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ABSTRACT

Context. Observations of massive stars in open clusters younger than ∼8 Myr have shown that a majority of them are in binary sys-
tems, most of which will interact during their life. While these can be used as a proxy of the initial multiplicity properties, studying
populations of massive stars older than ∼20 Myr allows us to probe the outcome of these interactions after a significant number of
systems have experienced mass and angular momentum transfer and may even have merged.
Aims. Using multi-epoch integral-field spectroscopy, we aim to investigate the multiplicity properties of the massive-star population
in the dense core of the ∼40 Myr old cluster NGC 330 in the Small Magellanic Cloud in order to search for possible imprints of stellar
evolution on the multiplicity properties.
Methods. We obtained six epochs of VLT/MUSE observations operated in wide-field mode with the extended wavelength setup and
supported by adaptive optics. We extracted spectra and measured radial velocities for stars brighter than mF814W = 19. We identified
single-lined spectroscopic binaries through significant RV variability with a peak-to-peak amplitude larger than 20 km s−1. We also
identified double-lined spectroscopic binaries, and quantified the observational biases for binary detection. In particular, we took into
account that binary systems with similar line strengths are difficult to detect in our data set.
Results. The observed spectroscopic binary fraction among stars brighter than mF814W = 19 (approximately 5.5 M� on the main se-
quence) is f obs

SB = 13.2 ± 2.0%. Considering period and mass ratio ranges from log(P) = 0.15−3.5 (about 1.4 to 3160 d), q = 0.1−1.0,
and a representative set of orbital parameter distributions, we find a bias-corrected close binary fraction of fcl = 34+8

−7%. This fraction
seems to decline for the fainter stars, which indicates either that the close binary fraction drops in the B-type domain, or that the
period distribution becomes more heavily weighted toward longer orbital periods. We further find that both fractions vary strongly
in different regions of the color-magnitude diagram, which corresponds to different evolutionary stages. This probably reveals the
imprint of the binary history of different groups of stars. In particular, we find that the observed spectroscopic binary fraction of Be
stars ( f obs

SB = 2 ± 2%) is significantly lower than that of B-type stars ( f obs
SB = 9 ± 2%).

Conclusions. We provide the first homogeneous radial velocity study of a large sample of B-type stars at a low metallicity
([Fe/H].−1.0). The overall bias-corrected close binary fraction (log(P)< 3.5 d) of the B-star population in NGC 330 is lower than
the fraction reported for younger Galactic and Large Magellanic Cloud clusters in previous works. More data are needed, however, to
establish whether the observed differences are caused by an age or a metallicity effect.

Key words. stars: massive – stars: emission-line, Be – binaries: spectroscopic – blue stragglers –
open clusters and associations: individual: NGC 330 – Magellanic Clouds
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1. Introduction

Observations have shown that a majority of OB stars, which
are stars with initial masses higher than 8 M�, are mem-
bers of binary or higher-order multiple systems (see, e.g.,
Abt et al. 1990; Shatsky & Tokovinin 2002; Sana et al. 2012,
2014; Rizzuto et al. 2013; Kobulnicky et al. 2012; Dunstall et al.
2015; Moe & Di Stefano 2017). A high fraction of them will
interact during the course of their life (Sana et al. 2012, 2013;
Dunstall et al. 2015), which will drastically alter the subse-
quent evolution of both binary components (Paczyński 1967;
Podsiadlowski et al. 1992).

In contrast to the evolutionary pathway of single stars, inter-
actions in binary systems can lead to a multitude of post-
interaction pathways. This depends most strongly on the initial
mass of the primary and on the initial orbital properties of
the system, especially on the initial mass ratio and orbital
period (Podsiadlowski et al. 1992; Langer 2012). Very tight
binaries are thought to undergo contact evolution and eventually
merge (see, e.g., Pols 1994; Wellstein et al. 2001; de Mink et al.
2009). In the case of stable mass transfer via Roche-lobe
overflow (RLOF), the primary is stripped of its envelope
(Kippenhahn & Weigert 1967). The companion accretes mate-
rial and angular momentum and is spun up to close to criti-
cal spin rates, depending on the amount of material transferred,
and the ability of tides to spin it down (e.g., Pols et al. 1991;
de Mink et al. 2013).

Binary interactions thus lead to a variety of binary interaction
products (BiPs) that can have very different observational char-
acteristics. If originally part of a coeval star formation event, for
example, in a single-starburst stellar cluster, mass gainers and
merger products can appear as rejuvenated, single stars, some
of which are situated above the cluster turnoff (TO). Obser-
vationally, stars above the TO are called blue stragglers (e.g.,
Ferraro et al. 1997) or red stragglers if the BiP evolves to the red
supergiant phase (Britavskiy et al. 2019; Beasor et al. 2019). In
the case of RLOF, the secondary is spun up and can be observed
as a rapidly rotating star (Pols et al. 1991), whereas the stripped
core of the original primary is hard to detect (Wellstein et al.
2001; Götberg et al. 2017). If the remaining mass of the stripped
star is .1 M�, it will evolve into a subdwarf O or B star
(sdO/sdB; see, e.g., Gies et al. 1998; Heber 2009; Peters et al.
2013; Wang et al. 2017, 2018, 2021; Chojnowski et al. 2018;
Götberg et al. 2018). If the core of the stripped star is massive
enough, it will end in a core-collapse supernova, leaving behind
a neutron star or black hole. Most systems will unbind as result
of the natal kick of the compact object, creating a walkaway or
runaway star (e.g., Eldridge et al. 2011; Renzo et al. 2019). Sys-
tems that remain bound are possible progenitors for X-ray bina-
ries (Reig et al. 1997; Haberl & Sturm 2016), depending on their
configuration and evolutionary stage.

Because a high fraction of massive stars interact with a com-
panion during their lifetime, the number of BiPs in a given
population of massive stars is expected to become significant
(de Mink et al. 2014; Britavskiy et al. 2019; Wang et al. 2020).
Theoretical computations have shown that the fraction of BiPs as
well as the currently observed binary fraction varies as a function
of the age of the population (Schneider et al. 2015).

In order to gain insight into initial multiplicity properties,
the binary properties of massive stars in young clusters both
in our Galaxy and in the Large Magellanic Cloud (LMC) have
been well studied through spectroscopy (e.g., Kobulnicky et al.
2012; Sana et al. 2012, 2013). These spectroscopic studies are
typically sensitive to systems with periods up to about 10 years,

with a decreasing sensitivity above some years. In this paper,
we adopt the following nomenclature: Systems detected through
spectroscopy are called spectroscopic binaries f obs

SB , while the
corresponding intrinsic binary population after bias correction is
called close binaries fcl. Unless specified otherwise, we adopt a
maximum period of 103.5 days to allow a direct comparison with
previous studies.

Investigating O stars in young open galactic clusters,
Sana et al. (2012) found a bias-corrected close binary fraction of
fcl = 69 ± 9%. This is similar to the bias-corrected close binary
fraction of OB stars in Cygnus OB2 of ∼55% (Kobulnicky et al.
2014). The bias-corrected close binary fraction of young O-type
stars in the 30 Dor region in the LMC was found to be 51 ± 4%
(Sana et al. 2013; Almeida et al. 2017). Focusing on young B-
type stars, Raboud (1996) estimated a lower limit of 52% on
the observed close binary fraction in the young Galactic clus-
ter NGC 6231. In a recent study, Banyard et al. (2021) revisit the
B-star population of NGC 6231 and find a bias-corrected close
binary fraction of fcl = 44 ± 6%. In the LMC, Dunstall et al.
(2015) investigated B stars in the young cluster 30 Dor and found
fcl = 58± 11%.

Homogeneous studies of the multiplicity of massive stars
in intermediate-age clusters are still lacking, however. In clus-
ters of ∼20−40 Myr, O stars already have evolved off the main
sequence (MS) and B-type stars now dominate the cluster TO
(Ekström et al. 2008; Brott et al. 2011). Furthermore, a signifi-
cant fraction of the initial binary systems will have had time to
interact so that the number of BiPs in these clusters is expected
to be significant (Schneider et al. 2015).

Investigating the current multiplicity properties of
intermediate-age clusters as well as the frequency and
characteristics of BiPs thus provides an ideal laboratory for
testing the current theories of binary evolution, in particular the
physics controlling the interactions. One such intermediate-age
cluster is NGC 330 in the Small Magellanic Cloud (SMC),
which is reported to be between 25 and 45 Myr old (e.g.,
Sirianni et al. 2002; Milone et al. 2018; Patrick et al. 2020).
While massive stars in the SMC field are reported to have a
metallicity of [Fe/H] =−0.7 (e.g., Luck et al. 1998; Korn et al.
2000; Keller & Wood 2006), NGC 330 was suggested to have
an even lower metallicity of [Fe/H].−1.0 (Grebel et al. 1992;
Gonzalez & Wallerstein 1999; Piatti et al. 2019). The high
stellar density in NGC 330 prevented a spectroscopic study of
the cluster core with previous instrumentation. The advent of
adaptive optics (AO) at the Multi-Unit spectroscopic Explorer
(MUSE) in 2017 changed the situation (Bacon et al. 2010).

Bodensteiner et al. (2020a, hereafter Paper I) focused on a
single epoch of AO-supported MUSE observations of the SMC
cluster NGC 330 (epoch 4, see Table 1). Paper I described the
observations, data reduction and sky subtraction. Furthermore,
we gave a detailed explanation of how spectra for individual stars
were extracted from the MUSE data cube using point spread
function (PSF) fitting. Using an automated spectral classifica-
tion based on equivalent widths of He lines, we assigned spectral
types to more than 200 stars. We derived a total cluster mass of
88+17
−18 × 103 M� and an age of the cluster core of 35−40 Myr.

