bias-corrected multiplicity frac-
tion of 40 + 4% for the BO-3 supergiants, while Villasefior et al.
(2025) finds 80 + 8% for the BO-2 giants and dwarfs, and
Sana et al. (2025) finds 70*}' % for the O-type stars.
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Fig. 8. Colour-magnitude diagram using 754 BLOeM sources found in
the UVIT FUV catalogue (Hota et al. 2024), colour-coded by spectral
type. The FUV magnitude was obtained with the F172M filter, while
the BP — RP colour is from Gaia B, and R, filters. The five outliers
described in Sect. 4.4 are flagged with black circles.

To test the agreement between the multiplicity fraction of the
different BLOeM samples, we simulated populations of binary
systems with ranges of orbital configurations and underlying
distributions following Table 2 to account for the differences in
the allowed orbital configurations for the BAF supergiant sam-
ple, which we split into two bins: the B5-9 supergiants and the
AF supergiants. We created simulated observations to match the
sample size, baseline, and uncertainties of each of the two sub-
samples. Figure 9 shows a comparison between the observed
results (solid black lines) and simulations of populations of
binary systems whose bias-corrected multiplicity statistics are
determined on the main sequence by Villasefior et al. (2025) and
evolved to match the different samples (red dashed lines). One
would expect that the black and the red dashed lines to overlap
significantly, particularly at large Auvyip, if the simulations agreed
with the observations. However, these comparisons demonstrate
that the simulated population of binary systems evolved from

A39, page 9 of 19



Patrick, L. R., et al.: A&A, 698, A39 (2025)

0.6

B5-9

0.75<log P < 3.5
01<qg<1
N=48

0.2

Fraction of detected variability

0.1

PSR SRS I © S RO e S SNCh e S S

0.0

Aviim [km/s]

0.6

AViim= 5 km/s
0,=4

0.5

0.4

AF

1.25<logP < 3.5
01<q<1
N=81

Fraction of detected variability
o
w

0.1

o e i i e el f e e i

o
=}

=}
S
P

8 10 12 14 16
Aviim [km/s]

o
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the main-sequence drastically over-predicts the level of high-
amplitude RV variability caused by binarity. To illustrate this
further, we applied the same binary threshold criteria to the sim-
ulated data, Avji, = Skms™! and o j = 4, to predict an observed
binary fraction for the AF supergiant stars of 40’:2%. This is
clearly significantly larger than the observed binary fraction of
5 +2%. This quantitatively demonstrates that the origin of the
BAF supergiants cannot be explained by a direct evolution from
the main sequence. Here, we restrict the discussion to the AF
supergiants because of the uncertain contribution from intrinsic
RV variability for the B5-9 sample, although one can see from
the left panel of Fig. 9 that even without accounting for intrinsic
RV variability, the simulations over-predict the observed multi-
plicity fraction. Altering the simulations by experimenting with
different values for the underlying g-distribution to favour more
low-¢g systems changes the appearance of the red lines in Fig. 9,
but it does not alter the key result that the simulations cannot
explain the absence of large-amplitude orbital motion.

As noted in the introduction, Burki & Mayor (1983) found
a binary fraction for F-type supergiants of ~18% in the Milky
Way. However, their observing window was five years, such that
all but a few of those binaries have periods in excess of this
time span, and all have RV variations less than 5-10kms~! (see
their Fig. 2a and Table 7). Hence, given our current observational
baseline, it is unlikely that we would have detected any of their
sources as RV variable. We conclude that our results are consis-
tent with Burki & Mayor (1983) given the differences in baseline
and, hence, orbital period range. An important corollary to that
work is that such long periods (in excess of five years) and small
RV amplitudes imply a very low binary mass function, probably
indicating solar or sub-solar companions.

5.2. Comparison with RSGs

Assuming single-star evolution, our samples are either evolv-
ing towards the RSG stage or have previously been RSGs.
Patrick et al. (2022) studied the multiplicity statistics of RSGs
(~4500-3800K) in the SMC with UV photometry and found
a multiplicity fraction of 18 +4% for orbital periods approxi-
mately in the range of 3 < log P[days] <8 and ¢ in the range
with 0.3 < g < 1.0. They also argued, based on a comparison with
multiplicity results from B-type stars in the LMC (Dunstall et al.
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2015), that the orbital period distribution drops drastically around
log P[days] > 3.5. The g-distribution that was assumed
by Patrick et al. (2022) is the same as used here (i.e. flat), which
means that we can account for the differences in the g range con-
sidered. Taking this into account results in a bias-corrected mul-
tiplicity fraction of the AF supergiant stars of 9%. This is smaller
than the multiplicity fraction for the RSG population, but com-
patible at the 3-0 level. Here, as in the previous subsection, we
restrict the discussion to the AF supergiant stars because of the
uncertain contribution from variability for the B5-9 sample.