NGC 330 was previously reported to contain a large number
of Be stars (see, e.g., Feast 1972; Grebel et al. 1996; Keller et al.
1999; Martayan et al. 2007). Based on Hubble Space Telescope
(HST) photometry, Milone et al. (2018) reported that the color-
magnitude diagram (CMD) of NGC 330 shows a split MS and a
large population of Hα emitting stars, which they interpreted as
Be stars. The colors of these stars indicate that they are cooler
than the bulk of MS stars, therefore these stars predominantly
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populate a region offset from the MS region (see their Fig. 10).
Using the MUSE observations, we confirmed that stars in this
cooler region in the CMD are indeed Be stars. We furthermore
found that the overall observed Be star fraction in the cluster
core is 32± 3%. Around and above the cluster turnoff, it rises to
∼50 ± 10%, as was indicated before by Milone et al. (2018).

Be stars are observationally identified as B-type stars with
strong Balmer-line emission (Jaschek et al. 1981). As this obser-
vational definition includes several objects of different physical
nature (i.e., Herbig Ae/Be stars, B-type supergiants, and inter-
acting binaries), the term “classical Be stars” is used to describe
rapidly rotating non-supergiant B-type stars with a circumstellar
decretion disk that gives rise to the characteristic line emission
(Rivinius et al. 2013). The origin of the rapid rotation of classi-
cal Be stars, which is thought to be close to the critical breakup
velocity, is still debated (McSwain & Gies 2005). According to
the proposed single-star channels, classical Be stars could be
born as rapid rotators (Bodenheimer 1995) or spin-up toward
the end of their MS lifetime (see, e.g., Ekström et al. 2008;
Hastings et al. 2020). Another proposed formation channel inter-
prets classical Be stars as mass gainers in previous binary inter-
actions (Pols et al. 1991; de Mink et al. 2013; Shao & Li 2014;
Bodensteiner et al. 2020c). A way to test the relative contribu-
tions of these channels is to investigate the multiplicity prop-
erties of classical Be stars: If the single-star channels dominate
their formation, Be stars are expected to have binary properties
similar to those of normal B-type stars. If the binary channel is
the dominating one, however, Be stars are not expected to be in
close binary systems with MS companions, but to rather have
stripped or evolved companions (which are hard to detect obser-
vationally) or to be runaways (Bodensteiner et al. 2020c).

We extend our analysis here to study the multiplicity proper-
ties of NGC 330 using six epochs of MUSE observations. This
paper is organized as follows. Section 2 describes the multi-
epoch observations, their reduction and the extraction of indi-
vidual spectra. Section 3 focuses on the measurement of radial
velocities (RVs), and we discuss the correction for observational
biases in Sect. 4. We derive the spectroscopic binary fraction of
the overall massive-star population of NGC 330 in Sect. 5 and
discuss individual groups of stars of interest. Finally, in Sect. 6
we discuss our results, and the conclusions and an outlook to
future work are given in Sect. 7.

2. Observations, sample, and extraction of spectra

2.1. Observations and data reduction

Six epochs of observations of NGC 330 were obtained with
MUSE between August 2017 and December 2018. The six
epochs were split into four dither positions of 540 s each and
were spread out over approximately 1.5 years. A journal of the
observations with seeing conditions is given in Table 1. Addi-
tionally, the average full width at half maximum (FWHM) of
the point spread function (PSF) as measured by fitting 2D Gaus-
sian profiles on several bright and isolated targets in the reduced
and collapsed white-light image is provided for each epoch. This
gives an indication of the final image quality after data reduction,
taking the effect of the AO into account.

MUSE is made up of 24 individual spectrographs that in
wide-field mode (WFM) cover a field of view (FoV) of 1′ × 1′
with a spatial pixel sampling of 0.2′′ in both spatial directions.
At the estimated distance of 60 ± 1 kpc (see, e.g., Harries et al.
2003), 1′ corresponds to about 20 pc and 0.2′′ to 0.07 pc or
1.4× 104 AU. Observations in the extended wavelength mode

Table 1. Journal of the MUSE observations of NGC 330.

Nr. Date MJD Seeing FWHM
[d] [′′] [′′]

1 2017-08-15 57980.22523264 0.4−0.9 0.7−0.8
2 2017-09-18 58014.12963530 1.2−1.9 0.8−0.9
3 2018-11-06 58428.09317181 0.8−1.1 0.8−1.0
4 2018-11-19 58441.07863659 0.4−0.7 0.6−0.7
5 2018-11-22 58444.04752694 0.6−0.8 0.7−0.8
6 2018-12-18 58470.03819326 0.6−0.8 0.7−0.8

Notes. The first column assigns a number to each epoch, and columns
two and three give the date and modified Julian date (MJD) at the start
of each observation. The last two columns provide the seeing during
the observations as measured by the Paranal Differential Image Motion
Monitor (DIMM), and the average FWHM of the PSF measured in the
reduced data cubes.

cover the optical spectrum between 4600 Å and 9300 Å. When
the AO mode is used, the region between 5780 Å and 5990 Å is
blocked to avoid stray light from the laser guide stars. The spec-
tral resolving power λ/∆λ varies from 1700 at 4600 Å to 3700 at
9300 Å.

All epochs were reduced as described in Paper I. In short, we
used the standard ESO MUSE pipeline v2.61 to apply bias and
dark subtraction, flat fielding, wavelength and illumination cor-
rection, telluric correction and flux calibration. A sky subtraction
was performed by taking the darkest pixels in each observation
to create an average sky spectrum that was then subtracted from
each pixel in each data cube.

2.2. Extraction of spectra

The extraction of spectra from the fully reduced MUSE data
cubes was made through via PSF-fitting. In order to take the
crowding in the field into account, we fit the PSF of multi-
ple, close-by sources simultaneously to limit contamination. For
this purpose, we need a catalog of accurate stellar positions and
brightness, preferably from an instrument with higher spatial res-
olution, which is then used as input for the PSF fitting.

In contrast to the procedure adopted in Paper I, we used
the photometric catalog provided by the GALFOR project2,
described in Milone et al. (2018), as the target input catalog. The
catalog, which is based on HST wide-field camera 3 (WFC3)
observations taken in 2015 and 2017, contains coordinates as
well as magnitudes in different filters (i.e., F225W, F336W,
F656N, and F814W). No magnitudes are available for three of
the red supergiants (RSG) and for one blue supergiant (BSG).
Additionally, some bright sources fall in the gap between the
individual WFC3 chips. We estimated their position and magni-
tude by comparison to similarly bright stars and manually added
them to the input catalog.

After aligning the HST catalog with the MUSE coordi-
nate system, stars in the MUSE FoV with F336W magnitudes
brighter than 17.5 (Vega magnitudes, corresponding to stars with
masses &5.5 M� on the MS) were selected for spectral extrac-
tion. For each of these 400 stars, the spectrum was extracted
using a python routine based on PSF fitting (see Paper I for
more details). In short, the PSF of each star was fit at each
wavelength slice (i.e., 3701 times); all stars closer than 12 pixel

1 https://www.eso.org/sci/software/pipelines/muse/
2 http://progetti.dfa.unipd.it/GALFOR/MCs/NGC0330.html
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and brighter than 18.5 in F336W were fit simultaneously. This
ensures that the high level of crowding in the dense cluster core is
taken into account as close-by sources are effectively deblended.
The individual flux measurements per wavelength bin were then
concatenated to a spectrum for each star.

When stars are too close to the edge of the FoV, the PSF-
fitting routine fails. Spectra for these stars were extracted manu-
ally using QfitsView3. The extraction in QfitsView is similar to
aperture photometry, that is, the flux of a star in each wavelength
slice is determined by summing the flux within a certain aper-
ture (which was fixed to 3× 3 pixels here). Because the stellar
density toward the edge of the MUSE FoV is lower, the sources
here are more isolated, and contamination by close-by sources is
less likely.

Because of a small spatial offset between the epochs, the dif-
ferent observations do not cover the exact same region in the sky.
As a result, some stars close to the edge of the MUSE FoV are
not observed in every epoch and therefore have fewer than six
epochs available. Furthermore, the seeing conditions varied (see
Table 1), therefore the quality of the individual spectra varies
from epoch to epoch.

In total, we extracted at least four spectra for 400 stars
brighter than mF336W = 17.5 mag. For 55 stars, mainly faint stars
in crowded regions of the FoV, the quality of the extracted spec-
tra, that is, the continuum signal-to-noise ratio (S/N), was .80
and thus was deemed insufficient for a subsequent analysis. Fur-
thermore, there are five foreground stars in the FoV that are clas-
sified as such because while their brightness is similar to that
of the B-type stars, they show the spectrum of K-M type star.
The spectra of the remaining 340 stars were automatically nor-
malized (see Paper I). In total, this provides us with normalized
spectra for 324 B-type stars, ten RSGs and six BSGs.

2.3. Spectral types

Investigating the Balmer lines of the non-supergiant B-type stars
for the presence of emission lines in at least one epoch, we iden-
tified 115 Be stars (i.e., 35%). The majority of them are proba-
bly classical Be stars, that is rapidly rotating B-type stars with
Balmer-line emission arising in a circumstellar decretion disk
(Rivinius et al. 2013). As described in Sect. 1, a similar spec-
tral signature is observed for young stellar objects, however,
that is, Herbig Ae/Be stars (Waters & Waelkens 1998), as well
as for magnetic stars (Petit et al. 2013) or interacting binaries
(Horne & Marsh 1986). Based on our current data, it is not pos-
sible to distinguish between these natures. Classical Be stars,
however, are expected to populate a distinct region in the CMD
(see, e.g., Milone et al. 2018). Additionally, given the crowding
of MUSE FoV, and despite the advanced spectral extraction tech-
nique used here, blending with another source and thus contami-
nation in the Hα line cannot be fully excluded. In order to assess
this, we counted the number of faint sources (i.e., with F814W
magnitudes >18) with bright emission-line stars close by, and
find that there are only ten such objects.

For all other B-type stars, spectral types were assigned based
on an equivalent width (EW) calibration of diagnostic spectral
lines of standard stars, which was developed and described in
Paper I. As in Paper I, Be stars as well as BSGs were classi-
fied compared to standard star spectra by visual inspection. To
do this, we used the spectra extracted from epoch 4 because this
epoch has the best image quality and therefore the lowest con-
tamination.

3 https://www.mpe.mpg.de/~ott/QFitsView/

Our sample of 340 remaining stars includes 208 B stars, 116
Be stars, six BSGs, and ten RSGs. The S/N per epoch varies
between ∼80 for the fainter and ∼200 for the brighter MS stars,
and the BSGs have a typical S/N of about 300 at 6000 Å.

3. Radial velocities and the multiplicity criteria

This section focuses on the multiplicity properties of the B and
Be star populations and of the BSGs. The multiplicity properties
of the RSG population were studied extensively in Patrick et al.
(2020) based on a more extended observational data set that also
includes RSGs outside the MUSE FoV.

3.1. RV measurements

In order to assess the multiplicity status of each star, we mea-
sured the Doppler shift of a set of spectral lines in all available
epochs. RVs are measured following the procedure described in
Sana et al. (2013), where Gaussian profiles are simultaneously
fit to a set of spectral lines for all epochs. The shapes of the
individual line profiles are kept constant across the epochs, and
the different lines fit for each epoch are required to be repro-
duced by the same RV. The method is thus more robust than line-
by-line fitting, especially for epochs with poorer S/N than the
average.

For the B and Be stars, we used a set of six He i lines as
standard line list: He i λλ 4713.15, 4921.93, 5015.68, 5047.74,
6678.15, and 7065.19 Å4. We first visually inspected all spectra
of each star and, if necessary, reduced the number of lines used to
a subset of the standard line list. Lines were excluded depending
on the S/N of the spectra, which particularly affects the weak
He i lines at 5015 and 5047 Å. In addition, Be stars show line
infilling by emission which can significantly reduce the set of
lines that can be used for RV measurements. On average, four
He i lines were used, but only one line is available for a handful
of stars.

While spectra were extracted for 324 B and Be stars, RV
measurements were only possible for 282 of them. This was
mainly due to the low S/N in some of the spectra, either because
the stars in question are too faint, or because they are close to
significantly brighter sources, which adds to the photon noise of
the target itself. For the 282 B and Be stars, we have six epochs
for 273 stars, five epochs for eight stars, and four epochs for the
remaining star.

For the six BSGs in the sample we chose a different set of
lines to measure RVs. Because they are all early to late A-stars,
their spectra do not show strong He i lines. We therefore used a
set of Fe ii and Si ii lines (i.e., Fe ii λλ 4923.93 and 5018.44 Å,
and Si ii λλ 5055.98, 6347.10, and 6371.36 Å). For stars 327 and
586, we excluded the Fe ii at 4923 Å because it is blended with a
weak He i line. For the late-A supergiant 503, we only used the
Si ii lines around 6350 Å because of the large number of contam-
inating spectral lines in the spectrum.

Our final catalog, including coordinates, magnitudes, num-
ber of epochs, spectral types, RV measurements, the set of lines
used, and the binary flag we assigned to them (see Sects. 3.2
and 3.3) and individual notes is given in Table C.1. This thus
provides a large-scale homogeneous and self-consistent catalog
of RVs for almost 300 stars, the full version of which will be
made available electronically at the CDS.

4 Rest wavelengths are taken from the NIST database.
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3.2. Multiplicity criteria

In order to assess whether the measured RV variability is
statistically significant, which allows us to classify stars as
binary candidates, we adopted two multiplicity criteria (see,
e.g., Sana et al. 2013; Dunstall et al. 2015; Patrick et al. 2019;
Banyard et al. 2021; Mahy et al. 2021). A star is classified as a
binary if at least one pair of RVs measured in different epochs
satisfies the following two criteria simultaneously. The first cri-
terion is

|vi − v j|√
σ2

i + σ2
j

> 4.0, (1)

where vi and v j are the individual RV measurements and σi and
σ j the respective RV errors at epoch i and j. The confidence
threshold of 4.0 is chosen so that the number of false positives
is smaller than one given the sample size and number of epochs.
As the RV errors are typically smaller for brighter stars, these are
more likely to pass this criterion than fainter stars with larger RV
uncertainties. This effect, however, is accounted for in the bias
correction (see Sect. 4 and Table B.1).

The second criterion takes into account that there are other
processes that can lead to RV variability in massive stars, most
importantly pulsations (Aerts et al. 2009; Simón-Díaz et al.
2017) and wind variability (see, e.g., Fullerton et al. 1996). We
therefore imposed that two individual RV measurements have to
deviate from one another by more than a minimum RV thresh-
old:

|vi − v j| > ∆RVmin. (2)

We investigate the effect of the choice of this threshold
∆RVmin in Fig. 1. The overall observed close binary frac-
tion for MS stars is low, and small changes in the thresh-
old value will not change the results significantly. We adopted
∆RVmin = 20 km s−1, which is in line with similar studies (see,
e.g., Sana et al. 2013; Dunstall et al. 2015; Banyard et al. 2021)
and above the typical RV variations of B-type stars caused by
pulsations (e.g., Aerts et al. 2009).

According to our two criteria, 24 out of the 189 B stars for
which we were able to measure RVs show significant (Eq. (1))
and large (Eq. (2)) RV variability. Of the 93 Be stars with mea-
sured RVs, five pass these RV criteria, as well as one of the
six BSGs. These stars are considered spectroscopic binaries in
the following, even though the orbital period could not be con-
strained.

3.3. Double-lined spectroscopic binaries

We identified additional binary candidates by visually inspect-
ing the spectra of all the B and Be stars as well as BSGs,
specifically looking for composite spectral signatures indica-
tive of double-lined spectroscopic binaries (SB2s). These are
not always flagged as binary by the applied RV criteria because
their spectral lines are typically not well represented by a single-
Gaussian fit resulting in inaccurate RV measurements with large
error bars.

We focus on the He I lines described above that we used
for the RV measurements, and on the Balmer lines. Because the
diagnostic spectral lines of Be stars are often filled-in by emis-
sion, the visual classification of SB2s is particularly difficult. We
find eight systems (54, 55, 119, 156, 203, 212, 252, and 637) that
show a composite spectrum that is indicative of two stars and are
therefore classified as candidate SB2s. Two of these are Be stars
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Fig. 1. Observed close binary fraction for MS stars as a function of the
adopted RV-variability threshold ∆RVmin. For each ∆RVmin we compute
the observed close binary fraction of the entire sample as well as the
corresponding binomial error. The vertical dotted line gives the adopted
threshold value ∆RVmin = 20 km s−1 indicated by the red line.

while the remaining six are B-type stars. While they might be
genuine SB2s, they might also be the line-of-sight superposi-
tion of two sources because the high stellar density in the cluster
core is high. The stars show line profile variations, which would
not be expected for two single stars that are aligned by chance,
therefore this seems unlikely. Our data quality does not allow us
to derive accurate spectral types for the secondary components.
We detect them based on He i lines, and they contribute signif-
icantly to the flux in the optical, therefore they are most likely
B-type stars.

4. Correction for observational biases

In order to assess the intrinsic close binary fraction of the
massive-star population in NGC 330, the observed spectroscopic
binary fraction needs to be corrected for the observational biases.
We specifically considered the following two detection biases.
The first bias is the possibility of detecting significant RV shifts
above our detection threshold, depending on the orbital prop-
erties, temporal sampling, and RV measurement accuracy. The
second bias affects SB2 binaries, or more precisely, unidentified
SB2 binaries. In these systems, the presence of the companion
reduces the apparent Doppler shift of the primary star, which in
turn reduces the possibility of detecting a Doppler shift that is
strong enough to meet our detection criteria.

4.1. Single-line detection bias

Following the approach described in Sana et al. (2013), we esti-
mated the binary detection sensitivity of our observing campaign
by simulating a population of binary systems. Corresponding
to the number of stars in our sample we measured RVs, we
simulated 280 binary systems taking into account our observa-
tional setup (i.e., the time coverage and number of observational
epochs). For each system, we randomly selected the initial mass
of the primary M1 from a Salpeter initial mass function (Salpeter
1955) between 4.5 and 8 M�. The choice of the range of pri-
mary masses was guided by the mass distribution of the MS
stars in our sample, estimated in Paper I. We then paired them
with a companion by randomly drawing the mass ratio q, the
orbital period P, and the eccentricity e from parent distributions
of orbital parameters. We further adopted a random orientation
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of the orbital plane in 3D space and a random reference time
in the ephemeris. We first assumed a flat period distribution in
log P, ranging from 0.15 to 3.5 (i.e., P from 1.4 to 3160 days), a
flat mass-ratio distribution between q = 0.1 and 1, and an eccen-
tricity distribution between e = 0 and 0.9 that is proportional
to
√

e, with a simple circularization correction for short periods.
These parameter ranges were adopted to allow for a direct com-
parison with other works. The choice of the underlying parent
distributions of orbital parameters is discussed in Sect. 4.3.