If the inference that the orbital distribution falls for peri-
ods longer than log P ~ 3.5 is correct, this can be interpreted
as evidence that the multiplicity properties of the AF supergiant
stars are inconsistent with being pre-RSG objects as their binary
statistics are incompatible with undergoing blue loops in the
HRD. The lack of BAF supergiant sources with a FUV excess
would also be consistent with this scenario.

5.3. Binary interaction products

Having mainly considered single stellar evolutionary pathways
for the origin of the BAF supergiant sample so far, we turn our
attention to potential binary pathways. For example, sources such
as the ‘puffed-up’ stripped star plus OB-star system VFTS 291
(Villasefior et al. 2023, spectral type B5Ib-II), which has an
orbital period of 108 days and semi-amplitude RV of ~94kms~!,
are clearly not present in the BAF supergiant sample. In addi-
tion, while the current spectral type of the stripped star ‘pri-
maries’ of systems such as LB-1 and HR 6819 (Shenar et al. 2020;
Bodensteiner et al. 2020, periods of ~79 days and ~40 days) are
early B-type stars, their precursors would likely have been in the
effective temperature range of BAF stars. Given the expected low
mass of such ‘primaries’ (i.e. the optically brightest component),
and relatively high mass of the secondaries (i.e. ¢ > 1.0), one
might expect that the detection probability of such systems would
be high, as implied by Fig. 7. On the other hand, the expected num-
ber of such systems depends on the expected lifetime of this phase.
Dutta & Klencki (2024) discussed the dependence on mass, lumi-
nosity, and metallicity on such short-lived post-interaction evo-
lutionary phases. From binary population synthesis they argued
that as many as 0.5-0.7% of systems with log L/L > 3.7 may be
puffed up stars. One might therefore expect only a handful of such
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systems in the ~1000 BLOeM sources, the bulk of these among
the more numerous O- and early-B-type stars.

Another important product of binary evolution are OB+BH
binaries, which are expected to comprise ~5% of all OB-type
stars in binaries (Langer et al. 2020). A small number of such
systems have been identified observationally (Mahy et al. 2022;
Shenar et al. 2022b). The LMC theoretical period distribution
from Langer et al. (2020) has a significant fraction of systems
with long periods — peaking at just over 100 days — and semi-
amplitude velocities of as much as 50 km s~!. The lack of detec-
tion of such long-period compact companions is supporting evi-
dence that the BAF supergiant sample cannot be explained by
stars that have directly evolved from the main sequence.

Furthermore, the SMC hosts a large number of high-mass X-
ray binaries (HMXBs), with the bulk of these, ~70, being Be
X-ray binaries (BeXRB) comprising late-O- to early-B-type pri-
maries and orbital periods of a few tens to a few hundred days
(McBride et al. 2008; Townsend et al. 2011; Coe & Kirk 2015;
Haberl & Sturm 2016). Only one system, SMC X-1, has a blue
supergiant donor star, Sk 160 (09.7Ia+). The compact object in
SMC X-1 is a neutron star. The range of primary spectral types
among HMXBs in the SMC and mass functions implies g values
in the range of ~0.05 < g < 0.30, which is within our sensitivity
range. To illustrate this, Fig. 7 displays detection probabilities for
orbital configurations down to ¢ = 0.05. This demonstrates that
low-g systems remain detectable at the 90% detection level with
orbital periods in the range 5 < P < 30 days. Therefore, we might
expect to detect long-period BeXRB (or OB plus neutron star
binaries) that have not yet undergone a common envelope phase.
We note that synthesis of the BeXRB binary population in the
SMC also contains a tail of longer periods than are detected cur-
rently (Vinciguerra et al. 2020). One might conclude, therefore,
that the BeXRB population does not survive into this part of the
HRD. Finally, the scarcity of binaries in the BAF supergiant pop-
ulation is consistent with predictions of stellar mergers, occurring
either on the main sequence or in the RSG regime (Justham et al.
2014; Menon & Heger 2017; Schneider et al. 2024), which pre-
dict single-star products as blue supergiants in the BAF effective
temperature range (Menon et al. 2024).