After assigning RV errors, taken from the observations, we
applied the two multiplicity criteria described in Eqs. (1) and (2).
By repeating the simulation of 280 binary systems 10 000 times,
we computed the probability of detecting these systems as bina-
ries with our observing campaign. The number of simulations
was chosen so that the associated statistical uncertainty due to
the number of simulations is approximately five times smaller
than the one due to the sample size. This provides an estimate
of the sensitivity of our observation, and provides us with a cor-
rection factor that is multiplied by the observed binary fraction
in order to estimate the intrinsic close binary fraction. A sec-
ond run was then performed for which we adopted the intrin-
sic binary fraction as input to allow for a proper estimate of
the uncertainties due to the binary population sample size. We
find that the overall detection probability over the period range
of 1.4−3160 days is ∼45%. As shown in Fig. 2, the detection
probability strongly depends on the period and mass ratio: The
detected probability is almost 90% for the shortest period sys-
tems, but it drops below 50% for periods longer than ∼100 days.
Two-dimensional bias correction plots are shown in Appendix B.

4.2. Double-line detection bias

SB2 systems for which both components show similar line
strengths show an additional detection bias: The apparent
Doppler shift of blended spectral lines can be reduced or even
masked entirely. The reason is that the superposition of two sim-
ilar line profiles is hard to distinguish from a single-line profile
if the RV separation is not large enough and the variation of the
(photo-)center of this presumably single line is reduced com-
pared to the true orbital Doppler shift (e.g., Sana et al. 2011).
This SB2 bias is lifted as soon as the SB2 nature of the sys-
tem can be identified and a double-line profile fit can be used to
measure the RVs of both components simultaneously. This bias
is therefore stronger for broader lines (either due to rotation or
spectral resolution) and lower S/N.

Because of the low resolving power of the MUSE spectra
(i.e., between 1700 and 3700), we performed more detailed sim-
ulations in order to investigate the minimum RV separation at
which their spectral lines are deblended and the two stars would
be classified as SB2s. This allowed us to quantify the bias that
affects the RVs measurements of unidentified SB2 systems. We
used synthetic spectra from the tlusty B-star grid computed
for SMC metallicity (Lanz & Hubeny 2007) and selected atmo-
spheric models corresponding to spectral types B2 to B5, fol-
lowing the relation of stellar parameters and spectral types from
Silaj et al. (2014). We performed this simulation for a B2 V sin-
gle star, and a set of binary systems with a B2 V primary and
a mass ratio q ranging from 0.5 to 1.0. We furthermore broad-
ened the spectra for two rotational velocities v sin i of 100 and
200 km s−1, which is typical for stars in the considered mass
range. We shifted the stellar spectra in steps of 10 km s−1 with
respect to one another, coadded them accounting for their light
ratio, degraded the simulated spectra to the MUSE resolution
and a binning of 1.25 Å (corresponding to the binning of our
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Fig. 2. Binary detection probability simulations following our observa-
tional setup. Top panel: detection probability as a function of the orbital
period P (computed assuming a flat mass-ratio distribution), and bottom
panel: this as a function of mass ratio q (computed assuming a flat log P
distribution). In both panels, the black line shows our first estimate of
the binary detection probability taking the SB1 bias into account, and
the orange line shows the detection probability, which also includes the
reduced sensitivity for detecting near equal-mass binaries. The colored
arrows in the bottom panel correspond to the mass ratio for which we
compute the SB2 bias (see Fig. 3).

reduced spectra), and adopted the MUSE wavelength coverage
and a typical S/N corresponding to the observations.

We then measured RVs with the same method as for our
sample stars. Figure 3 shows that we can accurately measure
RVs for a single star and that the RV bias remains small for
binaries with a low mass ratio, that is, q < 0.6, for which the
composite spectra are dominated by the lines of the primary. For
mass ratios closer to unity, that is when the two stars have nearly
equal masses, both stars contribute significantly to the compos-
ite spectrum (the one with a blueshifted profile; the other with a
redshifted profile). We also inspected the simulated spectra visu-
ally to investigate whether they would be classified as an SB2.
Because of the resolution and S/N of our MUSE data, the SB2
lines are only sufficiently deblended for RV separations above
200 to 300 km s−1 (depending on the mass and luminosity ratio).
At lower RV separations, the measured RVs are strongly biased,
resulting in smaller measured RV variations than in reality.

Taking these simulations and the difficulties of detecting near
equal-mass binaries into account, we repeated the bias correc-
tion computations. To do this, we adopted the measured RVs
from the simulated spectra experiment described above in the
v sin i = 200 km s−1 case as this is representative of most of our
stars (see a subsequent paper in this series). We smoothed and
interpolated it on a fine grid ranging from 0 to 600 km s−1 in
steps of 1 km s−1 in RV separation and from 0.5 to 1.0 in step of
0.01 in mass ratio. This was then used as a correction to the sim-
ulations described in Sect. 4.1, for which the computed primary
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Fig. 3. Measured primary RVs for simulated spectra of one single
B2 V star, and SB2 binary systems with a B2 V primary and six dif-
ferent mass ratios as indicated in the legend. A rotational velocity of
v sin i = 200 km s−1 is assumed for all stars. The horizontal axis gives
the assumed RV difference between the two components. The dashed
line indicates the true velocity of the primary star.

RV shift in the simulated time series is reduced as a function of
the separation between the two components and their mass ratio.
Systems with q < 0.5 are assumed to be unaffected by this bias.
Figure 2 displays our result and shows that the overall detec-
tion probability is reduced by about 10 to 20% compared to the
SB1 case. This reduction remains small up to a mass-ratio of 0.8,
but dramatically affects systems with a mass ratio in the range
0.8−1.0, where we can only detect 10 to 20% of the near-equal
mass binary population (compared to a detection probability of
about 60% without the SB2 bias).

The SB2 bias is particularly dramatic for our present MUSE
data. This results from a combination of factors, including the
modest spectral resolution, wavelength binning size, and S/N
of the spectra, the typical (projected) rotation rates, the expo-
nent of the mass-luminosity relation in the B-star regime, and
the involved masses and corresponding orbital velocities. We
recall that the orbital velocity of a 7 M� + 7 M� binary with a
2-day period is about 200 km s−1. Temporal sampling, inclina-
tion, and longer periods will inevitably push similar systems in
the range of velocity separations that is strongly affected by the
SB2 bias. Even though it would be interesting to investigate the
SB2 bias for previously performed O- and B-type binary sur-
veys, we remark that the situation is more favorable for most of
the surveys discussed in Sects. 1 and 6, either because of the
higher resolution, S/N, or mass range considered, so that there is
no reason to believe that these results are as dramatically affected
by the SB2 bias as in the present case.

This is also reflected by the number of detected SB2 systems
in this work compared to similar spectroscopic studies of O-type
stars. In this study we find only 8 out of 282 systems to be SB2s.
This is in stark contrast to almost 45% of SB2s found in a sam-
ple of galactic O star (Sana et al. 2012). The number of SB2s
detected in Dunstall et al. (2015) and Banyard et al. (2021), who
focused on B-type stars, is similar to what we find here, imply-
ing that the mass-luminosity relation in the B-star regime plays
an important role in detecting SB2s.

4.3. Parent orbital parameter distributions

Integrating the detection probability for flat period and mass-
ratio distributions over the range of parameters shown in Fig. 2
yields an overall detection probability of about 35% when both
the SB1 and SB2 bias discussed in the previous sections is taken
into account. Adopting different parameter distributions would
result in different values, however. To assess the effect of these
choices, we recomputed the overall detection probability for dif-
ferent input distributions. In this exercise, we adopted power-law
representations of the orbital parameter distributions,

f (log10 P/d) ∼ (log10 P)π, (3)
f (q) ∼ qκ, (4)
f (e) ∼ eη, (5)

and we varied their indexes π, κ and η.
The shape of the period distribution is by far the dominant

factor that affects the resulting detection probabilities. Fixing all
other assumptions and changing π from 0.0 to −0.5 modifies
the overall detection probability from 0.35 to 0.45 because the
period distribution now favors shorter-period systems that are
easier to detect. Varying κ and η from −0.5 to +0.5, respectively,
has an overall effect of a few 0.001 and is thus negligible in this
context.

To adopt meaningful parameter distributions, we consid-
ered measurements obtained using the same parameter ranges
as those we adopt here. We refer to Almeida et al. (2017) for a
discussion of the effect of the boundaries of the orbital param-
eter intervals on the measured power-law indexes of the orbital
parameter distributions. O-star studies in the Galaxy and LMC
yielded π = −0.55 ± 0.22 and π = −0.45 ± 0.39, respec-
tively (Sana et al. 2012, 2013). The LMC value was revised to
π ≈ −0.2 by Almeida et al. (2017) using a more comprehensive
data set. Finally, Dunstall et al. (2015) obtained π = 0.0±0.5 for
early B-type stars in the LMC. We therefore adopted a value of
π = −0.25 ± 0.25, which encompasses all measured values in its
±1σ interval, as a plausible representative value for the period
distribution. Neither Sana et al. (2013) nor Dunstall et al. (2015)
were able to reliably constrain κ and η, so that we adopted the
values from the Milky Way O-star sample, that is κ = −0.2± 0.6
and η = −0.4 ± 0.2 (Sana et al. 2012), but we note that the latter
choices have no effect on our results.

Because the period index π was proposed to be mass depen-
dent (i.e., skewed toward shorter periods for O stars, and to
slightly longer periods for late-B stars; Rizzuto et al. 2013;
Moe & Di Stefano 2017; Tokovinin & Moe 2020), we tested
how this mass-dependent period index affects our estimate of
the detection probability. We therefore assumed a variable period
index that changed linearly from π = −0.25 ± 0.25 at the upper
mass end considered here to π = +0.25 ± 0.25 at the lower mass
end. We find that the obtained detection probability is lower by
0.06 which remains within the error bars of a mass-independent
detection probability computed using π = −0.25 ± 0.25 for
the entire considered mass range (see Table 2). Therefore we
adopted the latter for the following computations.

In the final set of bias correction computations, we thus drew
10 000 artificial populations of 280 binaries (corresponding to
our sample size). For each population, we randomly assigned
values of π, κ, and η from the parent orbital distributions fol-
lowing normal distributions with central values and 1σ disper-
sion taken as described above. The detection probability and,
after a second iteration, its error bars, were then obtained as the
average and root-mean-square of the fraction of detected bina-
ries across the 10 000 simulated populations. In this sense, the

A70, page 7 of 18

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202140507&pdf_id=3


A&A 652, A70 (2021)

error bars encompass the uncertainties that are due to the choice
of orbital distributions and those due to the sample sizes. By
running simulations with much larger population sizes, we esti-
mate that the adopted spread in orbital parameter distributions
amounts to about 6% in the final uncertainty.

Finally, we also computed a magnitude-dependent bias cor-
rection for which we picked primary masses corresponding to
the different magnitude bins and typical RV errors measured for
stars in that magnitude bin (see Appendix B), as well as in differ-
ent regions of the CMD (see below). Our bias correction did not
take the evolutionary history of binary systems and the nature
of possible companions into account, but was purely based on
the assumed distributions of orbital parameters. The adopted dis-
tributions are typical of young massive-star populations, there-
fore they are more likely to represent the initial conditions than
more evolved populations that have been affected by binary
interactions.

5. Multiplicity properties

The overall observed spectroscopic binary fraction, that is, of our
entire sample of 282 stars with measured RVs, is f obs

SB = 13.2 ±
2.0%. Applying the bias correction described in Sect. 4 leads to
an intrinsic, bias-corrected close binary fraction of fcl = 34+8

−7%
for the massive-star population of NGC 330.

Combing the spectroscopic information from MUSE with
the photometric catalog of Milone et al. (2018), Fig. 4 displays
a CMD with binarity information. It shows that most of the
spectroscopic binaries are situated on the MS. However, the
Be stars include a handful of binaries, and several binaries are
located above the MS turnoff, as indicated by the single-star
nonrotating Padova isochrones (Bressan et al. 2012; Chen et al.
2014, 2015; Tang et al. 2014; Marigo et al. 2017; Pastorelli et al.
2019). There are no magnitudes in the relevant HST filters for
the binary BSG, or for the four additional RSGs, so they are not
included in the CMD.

Section 5.1 describes our results for different spectral
(sub)types. In Sect. 5.2 we use the position of stars in the CMD to
discuss the multiplicity of different evolutionary stages. A more
detailed description of several interesting binary systems is given
in Sect. 5.3.

5.1. Binary fraction of the massive-star population

Below, we briefly discuss the binary fraction of the B-type stars,
Be stars, and BSGs in our sample. In this context, we refer to Be
stars as all stars that show Balmer-line emission in their spectra
(see also Sect. 5.2).

B stars. Of the 209 B stars in our sample, 165 stars do not
show significant RV variations, while 24 stars are classified as
binaries based on their RV variation. Of the 165 non-RV vari-
able stars, 6 show composite line profiles indicative of SB2 sys-
tems. RV measurements were not possible for 20 stars. Combin-
ing the RV variables with the 6 detected B-type SB2s leads to an
observed spectroscopic binary fraction of f obs

SB,B = 15.9 ± 2.6%.

Be stars. Ninety-three of the 115 Be stars in our sample
were investigated with RV measurements. Only 5 Be stars pass
our RV-variability criteria and are considered as binaries. Addi-
tionally, we classify 2 Be stars as candidate SB2s. Altogether,
we find an overall observed spectroscopic binary fraction of
f obs
SB,Be = 7.5 ± 2.7% for the Be stars in the sample.
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Fig. 4. Hubble Space Telescope CMD (Milone et al. 2018) overlaid
with binarity information. B-type stars are marked in yellow, Be stars
in green, BSGs in blue, and RSGs in red. Open small circles indicate
that no RVs could be measured, filled circles are stars with no signifi-
cant RV variability, diamonds indicate stars classified as binary systems
based on their RVs, and triangles indicate SB2 candidates.

Blue supergiants. One of the six BSGs in the sample,
namely 729, shows significant RV variations and is classified
as binary following our multiplicity criteria. This yields an
observed spectroscopic binary fraction of BSGs in the core of
NGC 330 of f obs

SB,BSG = 17 ± 15%. The large errors result from
the low-number statistics.

Figure 5 shows the distribution of spectral types and the
observed close binary fraction for B and Be stars. Spectral sub-
type bins with fewer than ten objects provide few statistical
constraints (i.e., spectral types earlier than B2 and later than
B8) and were not considered further. The remaining spectral
sequence, from B2 to B7, shows a clear decrease in the observed
binary fraction. This trend becomes clearer when the SB2s are
included as well, but is also visible from the RV measurements
alone. When the SB2s are included, the observed binary fraction
decreases from 30% at B2 to less than 3% at B7. The limitations
of our data make it hard to decide whether the increase in the
binary fraction toward the latest spectral types, that is, B8 and
B9, is real or due to the low-number statistics.

As discussed in Paper I, the spectral classification of the Be
stars in the sample is difficult. On the one hand, the He i lines
used for spectral classification can be affected by emission infill-
ing from the Be star disk. On the other hand, Be stars are rapidly
rotating stars, which, depending on the inclination angle, may
appear cooler due to their rotation. This might lead to a classi-
fication into later spectral types, which affects the spectral type
distribution. We therefore also considered the observed spectro-
scopic binary fraction as a function of F814W magnitude, which
is less sensitive to these effects.
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Fig. 5. Distribution of spectral types and observed close binary fraction
for B and Be stars. Top panel: distribution of spectral types for all MS
stars (dim gray) and stars for which RVs were measured (dark gray).
Bottom panel: observed spectroscopic binary fraction as a function of
spectral type. The red curves indicate the binary fraction inferred from
the RV measurements, and the orange curve combines the RV measure-
ments with the SB2s found by visual inspection.
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Fig. 6. Distribution of F814W magnitudes and observed close binary
fraction for B and Be stars. Top panel: distribution of F814W mag-
nitudes of all stars for which spectra were extracted (dim gray), and
stars for which RVs were measured (dark gray). Bottom panel: observed
spectroscopic binary fraction as a function of F814W magnitude. The
orange curve is based on RV measurements, and the red curve is based
on RV measurements as well as SB2s. The bias-corrected close binary
fraction is overplotted in dark red.

Figure 6 shows the distribution of F814W magnitudes of the
B and Be stars as well as their binary fraction. The distribution of
F814W magnitudes indicates that our sample is not complete at
F814W > 18.5 mag. As shown in the bottom panel, the decreas-
ing trend in the observed binary fraction that was visible in the
spectral type distribution is also visible here. Neglecting stars
brighter than 15th magnitude, where the number statistics are
low, as well as stars fainter than F814W = 18.5 mag, where the
sample is incomplete, we find that the observed spectroscopic
binary fraction f obs

SB decreases from 33% to 7%.

We applied a magnitude-dependent bias correction to the
observed binary fraction, as described in Sect. 4.3. We find
that the bias-corrected binary fraction of the brightest stars with
F814W = 15 mag, which corresponds to about 8.5 M�, is almost
60%. It drops to about 25% for the faintest stars considered here,
which roughly corresponds to 5 M�. While uncertainties in each
magnitude bin are large due to smaller sample sizes, the down-
ward trend remains. This means that it cannot be explained by
the observational biases alone. At least part of it is likely due to
genuine differences in the multiplicity properties. This decrease
in the close binary fraction can either be due to a genuine lack of
binaries at later spectral type or to a shift in the period distribu-
tion toward longer orbital periods.

In order to further investigate whether this decreasing trend
in the bias-corrected close binary fraction is statistically signifi-
cant, we performed a linear regression between F814W = 15 mag
and F814W = 18.5 mag. Based on this, we can reject the null-
hypothesis that there is no trend in the data at the 5% level. Our
data are insufficient to decide whether the decrease in the close
binary fraction with mass is linear or has a different functional
form. A visual inspection of Fig. 6 may indeed suggest a step at
F814W ' 17.5, corresponding to '6.5 M� on the MS.

5.2. Binarity in different regions of the CMD

In order to compare the observed close binary fraction in dif-
ferent evolutionary stages, we investigated the binary proper-
ties of the massive-star population from a different angle, that
is, by defining different regions in the CMD based on expecta-
tions from theoretical considerations. In addition to the BSGs
and RSGs, we used the Padova isochrone at 40 Myr to define
four additional regions in the CMD, as illustrated in Fig. 7:
1. the MS region, which is an extended band with a width of

about 0.4 mag around the 40 Myr isochrone;
2. the Be star region, which appears as a second group, redward

of the MS, with a color offset of about 0.3 mag in Fig. 7;
3. the turnoff (TO) region, which is located around the cluster

turnoff of the 40 Myr Padova isochrone;
4. the blue straggler star (BSS) region, which is above and to

the left of the cluster turnoff.
While the BSS and the Be star region are clearly identifiable
from the CMD, the definition of the TO region is more subjec-
tive. Furthermore, the assignment of stars to different groups is
purely based on the position in the CMD. This means, for exam-
ple, that a star that is observationally classified as a Be star, situ-
ated in the blue straggler region, is assigned to the blue straggler
region. Similarly, we classified all stars as Be stars that are in
the Be star region, even when they did not show emission in our
spectra (this is the case for only five targets at the faint end of the
Be star region). One star, which is classified as a binary based on
RV variability, lies to the left of the MS. This source is discussed
in Sect. 5.3.