6. Summary and conclusions

In this work, we investigated the intrinsic RV variability and mul-
tiplicity properties of the supergiant stars ranging from spectral
types B5 to F5 in the SMC. We find a dearth of short-period binary
systems (5 < P < 100days) for the BAF supergiants in the
BLOeM campaign. Evidence for this is the significantly smaller
observed and bias-corrected binary fractions for the BAF sam-
ple compared to that of main-sequence stars (Sana et al. 2025;
Villasefior et al. 2025) and the small peak-to-peak RV values (Av)
observed. This is in contrast to the study of the BO-3 supergiant
stars in the BLOeM campaign that show large Av, which is indica-
tive of short-period binary systems. We find an observed multi-
plicity fraction of between 10 and 25% for the B5-9 supergiants,
which is likely affected by intrinsic variability, such as pulsations
(e.g. @ Cygni variables). We find an observed multiplicity fraction
of 5 + 2% for the AF supergiant stars. Taking into account obser-
vational biases, we determine the intrinsic multiplicity fractions
are less than 18% for the B5-9 supergiants and 8’:2% for the AF
supergiants. We caution, however, that these results — particularly
for the B5-9 sample — are likely significantly affected by uncor-
rected intrinsic RV variability, which if accounted for would result
in smaller intrinsic multiplicity fractions. Our key conclusions are
as follows:

i. We examined the evolutionary status of the BAF supergiants
via a comparison with main-sequence stars in the BLOeM
campaign from Villasefior et al. (2025) and conclude that the
BAF supergiant stars are inconsistent with a direct redward
evolution from the main sequence. This suggests the BAF
supergiants either were born as effectively single stars or
are binary interaction products. We compare our results with
multiplicity statistics for RSGs in the SMC and conclude that
the AF supergiants are inconsistent with being pre- or post-
RSG objects. While the origin of both groups of supergiants
remains unclear, our results are able to rule out multiple evo-
lutionary pathways.

ii. By assessing the BLOeM spectra and RV time series of
the detected binary systems, we can conclude that, remark-
ably, only a small fraction of stars display convincing orbital
solutions. In addition, there are no systems where a defi-
nite orbital period can be determined. This suggests that the
true multiplicity fraction of both the B5-9- and the AF-type
supergiants is lower than 15%, but inconsistent with zero,
based on UV-detected companions and indications of long
orbital periods for a handful of systems.

Data availability

Tables B.1, B.2, and B.3 are available at the CDS via
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Appendix A: Cross-correlation errors

Leaving aside the issue of whether or not the peak of the CCF of two spectra represents a true RV shift, the problem of determining
the error in the shift reduces to that of determining the uncertainty of the position of the CCF maximum. In this paper, and others
in the series, we adopt the approach of Zucker (2003) who used a maximum-likelihood analysis to derive a convenient analytic
expression for the error (o) reproduced here as

(A1)

S NGEOESONE
7= [N @) 1—C2<§>}

where C and C” are the values of the CCF and its second derivative at the peak position (§), and N is the number of pixels in the
spectrum. Typically the S/N is high enough such that both C and C”” can be reliably determined using a simple quadratic fit to the
3-pixel window centered on the maximum of the CCF. However in cases where the S/N of one or more epochs is below ~30 the
CCF contains structure that results in small spurious offsets in velocity. In those cases a simple 3-pixel median smoothing function,
and 7-pixel window, is found to give superior results, and since the data are over-sampled by a factor of ~3 there is no significant
loss of resolution. This approach was adopted for sources BLOeM 3-085, 3-092, 3-102, 4-004, 4-072, 4-114, 5-086, 6-007, 6-097,
and 8-091.

Simulations by Zucker (2003) for cool star spectra validated that this equation does indeed reproduce the measured errors, given
their assumptions. However a simplifying assumption in their analysis is that the noise in the data is both Gaussian and independent
of pixel position. Here we have investigated the impact of adopting a Poisson noise model for the spectra, and we have also used
continuum dominated spectra, that are appropriate for the bulk of the BAF supergiants under consideration here.

In our first simulation we made three artificial spectra consisting of 1, 4 and 16 well separated non-overlapping Gaussian lines
each with o = 3 units in a grid of uniform unit velocity spacing, and central depth 0.5 of the normalized continuum. We ran 10°
iterations of shifting each spectrum a fixed non-integer amount, adding Poisson noise, and using the CCF to estimate the spectrum
shifts relative to the original template. The ‘observed’ uncertainties were obtained by determining the standard deviation of the
differences between the determined and actual shifts in the data, and are plotted in Fig. A.1, as are the error estimates derived using
Eq. (A.1). We see that the Poisson noise errors are approximately 8% smaller than predicted, and also that the errors decrease as the
square root of the number of lines, rather than N, which is fixed in all simulations. This is readily understood as the test spectrum
is mostly continuum, unlike the case for cool stars considered in Zucker (2003), which suggests a better description of N to be the
number of pixels that carry significant information.