Table 2 presents the spectroscopic and bias-corrected close
binary fraction for each of these groups separately, including
binaries detected through RV variations or through their SB2
line profiles. We also list the binary properties of the BSGs (see
Sect. 5.1). The RSGs were studied by Patrick et al. (2020), who
probed a different, complementary parameter space to ours. In
addition to improving on the time coverage, they further used
multi-epoch ESO-HARPS spectra (with a resolving power of
R∼ 80 000). Additionally, their study included five RSGs that
are outside of the MUSE FoV.

For each of the regions in the CMD, we computed the binary
detection probability, taking the approximate masses of the stars
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Fig. 7. Binarity of different stellar groups, based on their position in the
CMD. MS stars are marked in orange, stars in the Be-star region in dark
green, stars around the cluster TO in red, and blue stragglers in blue.
Additional HST sources for which no spectra were extracted are marked
with gray dots, and stars without RV measurements are indicated with
open circles. Colored filled circles indicate that the star is single, colored
diamonds indicate that the star is classified as a binary based on RV
variability, and colored triangles indicate SB2s. The individual systems
of interest discussed in Sect. 5.3 are labeled.

into account that populate different regions as well as typical RV
errors as a function of F814W magnitude and color. The dif-
ficulty of measuring RVs for Be stars, whose spectra are domi-
nated by emission, becomes apparent here: while they populate a
similar brightness range as TO and MS stars, the detection prob-
ability is significantly lower for them, especially compared to the
brighter TO stars.

In this exercise, no attempt was made to account for the effect
of stellar evolution on the distribution of orbital parameters, that
is, all simulations were performed adopting the orbital parame-
ter distributions derived from young populations (see Sect. 4.3).
Populations that are most affected by binary interaction, that is,
Be stars and BSSs, are likely to deviate from these assumptions
(e.g., Langer et al. 2020; Wang et al., in prep.).

Table 2 provides the bias-corrected close binary fraction for
the entire sample (which includes the caveat described above) as
well as for stars in the MS and TO region. For the latter, we
provide the detection probability computed with our standard
computation assuming a constant index π, as well as assuming
a mass-dependent π as discussed in Sect. 4.3. For the Be stars
and BSSs, we only provide the detection probability and not the
bias-corrected binary fraction, so that the results presented in
Table 2 still provide a valuable relative comparison of the effect

Table 2. Binary fractions in different regions of the CMD.

Region N f obs
SB [%] pdetect

(#) fcl
(#) [%]

ALL 284 13.2 ± 2.0 0.39 ± 0.05 34+8
−7

MS+TO 217 13.8 ± 2.3 0.40 ± 0.08 35+10
−6

0.34 ± 0.06 (‡) 40+9
−6

MS 175 9.1 ± 2.2 0.38 ± 0.06 24+10
−6

TO 42 33.3 ± 7.3 0.57 ± 0.11 59+20
−15

Be 47 2.1 ± 2.1 0.29 ± 0.08 (†)

BSS 14 28.6 ± 12.1 0.57 ± 0.15 (†)

BSG 6 17 ± 17 0.61 ± 0.20 28......
RSG (∗) 9 – – 30 ± 10

Notes. The first column indicates the region, the second column the
number of stars that are assigned to the region, and the third column the
observed binary fraction f obs

SB . The last two columns give the detection
probability pdetect and bias-corrected binary fraction fcl. “ALL” refers
to all the stars studied in this work, that is MS + TO + Be + BSS stars
and the BSGs. (#)These detection probabilities and bias-corrected binary
fractions are valid under the adopted parent orbital parameter distribu-
tions discussed in Sect. 4.3. The quoted 1σ errors contain both the sta-
tistical uncertainties due to the sample size and those due to random
drawing of the index of the parent distributions. (†)While providing the
detection probability also for Be stars and BSS, we do not propagate it
further to compute the intrinsic binary fraction of these groups of stars
as the fraction of BiPs among them is probably significant. (‡)Detection
probability computed assuming a linearly variable period index from
π = −0.25 ± .25 at the upper mass range to +0.25 ± .25 at the lower
mass range. (∗)From Patrick et al. (2020), including both RSGs in the
core and in the outskirts, based on higher-quality ESO-HARPS data
with longer time coverage.

of variable RV measurement accuracy for different categories of
stars given their respective observational specificity discussed in
Sects. 2 and 3. The different spectroscopic and intrinsic close
binary fractions of the different groups are discussed in Sect. 6.

5.3. Individual systems of interest

The binary BSG. Star 729, or Cl* NGC 330 ARP 35, was first
studied by Arp (1959) and classified as B9I by Feast (1964). In
Paper I, we classified it as early A Ia-Ib. Feast & Black (1980)
measured RVs and found values between 134 and 154 km s−1,
which are on a similar order of magnitude than the RVs we mea-
sure (i.e., a mean value of 152.6 km s−1). Based on their data,
they did not classify it as (candidate) binary. Using the MUSE
observations, we find that star 729 is clearly RV variable and
according to our two criteria, we classify it as a binary. Because
we only have six epochs, it is not possible to derive orbital
parameters such as the period of the system. We see no con-
tribution of the secondary in the spectrum. Because star 729 was
not included in the HST input catalog (probably because of sat-
uration), we cannot add it to the CMD in Fig. 4.

A Be X-ray binary candidate. Paper I reported on
the detection of a high-mass X-ray binary detected in the
MUSE FoV (Shtykovskiy & Gilfanov 2005; Sturm et al. 2013;
Haberl & Sturm 2016). Using the multi-epoch data, we inves-
tigated the binary status of the two stars (i.e. stars 94 and 97,
both labeled in Fig. 7) that are within the 0.7′′ error on the posi-
tion of the X-ray source (we note that no spectrum could be
extracted for star 97 in Paper I while star 113 discussed there
is farther away from the position of the reported X-ray source).
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Both are classified as Be stars. While star 97 shows no significant
RV variations, we cannot measure RVs following the procedure
described in Sect. 3 for star 94 because all available He i absorp-
tion lines used for RV measurements are filled in with emission.
A preliminary RV estimate, using the Balmer emission lines in
star 94 shows significant RV variations, however. Based on the
six epochs of MUSE observations, it is unfortunately neither
possible to derive an orbit nor to prove association of either of
the two Be stars with the X-ray source. Follow-up observations
will further investigate this possible Be X-ray binary.

An O+B binary. One of the few O stars in the sample, star
119, classified as such because of the presence of He ii absorp-
tion, is also an SB2. The spectra of star 119 are composite and
show line-profile variations indicative of a B star companion.
Additionally, the Hα line shows significant infilling, while the
Hβ line only shows absorption. There is a Hα-emitting source
close by, therefore this could be contamination. It could also
imply the presence of a disk, either around one of the two stars or
around the binary system. According to the position in the CMD
(see Fig. 7), the system is in the blue straggler region. This region
is populated by objects thought to be rejuvenated in binary inter-
actions, and currently interacting systems (Wang et al. 2020).
Because we detect it as a close binary system, and because in
the case of ongoing mass transfer, material may be lost from the
system, it is conceivable that star 119 has a circumbinary disk.
More observations are required to further investigate the nature
of this system.

A binary system hotter than the MS. Star 604, marked with
a yellow diamond in Fig. 7, stands out in the CMD. It lies to the
left of the MS, which implies that it is significantly hotter than
stars of similar brightness. The spectral type we determine from
the MUSE data is approximately B5, implying that the star is
not particularly hot. This is based on a rather low S/N (between
60 and 85 in the different epochs), however, because the star is
relatively faint (F814W = 18.8 mag). Because the star is close to
the edge of the MUSE FoV, spectra could only be extracted in
five of the six epochs. The average RV measured for this star is
58 ± 8 km s−1 and thus differs significantly from the mean RV
of the SMC of 153.7 ± 1 km s−1 (Patrick et al. 2020), that is, by
almost 100 km s−1. The position in the CMD as well as the RVs,
which differ from the RV of the SMC, may imply that star 604
is a foreground star. Magnitudes like this are also indicative of
a hot, envelope-stripped companion (e.g., Götberg et al. 2018),
however. We classify star 604 as a binary system based on the
measured RV variations. In the MUSE spectra, we see no indi-
cation of a secondary, and further observations with higher reso-
lution and better S/N are necessary to test this hypothesis.

6. Discussion

6.1. Different binary fractions in different regions of the CMD

As summarized in Table 2, we find that the spectroscopic binary
fraction varies strongly in different regions of the CMD, that
is, as a function of stellar mass and evolutionary status. While
we did not compute the bias-corrected binary fraction of Be
stars and BSS, the bias-corrected binary fraction for a given set
of parent orbital parameter distributions is about 25% on the
lower MS and increases to approximately 60% around the clus-
ter turnoff. In the more evolved evolutionary phases, the BSGs
and the RSGs, the binary fraction is 28% and 30%, respectively.
However, as noted above, the orbital periods for RSGs probed by
Patrick et al. (2020) are quite different. These changes are statis-

tically significant and indicate a change in the binary fraction of
the population, or in its distribution of orbital periods.

While it is difficult to disentangle the effects of initial mass
and evolutionary status, we compared our findings to expecta-
tions from binary evolution theory (see, e.g., Wang et al. 2020).
Most binary systems below the cluster TO are expected to be
pre-interaction systems. In the hot part of the Hertzsprung-
Russel diagram (HRD), binary interactions preferentially occur
around the TO, that is, when the stars expand more signifi-
cantly toward the end of their MS lifetime. Around the TO,
the number of currently interacting systems is expected to
be high, while the BSS region is populated entirely by post-
interaction systems. As discussed in the introduction, Be stars
are often interpreted as binary interaction products (Pols et al.
1991; Shao & Li 2014; Bodensteiner et al. 2020c), implying
that their companions are expected to be either envelope-
stripped stars (Abdul-Masih et al. 2020; Shenar et al. 2020;
Bodensteiner et al. 2020b; El-Badry & Quataert 2020, 2021) or
compact objects (Langer et al. 2020; Schürmann et al., in prep.).
Both types of objects are difficult to detect spectroscopically, and
most BiPs would not be captured in our bias correction due to the
nature of the companions and the expected long orbital periods
(Sect. 4).

MS region. The vast majority of stars on the MS are thought
to either be single stars or binary stars that likely have yet not
interacted. Their companions are also most likely MS stars, and
we find a bias-corrected close binary fraction of fcl = 24+10

−6 %.
On higher resolution data, depending on their mass ratio and
S/N, these MS companions would be relatively easy to detect.
Moreover, we have shown in Sect. 4.2 that our MUSE data show
a significant detection bias against near-equal mass SB2 systems.
This may explain the lack of detected binaries close to the red
edge of the extended MS (the so-called binary line, Milone et al.
2018), where binary systems with a mass ratio close to unity are
expected.

TO region. Around the cluster TO, the observed binary frac-
tion reaches 33 ± 7% and 59+20

−15% after bias correction. The
detection capability of our campaign is better for stars in the TO
region than for MS stars because their S/N and masses are higher.
However, this is insufficient to explain the large difference com-
pared to MS stars, which is over a factor of two, even after bias
correction (see Table 2). As described above, binary interactions
preferentially occur toward the end of the MS lifetime of stars
which would allow them to remain longer around the TO than if
they were single stars. The region around the TO is thus proba-
bly mainly populated by two groups of binaries: pre-interaction
binaries (e.g., near-equal mass binary systems that appear to be
brighter than single MS stars), as well as currently interacting
systems (e.g., slow case-A binaries). Additionally, there might
be a difference of intrinsic multiplicity properties between the
TO and MS regions owing to their different mass ranges (∼7 M�
vs. ∼5 M�). On the one hand, the binary fraction increases with
spectral types (e.g., Moe & Di Stefano 2017). On the other hand,
solar-like stars typically have longer orbital periods than massive
OB stars. This means that somewhere in between the two mass
regimes, a transition should occur that mostly affects the period
distribution, hence the detection probability of our survey.

Be star region. The low observed spectroscopic fraction of
binaries in the Be-star region, which is only 2%, could have two
explanations: Either the close binary fraction of classical Be stars
is intrinsically low or Be binaries have long orbital periods, for
which our detection probability drops (see Fig. 2). These find-
ings are compatible with qualitative expectation of the binary
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scenario. Our RV study cannot distinguish post-interaction Be
products from genuine single Be stars. Our simulations show,
however, that if Be stars have an MS companion with a mass
and period distribution similar to the MS B-type star population,
we would have detected a significant fraction of Be binaries. In
this sense, our results are also compatible with the conclusions
of Bodensteiner et al. (2020c) that there is a dearth of Be+MS
binaries.

BSS region. Stars brighter and hotter than the cluster TO,
that is, blue stragglers, are typically interpreted as binary inter-
action products. They are either merger products, stars that were
rejuvenated as mass gainers, or currently interacting systems.
While merger products are now single stars (disregarding the
possibility of initial triple systems), currently interacting (Algol)
systems have a high probability of being flagged as binaries in
our study. As mentioned before, because the BSS region is pop-
ulated by BiPs, we did not apply a bias correction here. We find
that the observed spectroscopic binary fraction of the BSS and
TO populations are similar in our study, however.

6.2. Comparison to the outskirts of NGC 330

Our MUSE observations target the inner 1′×1′ core of NGC 330.
The OB star population in the outskirts was investigated with
VLT/FLAMES in Evans et al. (2006) down to V = 17 mag,
reporting an observed spectroscopic binary faction of only 4%,
which is considerably smaller than our overall fraction of 13% in
the cluster core. As described in Paper I, the overlap between the
two samples in terms of brightness is limited. More specifically,
there are only 27 stars in our MUSE sample that are brighter
than V = 17 mag, indicating that our comparison may show low-
number statistics.

When we restrict our sample to the 27 stars that are brighter
than V = 17 mag, we find that the observed spectroscopic binary
fraction in the cluster core is f obs

SB,V<17 = 18.5 ± 7.5%. This is
in strong contrast to the 4% reported by Evans et al. (2006) for
the outskirts. This might be due to the relatively short time cov-
erage of the spectra from Evans et al. (2006) of only ∼10 days,
however, which means that their study is only sensitive to the
shortest orbital periods.

6.3. Comparison to other clusters

Comparing the close binary fraction in NGC 330 to the fraction
measured in other clusters allows us to investigate the effects of
two important additional cluster properties: the cluster age and
the environment metallicity. Their respective effect on the mul-
tiplicity properties remains unclear. As described in the intro-
duction, previous multiplicity studies have mainly focused on
O- and early B-type stars in the MW and LMC environments.
These OB stars are only present in young clusters. As discussed
in Sect. 4.2, the SB2 bias investigated here has a less significant
effect on the results of these works because the resolution of the
data is higher.

Kobulnicky et al. (2014) investigated the binary properties of
massive stars in the 3−4 Myr old Cygnus OB2 association in the
Milky Way. Focusing on a sample of around 130 O and early-B
type stars (spectral type earlier than B2), they observed a close
binary fraction of ∼35%. Correcting for observational biases,
they reported an intrinsic binary fraction close to 55%, which
is higher than what we find for NGC 330. The reason proba-
bly is that the stars included in their sample are significantly
more massive, and the binary fraction increases as the mass of

the primary increases (see, e.g., Moe & Di Stefano 2017, and
Fig. 6).

Banyard et al. (2021) studied the B-star population of the
young, galactic cluster NGC 6231, which has an estimated age
between 4 and 7 Myr. They reported an observed spectroscopic
binary fraction of 35 ± 4%, which, corrected for observational
biases using the same method as described here leads to an
intrinsic close binary fraction of 44 ± 6%. This is slightly higher
than the bias-corrected binary fraction we measure in NGC 330,
also when only MS+TO stars are considered. There are two pos-
sible reasons for this: First, the population of stars studied by
Banyard et al. (2021) is more massive. Alternatively, it might
be due to the age difference of the two clusters. While a young
cluster such as NGC 6231 allows us to probe close to the initial
binary properties, NGC 330 is at an age where a significant num-
ber of binary systems had time to interact. As described above,
our bias correction focused on MS companions and did not cor-
rect for post-interaction systems, which are extremely difficult to
detect in observations.

Dunstall et al. (2015) measured the binary fraction of B
stars in the 30 Doradus region in the LMC. Focusing here on
the non-supergiant population, they reported an observed spec-
troscopic binary fraction of 25 ± 2%. Additionally, they pro-
vided measurements for individual clusters of different ages
(Evans et al. 2015): They observed spectroscopic binary frac-
tions of 27±5% and 34±5% for the younger clusters NGC 2070
and NGC 2060 (age' 2−8 Myr, Schneider et al. 2018), respec-
tively. The observed spectroscopic binary fractions reported for
the slightly older clusters Hodge 301 and SL 639, with estimated
ages of 15± 5 Myr and 10−15 Myr (Evans et al. 2015), are only
f obs
SB = 8± 8% and 10± 9%. They estimated the binary detection

probability of B-type stars to be 0.4. Correcting the observed
binary fraction for the detection probability leads to an intrinsic
close binary fraction of 58 ± 11% for the overall B-star popula-
tion and to an intrinsic close binary fraction of 20.0 ± 20% and
25.0 ± 22.5% in Hodge 301 and SL 639, respectively. Despite
the low-number statistics in Hodge 301 and SL 639 (i.e., 22
stars in total), the intrinsic binary fractions are very similar to
the bias-corrected binary fraction of MS stars reported here (i.e.,
24+10
−6 %).
As mentioned before, the older age of NGC 330 as well

as the lower metallicity of [Fe/H].−1.0 might be the rea-
son for the lower inferred binary fraction in NGC 330. Sev-
eral previous studies have found that for massive stars, the
close binary fraction as well as the orbital parameter distribution
seem universal over different metallicities (see, e.g., Sana et al.
2013; Moe & Di Stefano 2013; Sana 2017; Almeida et al. 2017;
Banyard et al. 2021). We cannot independently measure the
orbital parameter distributions of the B-type stars in NGC 330
with the data discussed in this work, therefore our bias-corrected
close binary fractions are based on the assumption of those.
Our current data set therefore does not allow a clear distinction
between the two scenarios.