0.4 [} ' ' ’

stddev

20 40 60 80 100
s/n

Fig. A.1. Dashed black lines — plot of errors (stddev) of CCF positions versus signal-to-noise obtained in 10° simulations of simple spectra
consisting of 1, 4 and 16 absorption lines (ordering is top to bottom). Solid black lines — expected trends due to Eq. (A.1) which is larger by
approximately 8%. Note that the errors halve for each increase in the number of lines by a factor of 4. Blue lines are the equivalent results for a
template A-supergiant spectrum, with the dotted line illustrating the explicit errors obtained from the simulation of Gaussian noise. The dashed
blue line has been shifted upwards by 0.02 units for clarity.

A more realistic second simulation adopted a CMFGEN A-supergiant spectrum with T = 9750K, logg = 2.0 and SMC
metallicity as the template spectrum, which has a range of line strengths in the relevant cross-correlation window. This spectrum,
as in the above example, is sampled at constant velocity intervals of 1 kms™' in order compare with the rather simple simulations
discussed above. These results are also shown in Fig. A.1, as are the explicit results for the calculated errors assuming Gaussian
noise. We see that Eq. (A.1) overestimates the actual errors by about 11% in the case of this template. Similar results are obtained
for templates with other representative stellar parameters.

However the situation for the BLOeM data is a little more complicated as the original data are re-binned from the 4000 native
wavelength calibrated pixels to a uniform 0.2A pixel size, or 3056 pixels. For cross-correlation in velocity space these spectra must
be resampled to a constant velocity grid of pixels (or logarithmic spacing in wavelength). Typically one might choose a velocity
interval that is similar to the original pixel size, in this case ~14kms™', however there may be value in sub-sampling pixels, for
example to improve resolution of a final co-added data product. Assuming resampling simply interpolates onto a new wavelength
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Fig. A.2. Cross-correlation error versus signal-to-noise for a simulated BLOeM spectrum: Filled symbols indicate results from the Monte Carlo
simulation, open symbols are results derived from Eq. (A.1) modified as discussed in the test. Triangles, circles and stars denote resampled pixel
sizes of 14, 7 and 1;kms™! respectively.

grid, as is the case here, the consideration of Eq. (A.1) tells us that one might expect the errors from this equation need to multiplied
by a factor \/old_pixel_size/ new_pixel_size.

This supposition was essentially confirmed with Monte Carlo simulations of cross-correlating an artificial BLOeM spectrum
with a range of Poisson noise levels against the original noiseless spectrum. The artificial data were generated from a high resolution
CMFGEN spectrum (as above), convolved with FLAMES resolution, and rebinned to 3056 0.2 A pixels before resampling to a
uniform velocity scale. The formal errors from the cross-correlations were calculated as noted above, and the observed errors were
determined from 10000 simulations, the formal errors being taken as the mean of the 10000 results individual results. The results
are shown in Fig. A.2 confirming that the above procedure for computing the errors in the case of resampling to a smaller pixel
size, which is in good agreement with our simulations. We have repeated this Monte Carlo approach for the procedure adopted to
measure radial velocities, and outlined in Sect. 3, essentially finding the same result. Namely, the errors inferred from our modified
error estimate agree with those derived from our Monte Carlo simulations.

However, since the likely errors due to systematic effects as described in Appendix B likely dominate the error budget for
the BAF supergiants we refrain from correcting the formal errors here, and will return to this issue when future data releases are
available.

Appendix B: Radial velocity corrections

As was the case for the analysis of the cool, red supergiants from the VFTS survey (Patrick et al. 2019), the FLAMES fields taken on
different nights exhibit small temporal drifts in the wavelength calibration, which manifest as an offset in measured radial velocities.
This is most noticeable for the AF supergiants that enable high precision measurements due to the number and sharpness of their
metal lines. Figure B.1 shows the temporal trends of their radial velocities for each field, from which it is evident that there are
correlations between different stars in each field. This is clearly an artifact, most likely due to small thermal drifts affecting the
wavelength scale, a known issue for the FLAMES spectrograph.