Future studies comparing the results of NGC 330 to clusters
of similar age in different metallicity environments would allow
us to investigate any possible metallicity effect. Furthermore,
determining the orbital solutions of the detected binary systems
in NGC 330 would allow us to map the orbital parameter distri-
butions of B-type stars at SMC metallicity. These would allow
us to investigate whether the lower binary fraction in NGC 330
is indeed an age effect or due to the lower metallicity. The
binary fraction of MS+TO stars obtained here agree in general
with the binary fractions found for Galactic and LMC samples,
however.
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7. Summary and future work

In this second paper of a series, we used multi-epoch MUSE
observations in wide-field mode and supported by AO to inves-
tigate the multiplicity properties of the massive-star popula-
tion of the ∼40 Myr old, massive, open cluster NGC 330 in the
SMC. We extracted spectra for 400 stars and measured RVs of
almost 300 stars using Gaussian fitting of spectral lines. Based
on two RV variability criteria, we classified stars into single
or binary stars. We furthermore visually inspected the spectra
of all stars in order to detect composite spectra and line pro-
file variations indicative of SB2s. With this, we provide the first
large and homogeneous RV study of B-type stars in a metal-poor
environment.

We find that the overall observed spectroscopic binary frac-
tion of the massive-star population in NGC 330, including B
stars, Be stars, and BSGs, is f obs

SB = 13.2 ± 2.0%. To correct for
observational biases, we simulated two effects: the overall binary
detection sensitivity of our observing campaign based on the
amplitude of the primary RV motion (called SB1 bias), and the
difficulty of detecting binary systems with similar components
(referred to as SB2 bias). Based on mainly the low-resolution of
the MUSE spectra and the masses of the stars considered here,
we find that the SB2 bias is sizeable in this study, and probably
much more important than in previous studies that implemented
the SB1 bias alone (e.g., Sana et al. 2012, 2013; Dunstall et al.
2015; Banyard et al. 2021).

Correcting for these observational biases, we find a bias-
corrected close binary fraction of fcl = 34+8

−7% for the massive-
star population in NGC 330. Considering the B and Be stars, we
find that the observed and bias-corrected close binary fraction is
a function of F814W magnitude: The bias-corrected close binary
fraction drops from ∼55% to ∼25% in the considered magnitude
range. While the brightest stars are above the cluster turnoff, and
thus are most strongly affected by binary interaction, this might
provide indications that the binary fraction drops as a function
of mass. We cannot distinguish these two effects based on the
current data, however.

Investigating the binary fraction of different evolutionary
phases of stars, indicated by their position in the CMD, we find
that the binary fractions of the subpopulations, that is, MS stars,
stars around the TO, BSS, and Be stars, are different. Because
some of these populations, in particular BSSs and Be stars, might
be dominated by BiPs, we did not apply our bias correction to
these groups. While the observed spectroscopic binary fraction
of MS stars is about 10%, the observed spectroscopic binary
fraction around and above the cluster turnoff is significantly
higher, that is around 30%. The observed spectroscopic binary
fraction of star in the Be star region is only ∼6%. These observa-
tional results are compatible with qualitative expectations from
binary evolution and set the stage for a detailed comparison with
predictions from binary population synthesis.

Comparing the overall bias-corrected close binary frac-
tion of NGC 330 with the binary fractions determined for B
stars in clusters in the LMC as well as in the Milky Way
(Kobulnicky et al. 2014; Dunstall et al. 2015; Banyard et al.
2021), we find that it is generally lower. This is probably a
combination of two main effects that are difficult to disentan-
gle. First, the binary fraction might depend on the metallicity
of the host environment. Second, the clusters studied previously
are very young (i.e., only a few million years) and are thus more
representative of the initial multiplicity conditions. Additionally,
while focusing on the B-star population, previous works mostly
focused on early-type B stars, while most stars in this study are
around spectral type B5, that is, they have lower masses.

In a subsequent paper, we will use the derived RVs to com-
bine the six observational epochs for each star in order to boost
the S/N in the observations. These will then be used to obtain
stellar parameters, such as effective temperatures, surface gravi-
ties, and in particular rotational rates. Investigating these across
the CMD will allow us to further investigate the physical prop-
erties of the cluster members and to identify additional possible
binary interaction products.
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Appendix A: Two-dimensional bias correction plots

Figures A.1 and A.2 show the 2D representations of the bias
correction calculated for the SB1 and as well as the SB1+SB2
bias that were computed with flat period and mass-ratio distri-
butions and a

√
e eccentricity distribution. The comparison of

these plots reveals the strong effect of the SB2 bias for all bina-
ries with q > 0.8, but for those with the shortest periods. The
staircase aspect of the e− log P plots results from our simplistic
pseudo-circularization prescription that aims to avoid unrealisti-
cally high eccentricity at short periods as stars in those systems
would collide at periastron.

Fig. A.1. Binary detection probability as a function of period, mass of the primary M1, mass ratio q and eccentricity e, computed for the SB1 bias.
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Fig. A.2. Same as Fig. A.1, but computed taking both the SB1 and the SB2 bias into account.
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Appendix B: Magnitude-dependent bias correction

Table B.1. Magnitude-dependent bias correction.

F814W [mag] M1 [M�] N f obs
SB [%] pSB1+SB2

detect fcl [%]

14.5−15.0 8.5−9.0 2 0 0.60 ± 0.35 . . .
15.0−15.5 8.5−9.0 6 33± 19 0.61 ± 0.27 54...

−21
15.5−16.0 8.0−8.5 14 21± 11 0.53 ± 0.27 40+44

−14
16.0−16.5 7.5−8.0 26 23± 8 0.51 ± 0.19 45+25

−13
16.5−17.0 7.0−7.5 25 16± 7 0.41 ± 0.21 39+30

−12
17.0−17.5 6.5−7.0 42 19± 6 0.44 ± 0.15 4324

−11
17.5−18.0 6.0−6.5 60 10± 4 0.45 ± 0.19 22+15

−6
18.0−18.5 5.5−6.0 73 8± 3 0.30 ± 0.08 27+17

−9
18.5−19.0 5.0−5.5 33 6± 4 0.26 ± 0.18 23+58

−9

Notes. The magnitude bin is indicated in the first column, and the cor-
responding selected initial masses in the second column. In the third
and fourth column we list the number of stars with measured RVs and
the observed close binary fraction in the corresponding magnitude bin,
respectively. The last two columns list the binary detection probability
considering the combined SB1+SB2 bias and the bias-corrected close
binary fraction.

As explained in Sect. 4, in addition to the overall bias correc-
tion for the entire sample, we computed a magnitude-dependent
bias correction. For this, we repeated our simulation including
the SB1 and SB2 bias for different magnitude bins between
F814W = 14.5 and 19 mag in steps of 0.5 mag while changing
the primary mass as well as typical RV errors accordingly. The
magnitude-dependent detection probability as a function of ini-
tial periods P as well as mass ratios q is shown in Fig. B.1. The
primary mass as well as the overall detection probability for the
SB1+SB2 bias is given in Table B.1 for each magnitude bin.

Fig. B.1. Binary detection probability as a function of period (top panel)
and mass ratio (bottom panel). The different dotted orange curves cor-
respond to different magnitude bins, in which the detection probability
is highest for the brightest stars. The continuous orange line shows the
overall detection probability for the full simulation, and the continuous
black line shows the detection probability for the SB1 bias alone (see
Sect. 4.1).
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Appendix C: Tables with radial velocity measurements

Table C.1 gives an overview over the coordinates, F814W magnitudes, spectral types, the measured RVs with errors for all B and
Be stars as well as BSGs, and possible comments.

Table C.1. Compilation of all parameters derived for the sample stars.

Ident. RA Dec F814W SpT Lines RV1 RV2 RV3 RV4 RV5 RV6 Flag Comment
BSM [J2000] [J2000] [mag] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]

010 14.078913 −72.472822 17.8 B3e xxxxxx 154.8± 2.7 149.6± 1.9 151.1± 1.5 152.1± 2.6 150.5± 4.4 – sin –
020 14.053745 −72.472215 18.0 B2 xxxxxx 156.8± 5.5 151.3± 2.6 151.2± 4.6 155.3± 3.5 152.3± 4.5 158.4± 5.41 sin –
021 14.098794 −72.471839 17.2 B1 -xx-xx 153.7± 4.0 – 148.8± 4.9 158.4± 3.4 168.1± 2.9 143.8± 3.5 SB1 –
023 14.071630 −72.471714 17.7 B4 xxx-xx 156.5± 4.8 156.1± 4.7 154.7± 5.7 161.4± 4.8 154.6± 5.6 156.3± 4.6 sin –
025 14.071630 −72.471714 18.4 B6 -x–x- 178.9± 21.4 158.5± 28.0 133.7± 25.7 111.0± 27.4 198.9± 33.2 103.5± 30.6 sin –
. . .

Notes. The first, second, and third columns list the identifier as well as coordinates. The column ‘F814W’ lists the F814 magnitude from
(Milone et al. 2018). The column ‘SpT’ lists the derived spectral types. The column ‘lines’ indicates which spectral lines among He i λλ 4713.15,
4921.93, 5015.68, 5047.74, 6678.15, 7065.19 Å were used to measure RVs (an ‘x’ indicates that the line was used, while ‘–’ indicates that it was
not used). We then give an overview over the measured RVs and associated errors for each epoch. The next column indicates whether the star was
flagged as binary (‘–’ indicates that no RV measurements were possible, ‘sin’ means no significant RV shifts were detected, ‘SB1’ means it was
flagged as binary based on RV variability, ‘SB2’ indicates a composite SB2 spectrum). The last column lists possible comments. A full version of
this table is available at the CDS. The first few lines are shown as an example.
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