For each field we define a subset of sources that have small dispersion in their mean values, subtract their median velocities,
determine the median offset at each epoch across all sources, and correct the observed velocities by this amount. The process is
then repeated to convergence, typically only 2-3 iterations per field being required. Table B.1 lists the resulting RV corrections that
should be applied to observations in the field at a given epoch, while Fig. B.2 illustrates the impact of their application. Clearly there
are still a few issues with some stars. For example, in Field 8, stars 8-010 and 8-091 still display an apparent correlation. However,
the full two years of BLOeM data should permit further refinement of this approach.

Table B.1. Velocity corrections (in km s™') for each field and epoch that have to be added to the measured RVs (available via CDS).

Field Epoch Number

No. 1 2 3 4 5 6 7 8 9
1 -045 -0.58 097 234 1.10 1.39 098 -0.08 -0.41
2 0.24 0.19 033 -1.02 034 -0.12 0.00 -0.05 -0.17
3 0.10 0.04 0.68 -0.37 0.76 0.64 008 -0.64 -0.32
4 0.19 042 -034 0.54 -0.99 1.04 -0.19 -0.08 0.07
5 0.12 0.00 0.09 -0.22 0.20 0.29 0.00 -091 -0.57
6 -0.37 023 -0.67 -0.13 0.00 0.80 -0.08 0.14 0.33
7 -129  -0.09 0.61 0.00 095 023 -0.72 042 -023
8 -0.82  -0.66 1.36 0.16 -023 -0.12 -0.15 0.39 0.35
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Fig. B.1. Measured radial velocities of the A-type supergiants for each BLOeM field (see headings). For ease of comparison, the median value
has been subtracted from each source, and multiples of 5 km s~ added to separate the resulting trends. Note the correlated behaviour across many
sources in each field.
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Table B.2. Measured radial velocities (kms™') and uncertainties for each epoch (extract).

BLOeM MJD RV error

1-001 60219.105 148.15 0.124
1-001 60220.259 149.022 0.149
1-001 60242.054 146.746 0.133
1-001 60245.022 149.213  0.15
1-001 60248.149 146.21 0.124
1-001 60252.212 143.295 0.246
1-001 60256.289  147.009 0.125
1-001 60261.05 147.414 0.172
1-001 60285.199 147.765 0.131
1-008 60219.105 169.551 0.072

Notes. The full version of this table is available via the CDS. A value of zero indicates there are no data for that epoch number.

Table B.3. Mean radial velocities, their standard deviation (o), median value, and peak-to-peak velocity (p2p). Also listed is the median of
individual errors, the number of epochs available, and the number of pairs of measurements satisfying Eq. (1). The effective temperature and
logarithmic luminosity are those derived here and used in construction of the HRD. Candidate spectroscopic binaries are flagged as ‘var’ according
to Fig. 4 and ‘LP’ marks the potential long period system that does not meet the binary threshold. Candidate @ Cyg variables are also indicated.
The full version of this table is available via the CDS.

ID Sp Type mean o median p2p median no. ny Terr logL Comment
kms~! kms~! kms~! kms~! errorkms™! epochs K Lo

1-001 B9 Iab 147.27 1.07 147.35 3.76 0.50 9 0 10250 4.27

1-008 B9 Iab 169.11 0.17 169.10 0.63 0.29 9 0 10750 4.63

1-016 A21b 116.99 0.22 116.97 0.66 0.28 9 0 8250 4.70

1-028 B8 Iab/Ia 177.38 1.57 176.98 4.41 0.45 9 7 12500 5.01

1-031 AOQ Tab 156.42 0.37 156.50 1.15 0.34 9 0 9500 4.65

1-039 A2 1I/Ib 144.27 0.22 144.19 0.71 0.29 9 0 7750 4.40

1-050 A71b 134.06 0.31 134.15 0.93 0.49 9 0 7500 4.15

1-051 A0 Ta 149.65 2.09 150.01 6.39 0.36 9 23 9500 5.33 a Cyg var
1-062 B8 Iab 150.87 0.46 150.95 1.31 0.35 9 0 13000 4.73

1-064 B9 Ib 191.52 0.75 191.76 2.12 0.87 9 0 9240 3.76

1-065 AT71Ib 176.77 0.26 176.79 0.86 0.36 9 0 7500 4.34

1-077 A2 TI/Ib 141.84 0.27 141.79 0.88 1.28 9 0 8500 431

1-085 A7 Ib/ab 119.58 0.14 119.55 0.50 0.56 9 0 7500 4.19

1-090 AlIb 130.46 0.42 130.68 1.15 0.42 9 0 8740 3.80

1-093 AT71Ib 148.83 0.36 148.82 1.10 0.91 9 0 7500 4.42

1-112 B9 Ia 193.62 2.95 193.60 10.54 0.53 8 14 11500 5.34 a Cyg var
1-114 F5: 174.15 1.42 173.53 3.85 0.65 9 2 7000 5.10 LP

2-012 A0 Tb 105.86 0.58 106.11 1.57 0.51 9 0 9250 4.00

2-022 A0 Tb 98.34 0.24 98.38 0.82 0.37 9 0 9500 4.23

2-050 A5 Ib 104.22 0.30 104.12 0.96 0.54 9 0 7500 4.10

2-054 A0 Ia 152.07 1.08 151.56 3.52 0.38 9 5 10000 4.87

2-058 A5 Ib 130.32 0.34 130.45 1.0 0.34 9 0 8250 4.42

2-065 F5: 148.81 0.28 148.79 0.91 0.56 9 0 6500 5.04

2-067 B8 Ib 105.75 0.73 105.92 2.39 0.34 9 1 13000 4.63

2-068 B9 Iab 154.03 0.24 154.06 0.77 0.45 9 0 10000 4.53

2-072 A2 1I/Ib 11524 0.29 115.21 0.93 0.42 9 0 8990 4.06

2-073 B9 Ia 164.18 2.03 165.51 4.45 0.37 4 3 11490 4.77

2-080 A2 11/Ib 136.05 0.57 136.27 1.71 0.69 9 0 8500 4.17

2-088 A5 Tb 128.51 0.15 128.47 0.57 0.49 9 0 7500 4.01

2-092 B8 Iab 157.85 1.88 158.02 6.12 0.38 9 17 11990 497 a Cyg var
2-093 B8 Ia 150.72 3.07 150.52 9.57 0.58 9 16 13000 5.62 a Cyg var
2-101 B9 Ib 160.20 0.44 160.24 1.19 0.62 8 0 9500 4.19

2-105 A2 1I/Ib 137.40 0.42 137.39 1.28 0.37 9 0 8740 4.03

2-108 B51I 140.81 0.85 141.12 2.19 0.71 9 0 12500 3.94

2-115 B51b 150.37 0.68 150.55 1.94 0.50 9 0 14000 4.53

3-007 A5 Ib 144.24 0.50 144.13 1.72 0.55 9 0 7750 4.05

3-009 B51I 137.23 1.39 137.39 4.60 1.06 9 0 14500 4.30

3-013 A0 Tb 121.07 0.45 121.23 1.23 0.50 9 0 9250 3.95

3-024 B51I 123.10 1.42 122.98 4.87 0.75 9 0 12500 3.93

3-038 A0 Ia 142.96 0.37 142.81 1.11 0.58 9 0 9500 427

3-041 B8 Ib 146.93 0.67 146.81 227 0.47 9 0 14000 4.67

3-043 A2 Tab 122.43 0.99 122.70 2.76 0.26 9 11 8250 4.71

3-045 A0 Tb 105.20 0.21 105.23 0.57 0.43 5 0 9500 4.15

3-058 AOQ Iab 159.11 0.26 159.27 0.71 0.34 9 0 9500 4.14

3-068 B51b 150.55 0.41 150.60 1.08 0.48 9 0 14500 4.53

3-083 A0 Ib 131.49 0.47 131.26 1.50 0.50 9 0 10000 4.08

3-085 B9 Iab 146.45 2.67 145.45 7.43 3.36 9 0 9500 4.13

3-087 A2 1I/Ib 151.38 0.39 151.42 1.47 0.34 9 0 8250 4.25
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ID Sp Type mean o median p2p median no. ny Terf logL Comment
kms™! kms kms™! kms™ errorkms™! epochs K Lo

3-088 A211 130.92 0.47 131.08 1.41 0.81 9 0 8500 4.06

3-092 B51I 160.97 2.00 161.27 6.33 0.79 9 4 14500 4.20 var

3-099 B9 Tab 15225 0.47 152.25 1.61 0.41 9 0 11000 4.40

3-102 B8 II-Ib 163.60 2.67 163.00 6.83 1.02 9 6 12500 4.04 var

3-104 B8 Iab 148.89 1.21 148.60 347 0.48 9 2 14000 4.61

3-106 B51b 130.31 1.65 130.94 4.70 0.44 9 10 14500 4.64 LpP

3-110 B8 II-Ib 143.45 1.22 143.24 3.63 0.62 9 2 12500 4.12

3-114 F2: 123.48 0.41 123.37 0.94 0.45 9 0 6250 4.08

4-001 AlIb 144.29 0.44 144.27 1.62 0.58 9 0 9250 4.32

4-004 B51II: 148.53 4.03 148.47 12.87 1.78 9 3 12500 3.77 var

4-006 F2: 177.46 0.26 177.45 0.93 0.46 9 0 7000 4.79 UV excess

4-008 A0 Ib 181.55 0.42 181.32 1.35 0.30 9 0 9750 4.40

4-054 B9 Ib 153.27 0.45 153.23 1.27 0.85 9 0 12500 4.22

4-060 B8 II-Ib 127.46 0.76 127.87 1.91 0.73 9 0 12500 4.11

4-063 AT71Ib 149.10 0.50 149.08 1.51 0.44 9 0 7500 4.44

4-072 B9 Ia 169.13 1.86 169.47 5.50 0.34 9 19 11000 4.76 a Cyg var

4-075 A0 Ib 148.05 0.38 148.16 1.17 0.34 9 0 9750 4.32

4-079 A0 Tb 151.37 0.21 151.32 0.70 0.34 9 0 9500 4.33

4-084 A0 Tab 135.36 0.53 135.31 1.86 0.55 9 0 9750 4.56

4-086 A2 II/Iab 156.58 0.58 156.47 2.24 0.43 9 0 8740 3.92

4-091 B8 Ib/Iab 143.31 0.42 143.24 1.37 0.59 9 0 12500 4.57

4-103 A5 b 179.22 0.41 179.29 1.35 0.27 9 0 7750 4.45

4-112 B51I 154.36 1.03 154.25 3.65 0.81 9 0 14500 4.15

4-114 B51I 189.96 2.13 189.82 6.96 1.35 9 0 14500 4.16

5-005 F2: 136.56 6.98 132.37 16.06 0.47 7 11 6250 3.87 Cepheid

5-012 A2 1I/Ib 165.38 0.43 165.26 1.17 0.37 9 0 8500 4.12

5-014 A0 Ib 166.02 0.22 165.98 0.65 0.36 9 0 9500 443

5-029 AT71b 168.46 0.24 168.41 0.62 0.65 9 0 7500 4.30

5-036 B9 Ib 188.06 1.23 188.05 3.96 1.04 9 0 9240 3.81

5-052 B9 Iab 121.88 0.67 121.82 1.74 0.41 9 0 10250 4.47

5-054 AS5Tb 156.73 0.72 156.84 2.0 0.98 9 0 8500 4.08

5-055 Al II/Tb 168.54 0.25 168.48 0.71 0.38 9 0 8990 3.94

5-067 A0 Tab 140.17 0.18 140.11 0.50 0.25 9 0 9750 4.72

5-086 B9 Ib 191.16 3.37 191.69 12.02 1.96 9 1 9240 3.81 var

5-091 B8 Ib 171.91 0.60 172.0 1.92 0.36 9 0 13000 4.74

5-098 B9 Ia 173.80 0.45 173.85 1.12 0.33 9 0 11500 4.59

5-101 A5 Tb 138.39 0.37 138.52 1.04 0.39 9 0 8250 4.21

5-102 FO: 191.72 0.39 191.72 1.49 0.50 9 0 7000 4.00

5-109 AT Iab 143.30 0.14 143.27 0.43 0.63 9 0 7500 427 UV excess

5-112 A0 1Ib 188.94 0.27 188.99 0.99 0.71 9 0 9250 3.88

6-002 A21b 183.89 0.36 183.90 1.14 0.32 9 0 8740 4.42

6-006 F2: 174.07 1.65 173.61 5.08 0.84 9 1 6500 4.45 var

6-007 B51I 179.59 3.90 179.19 10.70 1.71 9 4 14500 4.03 var

6-008 A21a 174.88 1.84 174.44 6.09 0.59 9 7 8740 5.57 var UV excess

6-009 A2 1I/Ib 160.83 0.27 160.87 0.78 0.33 9 0 8250 4.26

6-015 F2: 171.47 0.39 171.27 1.17 0.36 9 0 7000 4.29

6-024 A5 Tab 173.86 0.34 173.90 0.97 0.29 9 0 8250 4.95

6-052 A2 1I/Ib 169.73 0.23 169.76 0.75 0.44 9 0 8250 443 UV excess

6-095 A0 Ib 173.28 0.37 173.27 1.17 0.45 9 0 9250 4.03

6-097 B8 II-Ib 172.06 4.30 173.62 13.56 1.86 9 5 12500 3.95 var

6-108 A0 Tab 170.10 0.30 170.19 0.83 0.40 9 0 10000 4.41

6-116 A7 Iab 170.75 0.21 170.75 0.60 0.50 9 0 7500 4.07

7-004 A0 Tab 119.48 0.55 119.53 1.80 0.49 8 0 9750 4.20

7-012 B511 154.57 0.70 154.62 2.51 0.52 9 0 14500 4.19

7-017 A21b 149.71 0.33 149.78 0.97 0.34 9 0 8990 4.14

7-046 B51I 152.71 1.30 152.88 4.12 0.82 9 0 12500 4.27

7-067 AO0Tb 139.94 0.36 139.88 1.19 0.40 9 0 9500 422

7-068 A5 Tb 155.25 0.19 155.24 0.70 0.37 9 0 8250 4.34

7-075 B8 Ib 156.24 0.54 156.01 1.61 0.57 9 0 12500 4.70

7-091 A5 Tab 152.03 0.33 152.06 0.87 0.22 9 0 7500 4.95

7-097 A71Ib 165.27 0.27 165.28 0.93 0.57 9 0 7500 4.00

7-106 B8 Ib 149.73 0.58 149.52 1.59 1.02 9 0 12500 4.70

8-001 B8 Ib 156.53 1.01 156.14 2.92 0.37 9 7 12000 4.69 LP

8-010 A0 Ia 163.74 2.46 164.64 578 0.34 9 20 9750 5.10 a Cyg var

8-042 AS5Tb 134.24 0.33 134.34 1.06 0.41 9 0 8250 4.07

8-061 B9 Ib 112.07 0.67 112.05 2.12 1.12 9 0 9240 3.97

8-067 AT71Ib 152.01 0.18 151.98 0.55 0.50 9 0 7500 4.40

8-072 F2: 148.53 0.18 148.55 0.54 0.43 7 0 7000 4.58

8-076 A5 Ib 137.12 0.83 137.03 2.34 246 6 0 8990 4.26

8-077 B51I 14259 1.14 142.79 3.78 0.70 8 0 14500 4.28

8-082 B9 Iab 153.20 0.38 153.21 1.23 0.33 8 0 10500 4.51

8-083 FO: 140.51 0.20 140.43 0.65 0.34 9 0 7000 3.87

8-086 AT1Ib 133.84 0.19 133.91 0.58 0.61 9 0 7500 432

8-089 F2: 139.34 0.39 139.45 1.10 0.38 6 0 6500 4.03

8-091 A0 II 140.15 2.08 140.23 6.83 2.83 9 0 8990 4.03

8-096 A71b 126.49 0.18 126.44 0.57 0.55 9 0 7500 4.08

8-097 FO: 146.28 0.11 146.25 0.21 0.39 3 0 7000 3.93

8-101 FO: 137.88 0.22 137.79 0.62 0.34 9 0 7000 4.05

8-107 A0 Ib 137.07 0.58 137.18 1.86 0.88 9 0 9250 3.96

8-113 A5 Tb 139.60 0.24 139.68 0.72 0.81 9 0 7500 4.15

8-116 A21b 154.51 0.18 154.54 0.61 0.39 9 0 9250 443
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Appendix C: Radial velocity plots of candidates variables

In this appendix we plot the epoch RV data of all 14 sources satisfying Eqs.2 and 1, Figs. C.1 and C.2, plus three examples of
sources that do not pass the variability criteria yet exhibit signs of long-term correlated variability, Fig. C.3, that may indicate
binarity or potentially (long-term) pulsations.
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Fig. C.1. Radial velocity plots as function MJD for sources flagged as var in Table B.3. Headers give the BLOeM identifiers, spectra types, peak-

to-peak velocities, and number of velocity pairs satisfying Eq. (1). The horizontal solid lines indicate the mean velocities, and the dashed lines the
standard deviations.
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Fig. C.2. Same as Fig. C.1 but for other sources.
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Fig. C.3. Radial velocity plots as a function MJD for sources exhibiting possible binary motion, or perhaps long-term pulsation. Headers list the
BLOeM identifiers, spectra types, and peak-to-peak velocities 1. The horizontal solid lines indicate the mean velocities, and the dashed lines the
standard deviations.
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